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Preface

Since the seventeenth century, when the modern optical microscope was invented,
scientists have variously attempted to increase their ability to get ‘‘better pictures.’’
Many techniques have been created and considerable efforts have been made
toward increasing the resolution. Many instruments have been designed and
improved during the past years, now allowing the sub-Ångstrom resolution.

Independently of the techniques, microscopy is widely used in many areas in
both materials science and the life sciences. This finally has made microscopy a
multidisciplinary field attracting the interest of many researchers in science and
technology.

The first International Multidisciplinary Microscopy Congress (INTERM 2013)
provided all these scientists an opportunity to meet, present their work, discuss,
and mutually interact in order to enhance and promote their research work.

This volume, published by Springer, includes all the papers presented at this
Congress, held in Antalya, Turkey, in October 10–13, 2013.

On behalf of the organizing committee we would like to thank all the plenary
and invited speakers for their valuable contribution and especially Professor
Gustaaf Van Tendeloo (EMAT, University of Antwerp, Belgium) for his excellent
opening lecture.

We would also like to thank TURA Tourism for their support in the organi-
zation of the Congress, as well as our sponsors: Doga Nanobiotech, JEOL Ltd.,
and NanoMEGAS. Finally, we would like to thank the publishers for the quality of
this edition.

Thessaloniki, Greece Efstathios K. Polychroniadis
Gebze, Turkey Ahmet Yavuz Oral
Istanbul, Turkey Mehmet Ozer
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Chapter 1
Micro and Nano Structural Characterization
of SiC

Narendraraj Chandran, Ariadne Andreadou, Alkyoni Mantzari,
Maya Marinova and Efstathios K. Polychroniadis

Abstract For the last decades, substantial research has been focused on the
development of Silicon Carbide electronic devices thanks to its outperformance over
Silicon. A review of the author’s recent results on the microstructure of SiC layers
studied by Transmission Electron Microscopy is presented in the current work. Struc-
tural defects appearing in epilayers grown by different methods will be presented.
The studied samples were grown by different means-from vapour phase techniques
such as Physical Vapour Transport, Chemical Vapour Deposition and Sublimation
Epitaxy.

1.1 Introduction

Due to a wide bandgap energy, high-saturation electron velocity, high breakdown field
and high thermal conductivity, Silicon carbide (SiC)-based electronics are suitable
for high-power and high frequency applications, as well as for severe environments,
including high temperature and high radiation [1]. The large Si–C binding energy
(about 5.0 eV) makes it intrinsically resistant to radiation fields, high temperature
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and corrosion. Moreover, because of its high thermal conductivity, it constitutes
an excellent heat sink. The combination of such excellent thermal, electrical and
mechanical properties makes it also an interesting material for sensor applications
in non-standard environmental conditions [2].

SiC crystallizes in many different forms, called polytypes, which differ only in the
successive stacking of n elemental Si–C bilayers. Since they have different bandgap
energies and near band edge electronic structures, they should allow the design of
new hetero-polytypic devices with unique optical and electrical properties. Unfortu-
nately, up to now, only two SiC polytypes have a well-defined application field. They
are hexagonal 4H-SiC for active electronic device layers and 6H-SiC as substrate
for Group III–nitride optoelectronics. In this paper, we have studied different SiC
polytypes, such as 15R-SiC, 4H-SiC and 3C-SiC, all grown by vapor based growth
techniques namely physical vapor transport (PVT), chemical vapor deposition (CVD)
and sublimation epitaxy (SE).

15R-SiC has been an attractive material for decades followed by 4H-SiC, and
6H-SiC as a potential candidate for MOS devices [3]. However, no bulk 15R-SiC
crystals of good quality have ever been reported. Polytype inclusions and extended
defects are the major concerns for crystal growth. In the current study, polytypic
transitions were observed during bulk growth. We mainly focused on the interface
and formation of associated defects.

Incorporation of group III and IV elements in SiC made astonishing progress in
modern power generation technology which requires better semiconductor devices
that are capable of operating at higher temperature and at high frequency radiations
[4]. Ge and B show relatively high solubility of 3.8 × 1020 cm−3 and 1.9 × 1020cm−3

by replacing Si atoms at 2500 K in SiC [5]. However these results differ in experi-
mental studies depending on the growth technique and temperature. In our case Ge
was added as a dopant during CVD 4H-SiC growth.

3C-SiC is regarded advantageous over the other hexagonal polytypes because
it shows the highest electron mobility [6] and lower density of the near-interface-
traps in the SiO2/3C-SiC system due to the smaller band gap. A crucial problem
hindering the future development of a 3C-SiC technology is the unavailability of
3C-SiC substrates. Frequently, in order to overcome problems related to mismatch,
as in the case of Si, the growth is performed on substrates from a hexagonal polytype
(4H- or 6H-SiC). In our case, 3C-SiC nucleates spontaneously, during SE growth,
on (0001) 6H-SiC surfaces or grows homoepitaxially on 3C-SiC buffer layers priory
grown by Vapor-Liquid-Solid (VLS) mechanism.

In all above cases cross-sectional Transmission Electron Microscopy (XTEM) as
well as High Resolution Transmission Electron Microscopy (HRTEM) study was
performed to gain information on the nano-structural quality of the materials and
their defects.



1 Micro and Nano Structural Characterization of SiC 5

1.2 15R-SiC Grown by Physical Vapor Transport

15R-SiC seeds were used to grow single crystals by PVT method. C face 3◦ off-axis
and Si face on-axis seeds were employed. Common growth conditions were applied,
i.e. 2200 ◦C for the growth temperature and a pressure comprised within a range of
15–20 mbar. The thickness of the grown crystals was around 3 mm and the polytype
was determined by Raman Spectroscopy. A mixture of 15R/4H-SiC and 15R/6H-SiC
crystals were obtained on C-face and Si-face seeds respectively. The main defects
observed were stacking faults (SFs) quite abundant in 15R-SiC and normal to [0001]
direction. Apart from SFs, a high density of dislocations (D) was observed such
as Screw Dislocations (SD), Threading Screw Dislocations (TSD), Threading Edge
Dislocations (TED) and Basal Plane Dislocations (BPD). Their density was found to
be higher in 15R-SiC area compared to 4H-SiC and 6H-SiC inclusions. Few TEDs
and BPDs are identified in TEM images due its well-known conversion mechanism
and nature of propagation. Threading dislocations are often introduced at the initial
stage of growth and propagate along c-axis and normally terminate or convert into
either SFs or BPDs [7].

Polytype transitions depend on various factors such as seed polytype and polarity,
supersaturation [3, 8] etc. SiC polytype transitions have been extensively inves-
tigated for decades and few authors proposed models for polytypic transition on
H-SiC to C-SiC based on asymmetry in the mobility of partial dislocations [9] and
15R-SiC to 6H-SiC based on inhomogeneous density of screw dislocations [10]. On
the other hand models are also developed for twins in 15R-SiC such as “Friedelian”
reticular merohedric twinning [11]. These studies give better insight for the current
study since in case of the C face seeded growth, along with the stacking fault, a
(23)/(32) twin sequence was formed in 15R-SiC just below the interface sequence
(32)/(22) which is structurally and energetically favored (Fig. 1.1a). This was con-
firmed by having Fast Fourier Transform (FFT’s) images at these regions. Whereas in
Si face seeded growth the polytype transition is more complex due to high SF density
(Fig. 1.2b). This implies that twin associated polytype transition is coherent than the
other form. Further detailed study is required to extract conclusions on the impact of
twins in polytypic transition.

1.3 Formation of Ge Droplets on 4H-SiC by Chemical
Vapor Transport

Epitaxial 4H-SiC growth was performed at 1500 ◦C on Si face 8◦ off-axis 4H-SiC
seeds. 0.02 sccm GeH4 was added to the SiH4 +C3H8 precursors’ mixture during the
deposition run. Ge droplets formed on surface by accumulation of non-incorporated
Ge atoms during cooling process.
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Fig. 1.1 a filtered HRTEM micrograph showing a coherent transition region between 15R-SiC and
4H-SiC interface with alternating (32)/(23) transforming to (32)/(22) atomic sequence. The Zhdanov
notation of the stacking sequence, listed at right, was measured as indicated by the arrow. b HRTEM
micrograph of 15R-SiC/6H-SiC interface appearing more complex with an extent transition region
due the presence of numerous stacking faults

HRTEM was employed to investigate the Ge droplets (Fig. 1.2a) due to recent
research on the growth of low-dimensional Ge islands on SiC with an increasing
interest to develop optoelectronic SiC devices [12, 13]. The droplets were polycrys-
talline and their size varied between 20 and 300 nm. Nano-crystallites within the
droplets ranged from 5 to 15 nm or in some cases even smaller.

Nano-crystallites were oriented in different directions forming droplets on
4H-SiC. The samples are imaged in two different zone axes i.e. SiC [11–20]
(Fig. 1.2a, b) and SiC [1–100] (Fig. 1.2c, d) in order to establish the epitaxial rela-
tion. HRTEM micrograph of Fig. 1.2b shows a Ge nano-crystal oriented along
Ge{001}//4H-SiC{0001}. At the SiC/Ge interface few atomic layers exhibited higher
contrast due to atom exchange. The epitaxial orientation of atomic layers was not
very clear in SiC [11–20] zone direction. In SiC[1–100] zone direction, it was evi-
dent that most of Ge crystals were oriented along Ge{111}// SiC {0001} direction
with few misfit dislocations due to large lattice mismatch of about 30 % (Fig. 1.2d).
However the step structure of off-axis substrate favored the epitaxial growth consid-
erably reducing the lattice mismatch. TEM characterization at the interface region
showed that Ge islands can be grown at low temperature on off axis SiC substrates.
Moreover, no Ge inclusions have been detected within the layer.



1 Micro and Nano Structural Characterization of SiC 7

Fig. 1.2 a Low Magnification TEM micrograph along [11–20] zone direction and b HRTEM micro-
graph and corresponding FFT (insert) revealing the epitaxial growth of Ge {002}// 4H-SiC{0004}.
Low magnification and HRTEM micrograph c, d along [1–100] zone direction showing that the
SiC off-axis step structure favored the epitaxial growth of Ge {1–11} // SiC {0001}

1.4 3C-SiC Grown by Sublimation Epitaxy

In this case one set of samples was grown on the Si-face of 6H-SiC on-axis sub-
strates in vacuum conditions for 30 min at a temperature of 2000 ◦C and the tem-
perature gradient ranged from 5 to 8 ◦C/mm [14, 15] and another set was grown at
a source temperature of 1775 ◦C on differently treated prior growth substrates (e.g.
as-received by supplier on-axis, Si-face 6H-SiC substrates, additionally polished
6H-SiC substrates or subjected to a deposition of ∼1.5µm (111) 3C-SiC buffer layer,
grown by the VLS mechanism) [16]. A general observation concerning the growth on
6H-SiC substrates by SE is that the 3C-SiC epilayer/substrate interface was not
always abrupt. During the initial ramp up the growth can continue by competition
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Fig. 1.3 a the formation of fourfold twin structures with nucleation cores on the interface with the
6H-SiC and b the corresponding SADP, revealing the relation between the multiple twins

between 3C-SiC heteroepitaxial and 6H-SiC homoepitaxial growth. In some cases
a transition zone between the 3C-SiC layer and the 6H-SiC substrate was formed
where polytypic transformations occurred through admixture of 15R-SiC, 6H-SiC,
3C-SiC and other irregular stacking sequences [16]. However, in the layers grown
when a (111) 3C-SiC buffer layer was deposited before SE, such transformations on
the 3C-/6H-SiC interface did not occur.

Typical defects appearing in the layers grown on 6H-SiC substrates, apart from SFs
and dislocations, were twins and mainly characteristic triangular defects which are
fourfold twin complexes (TC) as shown in Fig. 1.3a. These twin structures have their
nucleation cores at the substrate/overgrown interface and once formed they propagate
through the whole layer terminating on the surface. When the growth temperature
is ∼2000 ◦C [15] and close to the interface with the 6H-SiC they appeared in their
simplest form. The analysis of the selected area diffraction pattern (SADP) given in
Fig. 1.3b shows that the defect TC2 consists of four grains—two of them twinned
along the (111) planes without having a common plane (T1 and T4) and another two
(T2 and T3) twinned along the (1̄11) planes of T1 and T4, forming two coherent
α3 interfaces (T1/T2 and T3/T4). Consequently the T2/T3 couple is bounded by
one α27 interface. It is reasonable to assume that the twin complex denoted as TC1
in Fig. 1.3a consists of twins along the (11̄1) and (111̄) planes. Regarding growth
performed at lower temperature and/or on 3C-SiC VLS seeds the complexity of the
twinning increases. It is accompanied by formation of other high angle boundaries
associated with mis-orientation along the [01̄1] [16].

The alteration of temperature gradients affects the crystalline quality of over-
grown layers in two ways. First, by lowering the temperature gradient the amount of
6H-SiC in the layer increases. Detailed analysis of the structure of the observed
different 3C-/6H-SiC transformation interfaces can be found in [17]. Second, the
lowering of the temperature gradient favours strongly the reduction of SFs in the
grown 3C-SiC domains [15].
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1.5 Conclusions

Due to its structural qualities, SiC appears particularly interesting from a crystal-
lographic as well as structural defects point of view. At the same time, the above
characteristics affect its growth by making it considerably difficult at certain cases.
To make an improvement on the wafer technology, in this work, we investigated
SiC crystals grown by three different vapor phase methods. Thus, Physical Vapor
Transport (PVT), Chemical Vapor Deposition (CVD) and Sublimation Epitaxy (SE)
were used for growing 15R-SiC, Ge doped 4H-SiC and 3C-SiC crystals respectively.

PVT grown 15R-SiC suffers with high order defect density. The planar defects
affect the main SiC polytype, which are purely depended on stacking fault formation
energies. This fact suggest that may be higher energy is required to form micro-twins
which are observed near 15R-SiC/4H-SiC interface. TEM investigation on Ge doped
4H-SiC revealed that CVD technique can be considered suitable growth method for
Ge Islands. Growth direction SiC{0001}//Ge {111} found to be the preferred one
while the off-axis SiC substrate seems to have favored the epitaxial growth. In case of
3C-SiC layers grown by SE, apart from the typical stacking faults and dislocations
some characteristic fourfold twin complexes appeared. Additionally, the thermal
gradient decrease led to significant lower stacking fault density but higher amount
of 6H-SiC overgrown.
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Chapter 2
MWI Synthesis and Characterization
of RGO-AgNPs/Polymethyl Methacrylate
Nanocomposites

Edreese H. Alsharaeh

Abstract Polymethyl methacrylate and reduced graphene oxide/silver
(PMMA/RGO/(RGO))AgNPs) nanocomposites were prepared via in situ bulk poly-
merization method using two different preparation techniques. In the first approach,
mixture of silver nitrate, Hydrazine hydrate and polymethyl methacrylate contain-
ing graphene oxide (PMMA/GO) were reduced by microwave irradiation (MWI) to
obtain R-(GO-PMMA)/AgNPs nanocomposites. In the second approach, a mixture
of (RGO/AgNPs) nanocomposite, which was produced by microwave, and MMA
monomers were polymerized using in situ bulk polymerization method to obtain
PMMA-RGO/AgNPs nanocomposites. The two nanocomposites were compared and
characterized by FTIR, XRD, XPS, HRTEM, and TGA. The results indicate that the
nanocomposites obtained using the first approach, which involved MWI, had a bet-
ter morphology and dispersion with enhanced thermal stability compared with the
nanocomposites pre-pared without MWI.

2.1 Introduction

Graphene (GR) is an excellent two-dimensional filler material for polymer compos-
ites for application in many technological fields [1–5]. Good dispersion is crucial for
achieving the desired enhancement in the final physical and chemical properties of
the composites [6]. However, one of the challenges is achieving good dispersion of
the nanoscale filler in the composites, especially for GR, which has a strong tendency
to agglomerate through the intrinsic van der Waals forces and �−� stacking due to
its hydrophobic nature [7]. Various techniques have been developed for the synthesis
of these polymer-graphene composites, including solution mixing; melt blending and
in-situ polymerization [8–10]. Recently, a novel approach for the production of metal
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nanoparticles (MNPs) supported on reduced graphene oxide nanosheets (RGO) via
MWI method is reported, the resulting product is composed of metal nanoparticle
supported on graphene sheets with polar functional groups even after the reduction
[11]. Polymethylmethacrylate (PMMA) is an important polymeric material that has
been used in medicine (bone cement), dentistry, radiation shield, the paper, paint and
automobile industries and in many other applications [11–16]. Several studies have
reported the successful incorporation of GR nanosheets into the PMMA matrix with
different preparation techniques using various methods of GR preparation, such as
from reduced GO, functionalized RGO sheets or chemical vapor deposition [17–20],
however, there is no published reports on such nanocomposites that is functionalized
by the in situ bulk polymerization with (RGO/AgNPs) as a filler. In this letter, we
report two different synthesis techniques of (PMMA/RGO/AgNPs) nanocomposites
by employing in situ bulk polymerization via MWI.

2.2 Experimental Methods

2.2.1 Preparation of RGO/AgNPs

A mixture of 25 ml of 0.02 M of AgNO3 and 0.40 g GO [21], were stirred and
sonicated for 1 h. Then the solution was reduced via conventional microwave oven
after adding 400μl of the hydrazine hydrate (HH) for 1.2 min. For comparison,
AgNPs were pre-pared using the same method but without the addition of GO.

2.2.2 In Situ Preparation of PMMA-RGO/AgNPs Nanocomposites

A mixture of 2.0 g MMA, 0.04 g of (RGO/AgNPs), and 0.1 g of benzoyl peroxide
(BP) initiator was sonicated for 1 h, and then the mixture were maintained at 60 ◦C
for 20 h to promote in situ free radical bulk polymerization. The neat PMMA was
prepared for comparison using the same procedure, but no RGO/AgNPs were added.

2.2.3 Preparation of R-(PMMA-GO)/AgNPs Nanocomposite
via MWI

A mixture of 2.0 g of MMA, 0.04 g of GO, and 0.1 g of (BP) was sonicated for 1 h,
then it was polymerized by the in situ bulk polymerization method as in the previous
section, to produce GO-PMMA composites. Then a mixture of 0.40 g (GO-PMMA),
400μl HH, and 0.08 g of AgNO3 were then sonicated for 1 h and then reduced using
MWI.
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Fig. 2.1 FTIR spectra of
a RGO/AgNPs, b PMMA-
RGO/AgNPs, and c R-
(PMMA-GO)/AgNPs
nanocomposites
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Fig. 2.2 XRD patterns
of PMMA/RGO/AgNPs
nanocomposites

10 20 30 40 50 60 70 80 90

AgNPsIn
te

ns
it

y 
(a

.u
.)

2 θ θ (o)    

RGO/AgNPs

PMMA

PMMA-RGO/AgNPs

38.1
o

81.6
o77.5

o
64.5

o44.4
o 222311220200

111

R-(PMMA-GO)/AgNPs

2.3 Results and Discussion

Figure 2.1 shows the FTIR spectra of the all PMMA/RGO/AgNPs nanocomposites.
For the PMMA-RGO/AgNPs (Fig. 2.1b), the spectrum shows the presence of the
characteristic bands of PMMA/RGO. The bands at 3430, 1730, 1640, 1150 cm−1 that
correspond with the O–H, C=O, C=C, C–O–C groups, respectively. This confirms
the presence of PMMA/RGO composite. Interestingly, for R-(PMMA-GO)/AgNPs,
(Fig. 2.1c) the spectra show that some of these characteristics peaks are much shifted
to 3440 and 1660 cm−1 in comparison with (Fig. 2.1b) when the microwave was not
used, this may suggest that the acrylate group of PMMA and RGO sheets opened
by the MWI, which will induce more electron chain transfer sites, and therefore
will promote more interfacial interactions between RGO and AgNPs within PMMA
matrix [20]. Moreover, (Fig. 2.1c) shows that in the C=O stretching (at 1720 cm−1),
the aliphatic C–H, and –CH2 (at 2950, 2840 cm−1), and the C–O–C stretching
(at 1150 cm−1) regions, the bands were reduced in intensity compared to (Fig. 2.1b).

XRD analyses of PMMA/RGO/AgNPs composites were conducted. The XRD
pattern of the AgNPs (Fig. 2.2) reflects a peaks at 2θ values of about 38.1◦, 44.4◦,
64.5◦, 77.5◦, and 81.6◦ representing the (111), (200), (220), (311), and (222) indi-
cating the formation of metallic silver (Ag) with face-centered cubic (fcc) symmetry
[22]. For PMMA-RGO/AgNPs, it is difficult to find the AgNPs in the XRD pattern,
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Fig. 2.3 C1s and Ag3d XPS spectra of PMMA/RGO/AgNPs nanocomposites

Fig. 2.4 The SEM images of a AgNPs, b RGO/AgNPs, c PMMA-RGO/AgNPs, d R-(PMMA-
GO)/AgNPs nanocomposites

which might suggest that the AgNPs are intercalated within the PMMA/RGO com-
posites.

The formation of AgNPs-RGO/PMMA nanocomposites were further confirmed
by XPS and is summarized in Fig. 2.3. Note that the oxygenated functionalities were
fully reduced when the MWI is used indicating the formation of RGO-AgNPs within
the PMMA composites.

The morphology of the nanocomposites was studied by SEM as displayed in
Fig. 2.4. The SEM image of the RGO/AgNPs-PMMA nanocomposites prepared via
in situ method (Fig. 2.4c) shows that the RGO/AgNPs wrinkled and crumpled profile
was observed and well dispersed within the PMMA matrix. When the MWI were used
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Fig. 2.5 The HRTEM images of a AgNPs, b RGO/AgNPs, c PMMA-RGO/AgNPs, d R-(PMMA-
GO)/AgNPs nanocomposites

Fig. 2.6 TGA thermograms
of PMMA/RGO/AgNPs
nanocomposites
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R-(PMMA-GO)/AgNPs (Fig. 2.4d), the AgNPs (white spots) were well dispersed
within PMMA matrix, and embedded within the matrix.

The morphology of the nanocomposites was also studied by using HRTEM as dis-
played in Fig. 2.5. Note that RGO-AgNPs sheets are weakly dispersed within PMMA
matrix (Fig. 2.5c). However, when the MWI were used R-(PMMA-GO)/AgNPs
(Fig. 2.5d), the image clearly shows the RGO/AgNPs is well dispersed within PMMA
matrix, and embedded within the matrix.

Thermal gravimetric analyses (TGA) were used to investigate the thermal sta-
bility and the interfacial interaction between RGO/AgNPs and the PMMA matrix.
Interestingly, in the case of the R-(PMMA-GO)/AgNPs, the curve clearly shows
strong enhancement in the thermal stability in comparison with the neat PMMA
and PMMA-RGO/AgNPs. We attributed this result to the homogenous dispersion
and random alignment of the RGO-AgNPs filler within the PMMA matrix. There-
fore, incorporation of RGO/AgNPs by MWI can improve the thermal stability of the
composites (Fig. 2.6).
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2.4 Conclusion

In conclusion, we report a new in situ method to incorporate RGO/MNPs within
polymers matrix by the in situ bulk polymerization via MWI. The results indicate that
the nanocomposite obtained using our experimental approach, which involved MWI,
had a better morphology and dispersion with enhanced thermal stability compared
with the nanocomposites prepared without MWI.
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Chapter 3
The Effect of Pulse Plasma Treatment
on the Corrosion Resistance of AISI 4140 Steel

Gencer Ağdaş, A. Şükran Demirkıran and Yıldız Yaralı Özbek

Abstract Pulse plasma treatment is a surface modification treatment process, which
is widely used to improve wear, fatigue and corrosion resistance of the industrial
parts. The paper presents the results obtained from an experimental work investi-
gating the changes in corrosion and microstructural surface properties of AISI 4140
steel. For the pulse plasma treatment, a battery capacity of 800 μF, and three differ-
ent sample plasma gun nozzle distances were used. The samples were subjected to
micro-hardness measurements and it was found that the hardness values of modified
surfaces are four times higher than untreated samples. The modified surface layers
were examined using an optical microscope and X-ray analyses were carried out
all samples. The new phases were found on surface. The samples were exposed to
corrosion test in 0.5 M NaCl aqueous solution. The corrosion behavior of samples
was determined. An attempt was made to establish an empirical relationship between
corrosion resistance and parameters of pulse plasma. The presence of modified layer
has improved to corrosion resistance, and it was observed that corrosion cracks were
initiated dominantly under the modified layer by pit formation mechanism.

3.1 Introduction

The improvement of mechanical properties and wear resistance of hard alloy is a
crucial problem. Different types of treatment techniques were used to find a solution
for this issue: coatings deposition, treatment by pulsed high-power ion beam [1, 2],
electron beam [3, 4], pulsed laser irradiation [5] and others.

The interaction of intense-pulsed energetic beams such as ion, electron and laser
beams with materials and its application in industry have attracted much attention
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over the past few decades. Indeed, each pulse of concentrated energy flux causes
super-fast thermal cycles and modify the surface in a way to impart the material
with improved physicochemical and strength properties that are often unattainable
with other more conventional surface treatment methods. Pulse plasma process is a
relatively new technique developed for the surface modification of metallic materials.

Its main feature is the generation of an electron beam with low energy short
pulse and high peak current density. The interaction of the pulsed electron beam
with the material can introduce very fast heating and melting in the surface layer
of the material that can be followed by a very fast cooling process due to the heat
conduction toward the cold substrate. These non-equilibrium processes can easily
change the microstructure, chemical composition, phase structure and stress state at
the surface.

The pulse plasma process is used to improve surface properties of workpieces of
tool steels [3–5]. When irradiated by pulse treatment the near surface layer of targets
undergoes a rapid melt and solidification with heating and cooling rates typically
107–1010 K/s. These rates can promote mixing, rapid diffusion, formation of amor-
phous or microcrystalline surface layers, hence can improve mechanical performance
of material surfaces [6].

In this study, different plasma parameters were applied to the AISI 4140 steel sur-
faces to investigate the effect of pulse number. After treatment, the cross-sectional
microstructures of specimens were observed by means of an optical microscope
(Zeiss). The phases in the modified layers were identified by a Rigaku X-ray diffrac-
tometer using Cu Kα radiation. The corrosion test was done. Consequently, corrosion
surfaces were inspected by using a Jeol scanning electron microscope (SEM JSM-
5600).

3.2 Experimental Procedure

In this work, the AISI 4140 steel was used for surface modification. The composition
of this steel was given in Table 3.1. The specimens were cut out from square bars and
subsequently machined and grinded in order to obtain the desired shape and surface
roughness. Before pulse plasma treatments, all samples were polished progressively
to 1200-grit with grinding paper to obtain identical surface conditions. The pulse
plasma treatment was done only work surface of samples. The parameters of pulse
plasma were given in Table 3.2.

The microstructures of the base material and the nitrided layers were examined
using an Zeiss optical microscope (OM) and a JEOL JSM-5600 scanning electron
microscope (SEM); X-ray diffraction (XRD) investigations of the compound layer
were carried out using a Rigaku X-ray diffractometer with Cu Kα radiation. The
microhardness of the modified surface was measured using a Future-Tech automatic
tester with a small load of 50 g for 15 s.

The samples were exposed to corrosion test in 0.5 M NaCl aqueous solution. The
corrosion behavior of samples was determined. An attempt was made to establish an
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Table 3.1 The chemical composition of AISI 4140 steel

% Elements C Si Mn P S Cr Mo

AISI 4140 0.39 0.30 0.80 0.035 0.015 0.90 0.13

Table 3.2 The parameters of pulse plasma treatment

No Distances (mm) Electrode Number of pulse Battery capacity (mf)

1 40 Mo 5 800
2 40 Mo 10 800
3 40 Mo 15 800
4 50 Mo 5 800
5 50 Mo 10 800
6 50 Mo 15 800
7 60 Mo 5 800
8 60 Mo 10 800
9 60 Mo 15 800
10 70 Mo 10 800
11 70 Mo 15 800

empirical relationship between corrosion resistance and parameters of pulse plasma.
The corrosion regions were investigated by scanning electron microscope (SEM)
and energy dispersive spectrometer (EDS).

3.3 Results and Discussion

Modified layer’s morphology was investigated by using optical microscope.
Figure 3.1 shows the optical micrograph of the modified steel samples. Microstruc-
tural analysis has shown that pulse plasma application resulted in formation of a
uniform structure, different contrast layers. The only difference between sample 2
and sample 5 specimens (Fig. 3.1a and b) is short specimens-nozzle distance. The
thickness of modified layer was changed with number of pulse. Due to decreasing
nozzle distance in 1 (Fig. 3.1b), grain coarsening is visible compared with sample
1 and sample 3. Decreasing nozzle distance is thought to cause annealing due to
excessive heating at the surface and this situation may be leading to recrystallization
and grain coarsening (Fig. 3.1c and d) [7–9].

The pulse plasma system has affected grain size in modified layer [4]. The grain
structure of outer surface is very fine and dense in modified layer (Fig. 3.1b). Previous
studies showed that the thermal stability, mechanical and tribological properties and
corrosion behaviour of materials are greatly influenced by the grain size [2, 3, 6].

Figure 3.2 shows SEM results cross-section of modified layer. It can be observed
that a diffusion zone with a compound layer present on the surface of the specimen
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Fig. 3.1 The optic micrograph of a sample 1, b sample 3, c sample 6, d sample 9, e sample 11

(Fig. 3.2a). In the diffusion zone, some precipitations on the grain boundaries are
also visible. The dendritic structure was formed.

Figure 3.3 shows the XRD patterns obtained from different numbers of pulse
were applied to samples. The un-treatment specimen showed only α-Fe indicating
that there was no retained austenite on the microstructure of the received state. On
the other hand, different phases could be identified in the modified layer: the α-Fe
phase and phases with molybdenum. On increase distance of nozzle, the intensity of
the α-Fe peaks progressively decreased and the intensity of the new phase’s peaks
progressively increased [3].
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Fig. 3.2 The SEM micrographs of cross-section for a sample 6, b sample 11

Fig. 3.3 XRD results of
distance effect to amount of
phases on surface
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Also, the distance of nozzle-sample is very important to surface properties. This
factor affects to amount of forming phases. When the distance was increase to 60 mm,
the amount of phases was increase and different phases formed on surface. The
broading of peak increases by decreasing the size of grain in 60 mm distance.

The microhardness values of modified samples increased from 180 to 950 HV.
This increasing is very important to mechanical improving [6, 9].

The SEM of corroded surface for untreatment samples was given Fig. 3.4a.
There were very big cracks on untreatment surface. The intergranular corrosion was
occurred on surface. Figure 3.4b–d were given micrograph of surface after corrosion
test. The amounts of crack reduce on treated surface [7, 9].

Also, the cracks are bigger and all located at the center of surface. For the
5-pulsed sample, only one pit could be found on the whole tested surface, as shown
in Fig. 3.4c. This means that the possibility of cracks was significantly reduced after
15 pulses of pulse plasma treatment.
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Fig. 3.4 The SEM micrograph a untreatment sample, b sample 3, c sample 6, d sample 9

3.4 Conclusion

In this work, the effect of pulse plasma treatment on AISI 4140 steel surface was
investigated. Pulse plasma process resulted high surface properties in short process-
ing times with a rather simple operation. Indeed, each pulse of concentrated energy
flux causes super-fast thermal cycles and modify the surface in a way to impart
the material with improved physicochemical and strength properties that are often
unattainable with other more conventional surface treatment methods. The micro-
hardness values increased 4–5 times according to untreatment samples.

The pulse plasma surface modified process has produced a different microstructure
and notable grain refinement. It has been observed that the pulse plasma parameters
(e.g. number of pulse) play an important role in generating the different surface
properties.

The corrosion resistance of steel after pulse plasma treatment was improved.
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Chapter 4
Production of Ni3Al and Ti3Al Based
Coating by Using Pressure Assisted
Combustion Synthesis

Nuri Ergin, Gokhan Yoruk and Ozkan Ozdemir

Abstract In the present work, Ti3Al and Ni3Al coatings were carry out on AISI 1010
steel by pressure assisted combustion synthesis method in open atmosphere under
an uniaxial pressure of 150 MPa at 1050 ◦C for 60 min. Starting powders were used
titanium powder with 45µm size, aluminium powder with 15µm and nickel powder
with 4–7µm size having 99.5, 99 and 99.8 % purity, respectively. Microstructural
examinations showed that the Ti3Al coating has multi-phase microstructure with
porosity. The XRD patterns of the test sample indicated that the TiAl, Ti3Al, Ti3O
and Ti phases. The hardness value of Ti3Al coating layer was about 520±6.9 Hv0.05.
Microstructural and XRD examinations showed that the Ni3Al coating has only
single-phase microstructure and Ni3Al phase is present. The hardness value of Ni3Al
coating layer was about 377.7±20.6 Hv0.05.

4.1 Introduction

In recent years, several intermetallic compound coatings have been developed and
successfully employed to produce ferrous and non-ferrous surfaces. This is due to
the superior properties that these coatings possess (e.g., excellent dependability at
elevated temperatures, low density, resistance to oxidation, corrosion, and wear),
which make them suitable for use in a plethora of applications such as internal com-
bustion and jet engines, gas turbine blades, engine cylinders, metal cutting, welding,
aerospace applications, and in repairing the dimensions of worn-out high temperature
parts [1–6].
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Currently, aluminides coating can be manufactured by using several techniques
such as PVD, reactive sintering, reactive casting etc. Among these, combustion syn-
theses are characterized by high-temperatures, fast heating rates and short reac-
tion times. This process is an attractive technique for synthesizing a wide variety
of advanced materials, including powders and near net-shape product of ceramics,
intermetallics, composites and functionally graded materials. Combustion synthesis
concerned with the ignition of a composed powder mixture in air or inert atmosphere
and produce a chemical reaction with a sufficient heat released (exothermic reac-
tion) that it because self sustaining [7–10]. The main aim of the present study is to
characterize Ni3Al and Ti3Al coating produced on AISI 1010 steel substrate from
Ni, Ti, and Al precursors by pressure assisted combustion synthesis technique.

4.2 Experimental Procedure

In order to manufacture Ni3Al and Ti3Al-based intermetallic coatings as starting
materials Carbonyl Ni powders (99.8 % purity, 4–7 µm), Ti (99.5 % purity, less than
44 µm) and gas-atomized aluminum powder (99 % purity and 15 µm grain size)
were used. The starting powders were mixed in stoichiometric ratio corresponding to
the Ni3Al and Ti3Al intermetallic phases, in a molar proportion of 3:1. Commercial
carbon steel AISI 1010 was used as the substrate, which was machined as a disk
10 mm diameter and 5 mm in thickness. Prior to coating process, all substrates were
ground using 600 grid emery papers to obtain a good surface finish. The mixed coating
powders were placed into the substrate specimen in the mold. The production process
was carried out in electrical resistance furnace in open atmosphere under an uniaxial
pressure of 150 MPa at 1050 ◦C for 60 min. After sintering, the specimens were
unloaded and cooled to room temperature in an open atmosphere. The morphologies
of the samples and the presence of phases were examined by using scanning electron
microscopy (SEM), optical microscopy (OM) and X-ray diffraction (XRD) analysis.
Microhardnesses of the test materials were measured by using a Vickers indentation
technique with a load of 0.5 N.

4.3 Result

The microstructure of Ni3Al- and Ti3Al-based intermetallic coatings produced by
pressure assisted combustion synthesis method was examined by optical (OM) and
scanning electron microscopy (SEM) (Fig. 4.1a, b). As shown in this figure, phase
transformation of the NiAl intermetallic coating layer has been completed at a process
temperature of 1050 ◦C for process time of 60 min. It’s understood from microstruc-
ture studies that Ni3Al intermetallics coating layer has single phase and dense struc-
ture. Ti3Al intermetallic coating layer possessed a coarser grain structure than Ni3Al
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Fig. 4.1 OM and SEM images of coated samples: a Ni3Al and b Ti3Al

intermetallic coating layer, and some pores were present among the grains. Ti3Al
intermetallics coating layer has multi-phase structure.

X-ray diffraction (XRD) technique was used in order to identify the phases in the
coated samples. The XRD patterns of Ni3Al intermetallics coating layer reveal that
Ni3Al single phase (Fig. 4.2a). It can be seen that the Ti3Al-based coating consists
of Ti3Al as a major phase, along with TiAl, Ti3O and Ti trace phases (Fig. 4.2b).
In a previous work [11], we presented the results of examination of dense Ni3Al
produced from Al and Ni powders by pressure-assisted combustion synthesis. The
studies done by Sierra and Vazquez [12] showed that there are pore barriers (large
volume pores) on the surface of NiAl coating on carbon steel substrate carried out
by self-propagating high-temperature synthesis. In the present study, large volume
pores due to the pressure used was not detected in the produced Ni3Al coating layer.

The distribution of alloying elements on the cross section of Ni3Al-, Ti3Al-
intermetallic coated samples were determined by energy dispersive spectroscopy
(EDS) analysis as shown in Figs. 4.3 and 4.4, respectively.

While, iron atoms diffuse to the coating layer from the matrix, also to Ni atoms
diffuse to the steel substrate matrix from the powder mixture at Ni3Al-coated samples,
(Fig. 4.3). It is possible that the diffusion of iron into the coating and diffusion of
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Fig. 4.2 X-ray diffraction patterns of coated samples: a Ni3Al and b Ti3Al

Fig. 4.3 EDS analysis of
Ni3Al coated sample
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Fig. 4.4 EDS analysis of Ti3Al coated sample

Fig. 4.5 Vickers indentations marks applied to interface of coating layers of a Ni3Al and b Ti3Al

Ni into the substrate formed a metallurgical bond between the coating layer and the
substrate. At Ti3Al coated sample, near the interface, Ti appeared in the substrate,
but Fe was not detected in the coating layer (Fig. 4.4). Both of Ti3Al and Ni3Al
coatings were well adhere to the steel samples and there is no any crack at interface.
In addition, Vickers indenter was applied to the interface of steel matrix and coating
layer under the load of 10 N and any cracks were not formed at interface as well
(Fig. 4.5a, b). The hardness of the Ni3Al- and Ti3Al-based coatings and AISI 1010
substrate was approximately 377.7±20.6, 520.0±6.9 and 157 HV0.05, respectively.
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4.4 Conclusions

The following results can be obtained from the present study:

(a) Ni3Al- and Ti3Al-based intermetallic coatings on the AISI 1010 carbon steel
produced by pressure-assisted combustion synthesis have a low porosity and
seem to have good adherence. Because, no cracks were observed at the interface.

(b) The phases formed in Ni3Al coatings layer included Ni3Al single phase. Ti3Al,
TiAl, Ti3O and Ti phases at Ti3Al coatings were detected. These findings were
confirmed by XRD analysis.

(c) According to results obtained from SEM-EDS analysis, iron atoms are present
in Ni3Al coatings.

(d) The Vickers micro-hardness values for the Ni3Al, Ti3Al-based intermetallic
coatings and AISI 1010 substrate was approximately 377.7±20.6, 520.0±6.9
and 157 HV0.05, respectively.
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Chapter 5
Scanning Electron Microscopy Analysis
of Titanium Coatings on Steel Substrates

Rachid Gheriani and Raouf Mechiakh

Abstract Thin titanium films were deposited on steel substrates by magnetron
sputtering method with RF power of 200 W. During the deposition the substrates
were heated to 200 ◦C. The samples were subjected to high vacuum annealing dur-
ing 30 mins at various temperatures between 400 and 1000 ◦C. The heat treatments
results the interaction between the two parts of the system which was controlled
by scanning electron microscopy analysis. The results show the development of the
interdiffusion of the chemical compounds of the system with the annealing temper-
ature, manly the diffusion of the carbon toward the titanium films leading to the
formation and growth of the hard and refractory metallic carbide TiC confirmed by
XRD spectrum registered on treated samples. The intense diffusion of the substrate
chemical elements to the external layers and the formation of the oxides at high
temperatures lead to the failure of the mechanical properties of the studied samples.

5.1 Introduction

Transition metals carbides and nitrides thin films are of considerable interest for many
applications; they make an important part in interstitial compounds. They are formed
by the incorporation of carbon and nitrogen into the lattices of transition metals to
produce a class of compounds with unique physical and chemical properties [1]. The
outstanding features of these materials properties; as the hardness, the refractory
and the covalent-metal feature, have varied the areas of their applications. TiN and
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TiC films have many useful physical and chemical properties allowing their use
in various technological applications; in corrosion and wear resistance, electronic
and optical components, etc. They have been the subject of several academic and
industrial researches [2–5]. In present work; thin titanium films were deposited on
steel substrates by magnetron sputtering method; after the samples were subjected
to vacuum annealing in order to activate the reaction between the thin films and
substrates. The samples were characterised with scanning electron microscopy for
a morphological analyze and with x-ray microanalysis in order to determine the
chemical elements and their kinetics as a function of annealing temperature.

5.2 Experimental Procedure: Thin Films Deposition
and Characterization

Before deposition, the chamber was evacuated to ∼10−6 mbar using a diffusion
pump, the sputtering gas continuously pumped during the deposition. Before the
introduction of substrates into the deposition system; they are mechanically polished;
then cleaned chemically in an ultrasonic bath with trichloroethylene, distilled water
and ethanol successively. For obtaining a pure film with good adhesion, the titanium
target and substrates were cleaned by Ar+ sputtering for about 20 min for each of them
successively. In order to activate the atomic diffusion, the samples were subjected to
vacuum heat treatment in the temperature range of 400 to 1000 ◦C.

5.3 Experimental Results

5.3.1 X-Ray Microanalysis Results (EDS)

The EDS patterns of the non-treated samples are shown in (Fig. 5.1). The spectra
exhibit four EDS energetic lines from Ti and from substrates elements, Also, we note
the apparition of EDS line from oxygen which was as an contamination element. In
the case of the other samples, the pattern shows just the Ti, Fe and carbon lines,
(Fig. 5.2). Other Spectra obtained for an increasing heat treatment temperatures,
exhibit EDS lines from Ti, Fe, C, Mn, Cr, Si. The intensities increase respectively
with the temperature and the concentration of the element in the samples, In the
case of treated samples at 1000 ◦C for 30 min., group 2, we note the total absence of
titanium lines and the apparition of high energetic line of oxygen, after his diffusion
towards external layers from the internal layers of substrates under the effect of heat
treatments. We think that the oxygen was absorbed into the substrates during the
storage before the deposition, (Fig. 5.3).
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Fig. 5.1 X -ray microanalysis pattern of non annealined and coated samples. (1)

Fig. 5.2 X -ray microanalysis pattern of coated and non treated samples. (1)

Fig. 5.3 X -ray microanalysis pattern of coated and treated samples. at 1000 ◦C, for 30 min



36 R. Gheriani and R. Mechiakh

Fig. 5.4 Scanning electron micrograph obtained from coated and annealined samples for 30 min:
a at 800 ◦C; b at 1000 ◦C

5.3.2 SEM Results

Scanning electron micrograph obtained from coated and treated samples at 800 ◦C,
for 30 min, shows the cracking of the deposed films, Fig. 5.4a, in the case of coated
and treated samples at 1000 ◦C for 30 min we note the total detachment of titanium
films, Fig. 5.4b.

5.4 Discussion and Conclusion

1. The heat treatment of samples led to the reactions between the substrates and
deposited thin films confirmed by the variations in the signal of chemical elements
in the concentration and number.

2. The intense diffusion of the substrates chemical elements to the surface
layers causes the cracking and total detachment of the coatings at high annealing
temperatures.

3. The amount of oxygen present in the treated and non treated samples, can be as
a result of operating conditions (vacuum).
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Chapter 6
A Novel Three-Dimensional Visual Inspection
Scheme for Defect Detection of Transparent
Materials Based on the Digital Holographic
Microscopy

Kwang-Beom Seo, Byung-Mok Kim, Jung-Sik Koo and Eun-Soo Kim

Abstract In the conventional visual inspection system with naked eyes, a camera
has been mostly employed for detection of scratches or glass dust, so that it may be
difficult to discriminate between the high-grade and the low-grade mass components.
Therefore, here we propose a novel three-dimensional (3-D) visual inspection scheme
for effective detection of defects of the transparent materials based on a digital holo-
graphic microscopy, which is optically implemented as a form of transmission-typed
shearing interferometer. In the proposed method, quantitative data are obtained by
converting the phase information of the transparent touch panel or the substrate glass
into its depth or thickness information. Then, by using 3-D data extracted from the
depth or thickness information of transparent touch panel or substrate glass, we can
accurately discriminate between the high-grade and the low-grade mass components.
Experiments with test objects confirm the feasibility of the proposed method in the
practical applications. Based on these experimental results, the proposed method
expects to improve the production yield rate of the original mother glass of the
transparent touch panel or the substrate glass used in the LCM.

6.1 Introduction

Recently, in the mass production process related to the smart phones or display
devices, a UV (ultra-violet) bonding technique with the resin has been employed for
bonding between the LCM (liquid-crystal module) and the transparent touch glass.
Before the UV bonding process, however, defects of scratch or glass dust which
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Fig. 6.1 Simple optical
scheme for hologram for-
mation

happened to be occurred in the process of manufacturing the original mother glass
of the transparent touch panel or the substrate glass used in the LCM may make
enormous errors of mass components.

In most conventional visual inspection systems, these errors can be detected by
the examiner’s naked eye or by analyzing the two-dimensional (2-D) high-definition
image of the transparent touch glasses by using the SEM [1]. However, in this method,
depth or thickness information about the transparent glasses may have been very
limited.

For this reason, we propose a novel three-dimensional visual inspection scheme
for effective detection of the defects of the transparent materials based on the
transmission-typed digital holographic microscopy (DHM).

6.2 Theory

Digital holographic microscopy (DHM) is a very effective tool for 3-D imaging
of micro-scale transparent materials since it can obtain the phase information of the
materials as the interference patterns [2]. Here, it must be noted that phase information
obtained from the interference patterns picked up with the DHM can be converted
into the depth or the thickness information of the transparent materials. Also, the
angular spectrum propagation (ASP) approach to the scalar diffraction theory can
be used for numerical reconstruction of the picked-up hologram patterns from the
DHM.

A. Hologram Formation in the DHM
Figure 6.1 shows a simple optical scheme for hologram formation. As shown in
Fig. 6.1, a shearing interferometer seems to be very useful for direct holographic
imaging of the transparent objects. The shear is created by reflections from the front



6 A Novel Three-Dimensional Visual Inspection Scheme 39

and back surfaces of a glass plate. Accordingly, a holographic pattern can be obtained
by a process of interference between the front and back of the surface of the glass at
the detector.

B. Digital Reconstruction of Hologram Patterns of the Object
In the digital holography, reconstruction of the object field can be done by numerically
simulating the diffraction process happened on the recorded holograms when they
are illuminated by the reference wave by using the angular spectrum approach to the
diffraction theory. Angular spectrum approach is helpful since it can describe the
wavefront propagation over a short distance from the objects [3, 4].

C. Reconstruction by Using the Angular Spectrum Propagation Method
The complex wave field U(x, y, 0) at the hologram plane (x, y, 0) can be obtained
by illuminating the hologram by the reference wave. That is, assuming h(x, y) and
R(x, y) are the hologram transfer function and the complex reference wave, the
complex wave filed is described as follows.

U (x, y; 0) = h(x, y)R(x, y) (6.1)

Its angular spectrum is also given by the process of Fourier transform [5]

Û ( fx , fy, 0) = 1

2α

∫ ∞∫

−∞
dxdyU (x, y, 0) exp[−i(kx x + ky y)] (6.2)

By applying a process of spatial filtering to the spectrum, the un-diffracted reference
beam and the conjugate real image are removed and only the object spectrum can be
selected by this filtering process as follows.

U (x, y, 0) = 1

2α

∫ ∞∫

−∞
d fx d fy filter [Û ( fx , fy, 0)] exp[i(kx x + ky y)] (6.3)

In (6.3), inverse-Fourier transformation of the filtered angular spectrum provides the
complex amplitude at (x, y, 0) containing information about the object. Complex
amplitude at a plane parallel to (x, y, 0) plane situated at a distance d from the filtered
angular spectrum is given by

U (x, y, d) = 1

2α

∫ ∞∫

−∞
d fx d fy filter [Û ( fx , fy, 0)] exp[i

√
k2 − k2

x − k2
yd]

exp[i(kx x + ky y)] (6.4)



40 K.-B. Seo et al.

D. Computation of the Phase and OPL Changes
The phase difference can provide the 3-D information of the object. Now, the phase
of the hologram can be written as

β(x, y) = arctan
Im[U (x, y, d)]
Re[U (x, y, d)] (6.5)

The phases of the wave fronts with and without the object are calculated from
the complex amplitudes of two reconstructed holograms Uwith object(x, y, d) and
Uwithout object(x, y, d), respectively.

βwith object(x, y) = arctan
Im[Uwith object(x, y, d)]
Re[Uwith object(x, y, d)] (6.6)

βwithout object(x, y) = arctan
Im[Uwithout object(x, y, d)]
Re[Uwithout object(x, y, d)] (6.7)

The phase difference is directly calculated by subtraction.

θβ(x, y) = βwith object(x, y) − βwithout object(x, y) (6.8)

In (6.9), this phase difference can be converted to the change of the optical path
length of the object

θβ(x, y) = 2α

λ
θn(x, y)θL(x, y) (6.9)

where θn(x, y) and θL(x, y) represent the changes of the refractive index and the
thickness respectively. These results mean that a change of the phase information
can provide the corresponding change of the physical thickness of the object.

6.3 Experimental Setup

Figure 6.2 shows the experimental setup for implementation of the transmission-
typed shearing interferometer. Here, a randomly linearly-polarized He-Ne laser pro-
viding a CW output at the wavelength of 632.8 nm and the maximum output power
of 2 mW is employed as the laser source. The transparent object can be magni-
fied with microscopic objectives with the magnification of 40X, NA = 0.65 and
60X, NA = 0.85. The interference pattern is recorded with a charge-coupled device
(CCD) camera (AVT Marlin F-145C2) with 8-bit dynamic range and a pixel size of
4.65µm × 4.65µm.

In order to detect the defects of a transparent object using the optical shearing inter-
ferometer, an original mother glass sorted out among the inferior goods is selected as
the test object. The microscopic defects of this glass cannot be detected with a naked
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Fig. 6.2 (a) Experimental setup for the transmission-typed shearing interferometer, (b) original
mother glass for the smart phone as a test object

eye. However, by using the proposed transmission-type optical shearing interferom-
eter, 3-D phase information of the mother glass can be recorded on the CCD camera
as the form of hologram patterns, then from them, depth or thickness information of
the mother glass can be numerically obtained.

6.4 Experimental Results

Figure 6.3a shows the intensity image and the phase contrast image by using the 40X
objective lens. Here we can’t detect the scratches of the original mother glass with the
naked eye as shown in Fig. 6.3a. On the other hand, a holographic image may show
phase information of the mother glass by using the angular spectrum propagation
method.

Figure 6.4 shows the numerically reconstructed images of the original mother glass
by using the phase difference information. These images have been reconstructed by
computer simulation with the MATLAB. The depth information of this transparent
object can be quantitatively obtained as shown in Fig. 6.4c. Moreover, Fig. 6.4a shows
1-D information of the thickness by using an arrow in Fig. 6.4b. As a result in Fig. 6.4a,
scratches on the original mother glass can be accurately detected in the range of less
than 1µm.

Now, here the objective lens with 40X has been changed into that of 60X.
Figure 6.5a shows the thickness information with an arrow in Fig. 6.5b. Figure 6.5c
shows the 3-D image of the thickness information of a transparent mother glass.
Unlike the case with the 40X objective lens, the detection range of defects per unit
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Fig. 6.3 (a) Intensity image and (b) phase contrast image for the original mother glass

Fig. 6.4 Reconstructed images with a 40X microscopic objective. (a) 1-D, (b) 2-D and (c) 3-D
images for the scratches on the transparent original mother glass

area may reduce compared to that with of the 60X objective lens. However, it is
possible to precisely detect the thickness information of the object in the expanded
range.
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Fig. 6.5 Reconstructed images with a 60X microscopic objective. (a) 1-D, (b) 2-D and (c) 3-D
images for the scratches on the transparent original mother glass

6.5 Conclusion

In this paper, a novel 3-D visual inspection scheme based on the transmission-
type optical shearing interferometer has been proposed for effective detection of
the defects occurring on the transparent original mother glass, which are mostly
used in the smart phones or display devices. Unlike the conventional method, the
proposed method can detect the depth or thickness information of the transparent
glass in the range of less than 1µm from the phase information recorded on the holo-
gram patterns. From the experimental results, the feasibility of the proposed method
in the practical application has been confirmed.
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Chapter 7
The Use of Scanning Electron Microscopy
to Identify Zeolite Minerals

Rafal Panek, Magdalena Wdowin and Wojciech Franus

Abstract Zeolites are hydrated aluminosilicates of alkali elements and alkaline earth
elements. The primary structural element is silicon-oxygen and aluminum-oxygen
tetrahedrons, which are arranged in three dimension, form the spatial lattice about
frame structure. The primary method of zeolite identification is the X-ray Diffraction.
An alternative method for recognizing zeolites is a scanning electron microscopy
(SEM) combined with chemical analysis in the microarea (SEM-EDS). Application
of this method is justified because of the zeolites reach the crystal size in the range
from a few microns to several millimeters about crystal habit: needle-like, cubic-
like, plate-like. The one of needle-like zeolites is natrolite and carcinogenic erionite.
Plate-like zeolites are represented by stilbite, heulandite, whether most commonly
occurring clinoptilolite or synthetic zeolite type Na-P1. The zeolites with the cubic-
like habits include philipsite, chabazite and harmotome and a number of synthetic
zeolites such as Na-X and Linde-A. The use of SEM to observe the form of zeolite
crystals confirmed by diffraction studies in full allows for the phase identification
of these group minerals. Chemical analyzes in microarea additionally specify the
nature of ion-exchange cations and the Si/Al ratio as well thermal stability and
surface activity.

R. Panek (B)

Division of Geotechnics, Lublin University of Technology, Nadbystrzycka 40,
20-618 Lublin, Poland
e-mail: r.panek@pollub.pl

M. Wdowin
Mineral and Energy Economy Research Institute of The Polish Academy of Sciences,
Wybickiego 7, 31-261 Kraków, Poland
e-mail: wdowin@meeri.pl

W. Franus
Division of Geotechnics, Lublin University of Technology, Nadbystrzycka 40,
20-618 Lublin, Poland
e-mail: w.franus@pollub.pl

E. K. Polychroniadis et al. (eds.), International Multidisciplinary Microscopy Congress, 45
Springer Proceedings in Physics 154, DOI: 10.1007/978-3-319-04639-6_7,
© Springer International Publishing Switzerland 2014



46 R. Panek et al.

7.1 Introduction

Zeolites constitute microporous, hydrated aluminosilicates of alkali elements,
alkaline earth metals or other cations, which have in their crystal structure, numer-
ous channels and chambers of different sizes (in the order of several angstroms). A
very distinctive feature of this group of minerals is the presence in their chemical
composition the water molecules bound in a specific manner. This is so-called zeo-
lite water. During heating of zeolite minerals to the temperature of 400 ◦C the water
is continuous removed from the structure of mineral, without changing the shape
of the crystal. However, during cooling the zeolite minerals in humid environment
water molecules are also continuously re-absorbed in the crystal structure of the zeo-
lites. Removed molecule water can be substituted by other ions or molecules, which
gives zeolites the ion exchange properties commonly used in technologies of removal
of environmental pollutants in the form of ammonium ions, ions of heavy metals,
radionuclides, gas molecules [1–3]. Zeolites, because of the different sizes of chan-
nels and chambers are also used as molecular sieves that allow separation of gas
mixtures. A special of such application of them is drainage and purifying of respi-
ratory air as well as purifying oxygen in the cabins of spacecraft and breathe masks
of astronauts.

Identification of mineral phases generally are carried out by means of X-ray
powder diffraction that is the one of the most important techniques for determining
the structures of unknown zeolites [4]. However, when the structures become too
complex and a large portion of the reflections overlap in the powder diffraction
pattern, structure determination from X-ray powder diffraction data is very difficult
and should be supplemented by other available techniques [5].

Electron beam techniques namely Scanning Electron Microscopy (SEM) have
ample applications on the characterization of various types of zeolites. They can
provide morphological, structural and chemical information down to the atomic scale.

The traditional SEM, including its improvements for better spatial resolution like
the warm or cold field emission gun (FEG) SEM, is used either in the secondary elec-
tron (SE) mode for crystal size and morphology study or the back-scattered electron
(BSE) mode for study of the texture of zeolite-bearing rocks. In the case of vari-
ous zeolites different species have different particle shapes. Fore instance mordenite
forms acicular-fibrous crystals, heulandite-type zeolites (heulandite-clinoptilolite)
form coffin-type crystals and faujasite forms well formed octahedral crystals. A sig-
nificant contribution of SE images to the study of alkali zeolites is the determination
of the mode of their origin. Secondary electrons reveal also the textural relationships
of other authigenic minerals often associated with zeolites.

The use of BSE images are useful for microanalyses because they assist to avoid
contamination by Ti and Fe oxides and sulfides and to distinguish coarsegrained
minerals (quartz, feldspars) from zeolites. BSE images assist to identify accessory
or trace phases, which are not detected with other conventional mineralogical tech-
niques, such XRD [6].
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7.2 Materials

Research material constituted natural and synthetic zeolites. Beyond the naturally
occurring in the environment zeolites i.e. natrolite, erionite, stilbite, heulandite and
clinoptilolite also synthetic zeolites were investigated.

Most of natural accumulation of zeolites are well recognize therefore investigation
of their structure is not so troublesome as in described synthetic zeolites, that were
derived in hydrothermal synthesis of F class fly ash. Fly ash come from Kozienice,
Rybnik and Stalowa Wola Power Plants.

In series of chemical reactions of fly ash with sodium hydroxide it was possible to
obtain a variety of zeolite materials from fly ash according to the following equation:

fly ash + x mol dm−3NaOH
time, temperature−−−−−−−−−→ Zeolite + residium (7.1)

Depending on the synthesis conditions a number of zeolite materials were derived:
Na-X, Na-P1, Linde-A, analcime and sodalite [7, 8].

After the synthesis reaction, it is important to identify whether the obtained zeolite
material is suitable. In case of mixtures of synthetic zeolites (sometimes in synthesis
reaction a few type of zeolite were derived) it is important to distinguish from each
other obtained zeolite phases. Therefore very often the basic XRD diffraction method
is not sufficient.

7.3 Methods

In order to identified zeolites morphological form, crystal structure, and chemical
composition they investigated by scanning electron microscopy using an FEI Qanta
250 FEG SEM equipped with a chemical composition analysis system based on
energy dispersion scattering, energy dispersive spectrometry (EDS EDAX).

7.4 Results

Observations of the morphology of zeolite crystals and their habit (description of
mineral visible external shape) made by scanning electron microscopy allow the
identification of individual representatives of this group of minerals. Observation of
crystals (crystal habits) are useful in communicating what specimens of a particu-
lar mineral often look like, what allow to distinguish a large number of minerals.



48 R. Panek et al.

Fig. 7.1 SEM microphotographs of zeolites: a natrolite, b erionite

Depending on the zeolite type a various of crystals shape were obtained. It is cause
by fact that crystallization is mainly a phase transition through which matter is trans-
formed from a state of high free energy in a solvated state to one of low free energy
in the crystal lattice [9].

Microphotographs of zeolites about needle-like habit (with one of predominant
dimension of growth) are represent by a group of natural zeolites such as natrolite and
carcinogenic erionite (in Fig. 7.1a, b). Such crystal habit compose a radiating mass
of slender, acicular crystals, where minerals with this crystals tend to be fragile, and
undamaged specimens can be uncommon. Crystals of these minerals are confined
walls of the column and/or pyramid with a very small angle of the walls.

Zeolites of plate-like/coffin-type crystals (with two of predominant dimensions
of growth) are represented by among others stilbite (first described in the nature
of zeolites [10]), philipsite, heulandite, and the most popular in nature zeolite—
clinoptilolite (Fig. 7.2a–c). In the group of synthetic zeolites plate-like habit have for
example zeolite from the group of gismondite—Na-P1 (Fig. 7.2d). Plate-like habit
composed flattened and thin crystals (like plates) but wider than bladed and thinner
than tabular.

Zeolites with cubic-like and octahedral crystals (growth of crystals parallel in three
dimensions) include natural analcime, chabazite and philipsite and their synthetic
analogies zeolites types Na-X and Linde-A (Fig. 7.2e–h). In cubic crystals it is eight
points, six faces and twelve edges that are perpendicular to each other forming
90◦ angles and square cross-sections. However octahedral crystals form a three-
dimensional shape bounded by eight triangular faces and having six corners.
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Fig. 7.2 SEM microphotographs of zeolites: a stilbite [11], b philipsite, c clinoptilolite, d Na-P1,
e analcime, f chabazite, g Na-X, h Na-A
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7.5 Conclusion

The use of scanning electron microscopy to observation of the form of zeolite crys-
tals confirmed by diffraction studies in full allows for the identification phase of the
group minerals. Additionally scanning microscope equipped with Energy-dispersive
X-ray system (EDS) provides an analysis of the chemical composition of zeolites in
the microarea. The proportions between the main chemical components of the zeolite
framework (the ratio of Si4+/Al3+) provide information on the thermal stability and
surface activity of the zeolite structure. The chemical composition of ions located in
exchangeable positions allows the indirect determination of ion exchange capacity
of the zeolite structure. Finally the scanning electron microscopy method in combi-
nation with XRD analysis can ultimately diagnose which zeolite phase occurring in
the tested material.
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Chapter 8
Fractal Analysis of the Pore Space
in Sandstones as Derived from Mercury
Porosimetry and Image Analysis

Grazyna Stanczak

Abstract The pore space fractal dimension was measured using a model of a porous
body based on the Menger sponge and mercury porosimetry data for selected samples
of the reservoir sandstones of the Weglowka oil field (SE Poland) in a pore-throat
diameter range between 91 and 0.0090µm. Based on the digital analyses of the two-
dimensional images of thin sections impregnated with blue-dyed epoxy and taken
under an optical microscope as well as the images of thin sections taken under a
cold field emission gun scanning electron microscope (FEGSM) in the backscat-
tered electron image mode, the current paper tries to quantify the pore space of
sandstones by using the box counting method. The results derived from analysis of
the pore-throat diameter distribution by mercury porosimetry revealed the multifrac-
tal structure of the pore space of sandstone in two separated ranges of the pore-throat
size considerably lesser than the pore-throat diameters (10–50µm) corresponding to
threshold pressures. This means that only the pore throats connecting wider parts of
the pore network (pores) exhibit the fractal structure. The assumption that the fractal
dimension monitoring the distribution of the pore-space volume within the smallest
pore-throat diameters characterizes the overall pore-throat network in the rock sam-
ple provides a device to set apart the distribution of the pore-throat volume from the
distribution of the pore volume. On the other hand, the fractal dimensions derived
from the image analysis of thin sections describe the pore space as a whole.

8.1 Introduction

The pore space of a sandstone is known as an extremely complicated, irregular system
which can be considered as a chaotic structure with a high degree of heterogeneity.
Owing to this complexity, it is very difficult to acquire a complete description of the
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pore geometry. In order to obtain a quantitative characterization of this pore network,
a number of approaches such as the mercury intrusion porosimetry and the image
analysis of thin sections have been used for measuring structural parameters [2, 5,
16, 22, 27]. The application of the fractal geometry to describe properties of highly
complex structures makes it possible to obtain extra information on the pore network
using the fractal dimension, being a global measure of the roughness of the features
[15] or of the surface irregularity, describing a heterogeneous surface with single
numerical value [20]. The fractal nature of the pore system in sedimentary rocks
such as sandstones has been reported by a number of authors [6, 8, 12–14, 24].

The author presents here the measurement of the pore space fractal dimensions,
using two methodologies: the mercury intrusion porosimetry and the image analysis
of thin sections. Samples included sandstones from outcrops of the Lower Cretaceous
Lgota Beds located within the Weglowka fold, which is a structural trap for oil
accumulations in the Weglowka oil field in the SE Poland (the Outer Carpathians).

The fractal geometry is used to describe the irregular and fragmented patterns
which are characterized by their invariability at any scale of scrutiny (i.e. self-
similarity) [15]. Its crucial purpose is to provide means by which seemingly chaotic
and random systems can be quantified by fractal dimensions. The fractal dimensions
in a multi-fractal pattern change at different levels of scrutiny, since different aspects
of the pattern either become apparent or become no longer noticeable [7].

Complex structures observed in the nature reveal fractal properties (scale invari-
ance) only in (i) a statistical sense and (ii) within a certain range of scale. It means
that these fractal structures may exhibit a statistical distribution of objects which
are more or less at random and if the number of objects N with a characteristic lin-
ear dimension greater than r satisfies the relation (i.e. a cumulative form of fractal
relationship):

N = C

r D
(8.1)

where C is a proportionality constant, r is a characteristic linear dimension, and D
is the fractal dimension. Additionally, there is the range of scales, determined by a
lower and upper limits, over which the scale invariance extends. These limits, called
inner and outer cut-offs of the fractal regime, are not less important parameters than
the fractal dimension (D) itself [21, 25, 26].

The Menger sponge used as a model for a porous medium is constructed from
cubes of density ρ0 and size r0. It is assumed that each cube is solid and has no
porosity [25, 26]. The first-order Menger sponge constructed from the zero-order
cubes has the size r1 = 31r0 and consists of 20 such cubes (N1 = 201) so that the
first-order density is ρ1 = 20ρ0/27. At the next smaller scale the size of the second-
order sponge is r2 = 32r0 and there are 400 (N2 = 202) solid cubes of size r0 with
density ρ0. Thus the density of the second-order Menger sponge is ρ2 = 400ρ0/729.
The density of the nth-order Menger sponge is

ρn

ρ0
=

(
r0

rn

)3− ln 20
ln 3

(8.2)
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This is a power-law relation, where the fractal dimension of the Menger sponge is
D = ln 20/ln 3 = 2.727. Thus for a fractal distribution of pore volume, the density
of a rock increases with its size r according to

ρ

ρ0
=

(r0

r

)3−D
(8.3)

The density of a fractal solid systematically decreases with the increasing size of the
sample considered [3, 25, 26].

8.2 Material and Methods

Samples and thin-section images. Four sandstone samples were selected for this
study. They have a narrow range of densities (2.66–2.70 g/cm3) determined with a
helium pycnometer (Micromeritics Accypyc 1330). Porosities calculated using the
densities and the data from mercury porosimeter vary widely from 9.55 to 28.42 %
(Table 8.1). One polished thin section impregnated with blue-dyed epoxy was made
per sample. All thin sections were examined with a standard optical microscope.
Moreover, all of the samples were examined by scanning electron microscopy, using
a Hitachi S-4700 FEGSM (a cold field emission gun scanning electron microscope)
on other thin sections coated with coal. The field emission SEM was operated at an
accelerating voltage of 20 kV and a working distance of 12.9–14.4 mm.

Image analysis. Images of the analyzed thin-sections were acquired with both
the optical microscope (OM) by using the DS-Fi1 color camera (Nikon) and the
FEGSM at backscatter imaging with an Autrata modified YAG crystal. The OM
images were digitized as 1280×1024 24-bit color images covering an area of approx-
imately 550×440µm for 10×-objective magnification. The FEGSM micrographs
digitized as 2560×1920 8-bit gray-scale images cover an area of approximately
1150×860µm for 110×-magnification (length of scale 500µm) or 976×730µm
for 130×-objective magnification (length of scale 400µm).

The original images acquired in this study were binarized into a pore phase and
a solid phase using the Nikon’s imaging software NIS-Elements BR (version 3.10).
A simple auto detect filled tool using threshold technique allows a clear distinction
between these two phases because of the high quality of the original images. The
OM images were binarized by assigning pore phase to all pixels containing blue
color tones. The FEGSM images have sufficient contrast to apply this tool to sepa-
rate between dark pore space and light solid phase. The edges of the detected pore
phase were smoothed by applying a close transformation with the 8-connectivity
model. This procedure is performed as a dilation followed by erosion, resulting in
smoothing of contours, filling of small holes and connecting very close objects (all
pixels neighboring by the corner belong to one object). Continuously comparing
the binarized image with the original thin-section image ensures the accuracy of the
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Table 8.1 Density and effective porosity measured with proper device (pycnometer and porosime-
ter, respectively), and total porosity calculated for each sample. The box-counting fractal dimensions
of the total optical porosity (TOP)

Sample 1 2 3 4 Min Max
unit

Density g/cm3 2.70 2.70 2.67 2.66 2.66 2.70
Effective porosity % 25.13 18.38 13.42 9.06 9.06 25.13
Total porosity % 28.42 20.36 14.35 9.55 9.55 28.42
OM images
DOM 1.522 1.486 1.320 1.538 1.320 1.538
R2 0.9953 0.9973 0.9968 0.9987 0.9953 0.9987
Total optical porosity % 28.64 26.28 18.72 24.02 18.72 28.64

µm2 68,733.6 63,060.0 44,918.4 57,652.8 44,918.4 68,733.6
FEGSM images
DFEGSM 1.561 1.448 1.563 1.564 1.448 1.564
R2 0.9991 0.9999 0.9996 0.9997 0.9991 0.9999
Total optical porosity % 28.17 11.83 16.32 7.47 7.47 28.17

µm2 280,894.8 117,905.2 116,673.7 53,417.7 53,417.7 280,894.8

DOM, DFEGSM—the box-counting fractal dimension for the OM image and the FEGSM image,
respectively; R2—coefficient of determination

binarization process. For every studied sample two representative micrographs, the
OM image and the FEGSM image, were chosen to image analysis.

The box-counting fractal dimension. Fractal dimension of pore space was deter-
mined with the box counting method performed on binary images. This method
involve superimposing boxes with the box size δ onto the image and recording the
number of boxes N (δ) covering the pore spaces. This process is repeated for different
box sizes. If the distribution of the pore system within the two-dimensional images
is fractal, then the N (δ) and the δ satisfy the relation:

N (δ) ∝ δ−D (8.4)

where D is the box counting dimension. Thus, for fractal objects a double-logarithmic
plot of N (δ) against δ yields a straight line of a slope equal to –D [18]. For every
calibrated image a sequence of five grids of boxes was used where the box size δ

was reduced by a factor 1/2 (δ = 100, 50, 25, 12, 6µm).
Mercury porosimetry and fractal dimension. Mercury porosimetry used in

petrophysics to characterize the pore volume distribution of rocks is based on the
gradual injection of mercury into an evacuated pore network as an external pressure
is applied. Assuming that the pores are bundles of cylindrical capillary tubes, the
Washburn equation relates capillary pressure and capillary diameters:

Pc = −4Y cos θ

dc
(8.5)
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where Pc is the capillary pressure required to force mercury into the evacuated pore
space, Y is the surface tension of mercury, θ is the contact angle between mercury
and the capillary tube, and dc is the diameter of a cylindrical capillary tube, which
models the diameter of a tubular pore throat. The increasing capillary pressure is
plotted against the mercury saturation in terms of the percentage of rock pore volume
saturated by mercury, resulting in the injection curve. Being the approximation of the
distribution of pore volume accessible by throats of given effective size [27]. Thus,
(8.5) becomes a relation between the pore space volume (Vp) and the injection
capillary pressure (Pc):

Vp ∝ Pc (8.6)

We can consider the pore system of the rock as the Menger sponge fractal model
where the pore diameter is assigned to the size of solid cube (r0) of which the fractal
model is constructed from. If the Menger sponge is injected with mercury as the
injection pressure is applied then with increasing pressure smaller and smaller pores
are filled so the volume of injected mercury increase and the density of the sponge
increase consequently. Therefore, (8.3) and the relation (8.6) can be integrated to
give the following expression for pore space volume (Vp) in function of pore fractal
dimension (Dp) and capillary pressure (Pc):

Vp ∝ P
3−Dp
c (8.7)

The fractal dimension of pore volume (Dp) can therefore be deduced from the slope
of the linear log-log plot of pore volume Vp against Pc [1, 3].

A Micromeritics Autopore 9500 mercury porosimeter was used to measure pore
volume distribution as a function of pressure from 3.03 × 10−3 to 138 MPa (0.44
to 20×103 psia) or pore-throat diameters from 0.0090 to 413µm on air-dried sand-
stone samples of the range of weight from 4.34 to 7.11 g. Values for the surface
tension of mercury of 0.485 N/m and a contact angle on rock of 130◦ were used
with the Washburn equation (8.5), assuming system of cylindrical capillary tubes
in the calculation. The mercury-injection curve was describe by 32 pairs of applied
pressure and intruded volume values but the initial portion of the intrusion curve
associated with surface defects in samples was not taken into account in calculations
of fractal dimensions [9].

8.3 Results

Results of image analysis of pore system. Each sample is represented by a pair
of images, the OM image and the FEGSM image. All of the images have approxi-
mately similar resolutions, from 0.45µm/pixel for two of the FEGSM images and
0.43µm/pixel for all OM images to 0.38µm/pixel for another two FEGSM images.
The former FEGSM images cover an area of approximately 997,000µm2 while the
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latter ones include an area nearly of 715,000µm2 whereas the OM images span an
area close to 240,000µm2.

For binary images created by identifying the pixels associated with the pore phase
including the overall porosity (total porosity), the ratio of the pore phase area to the
total image area was calculated. This ratio is termed the total optical porosity or TOP
[5]. The values of the TOP estimated for the OM images are usually higher than the
physically measured total porosities of the samples (Table 8.1). Merely one value
of the TOP (28.64 %) is consistent with the total porosity of the sample (28.42 %).
However, the TOP-s calculated for the FEGSM images mostly correspond to the
measured total porosities. There is one value of the TOP (11.83 %) lower than the
total porosity (20.36 %).

Generally, the total porosity (TOP) defined by the image analysis is dependent on
the thin-section selection and the field of view under the microscope. In addition, the
porosity values estimated for the images taken from the optical microscopy (OM)
are determined by the penetrating power of epoxy impregnation and the overlapping
phenomena, being a consequence of that the transmission light penetrating the entire
20–30µm of the thin section displays blurred pore outlines in contact to transparent
or translucent minerals [2, 4].

The calculations of the fractal dimensions using the box counting method have
been performed for the total optical porosity (TOP). The linear log-log diagrams of
the number of boxes N (δ) against the box sizes (δ) obtained for all the images yield
the straight regression lines fitting to the data. Thus, the power-law relation is proved
for the pore phases revealed within two-dimensional images of thin sections. The box-
counting fractal dimensions for the OM images range from 1.320 to 1.538, whereas
for the FEGSM images vary from 1.448 to 1.564. The range of the coefficients of
determination is wider for the OM images (0.9953–0.9987) while for the FEGSM
images is narrow from 0.9991 to 0.9999 (Table 8.1).

Fractal analysis of mercury porosimetry data. The calculations of the fractal
dimensions of the pore volume basing on the mercury porosimetry data and using
the Menger sponge fractal model have been carried out for the pore-throat diameters
range from 91 to 0.0090µm. The results of the fractal analysis for all the samples
studied are summarized in Table 8.2.

For each sample the double-logarithmic injection curve of the cumulated pore
volume against the cumulated injection pressure displays two linear components
which can be fitted with piece-wise regression lines to estimate two different fractal
dimensions [cf [17]]. For each linear element the regression line was fitted for as
narrow as possible the range of the pore-throat diameters (cumulative pressures) and
for as high as possible the coefficient of determination (R2).

These two linear components representing two separate fractal elements appear
in two distinct ranges of the pore-throat diameters (or cumulated injection pressures)
considerably lesser than the threshold pore-throat diameters (11.32–45.37µm) cor-
responding to the threshold pressures (64.81–525.66 kPa). The inflection point of the
rapidly rising portion of the injection curve indicates the threshold pressure as the
pressure at which mercury forms a connected pathway across the sample (percolation
backbone), [1, 9, 10].
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Table 8.2 The results of fractal analysis of pore volume based on mercury porosimetry data

Sample 1 2 3 4 Min Max

The first fractal element
Fractal dimension D1 2.956 2.981 2.950 2.974 2.950 2.981
Pore-throat diameter min µm 0.0090 0.0090 0.0090 0.0090 0.0090 0.0090

max µm 0.2984 0.0905 0.2987 0.0905 0.0905 0.2987
R2 0.9153 0.9093 0.9183 0.9819 0.9093 0.9819
The second fractal element
Fractal dimension D2 2.777 2.900 2.419 2.201 2.201 2.900
Pore-throat diameter min µm 0.9024 0.1800 1.2061 1.2057 0.1800 1.2061

max µm 4.5367 1.7661 3.6412 3.6387 1.7661 4.5367
R2 0.9925 0.9794 0.9915 0.9961 0.9794 0.9961
Threshold pore-throat diameter µm 45.37 30.23 11.34 11.32 11.32 45.37
Threshold pressure kPa 64.81 143.89 525.52 525.66 64.81 525.66

R2—coefficient of determination

The first fractal element tied to the range of the smallest pore-throat diameters
(0.0090–0.2987µm) is characterized by the fractal dimensions (D1) varying from
2.950 to 2.981, whereas the fractal dimensions (D2) for the second fractal element
linked to the range of the greater pore-throat diameters (0.1800–4.5367µm) extend
from 2.201 to 2.900. The values of the coefficients of determination (R2) are different
for each linear unit 0.9093–0.9819 and 0.9794–0.9961, respectively (Table 8.2).

The two-section fractal distribution of pore-space volume identified by two dif-
ferent fractal dimensions within two separate ranges of the pore-throat diameters
implies that the pore space is the multifractal pattern at two levels of scrutiny (ranges
of scale or ranges of the pore-throat diameters). The first fractal exhibited at the
highest values of the injection pressures (the smallest diameters) is referred to as
the textural fractal, whereas the second fractal manifested at the lower values of the
injection pressures (the greater diameters) is labeled as the structural fractal [11].

The following inference is based on the results of the research of Krohn and
Thompson [14] suggesting that the microvolumes of the pore space of sandstones
exhibit the fractal structures. Therefore the textural fractal dimension (D1) can
be considered as controlling the distribution of volume of the smallest pore-throat
(necks). The assumption that the textural fractal dimension (D1) characterizes the
overall pore-throat network in studied sample provides a device to set apart the
distribution of the pore-throat volume (only necks) from the distribution of the pore-
space volume (pores and necks). The extrapolation of the regression line fitted to the
included data points into all known cumulative injection pressures gives the cumu-
lative distribution of the pore-throat volume which is consecutively normalized by
assigning the zero value of the volume to the threshold pressure (threshold diameter).
The difference between the cumulative distribution of the pore-space volume and the
pore-throat volume gives the cumulative distribution of pore volumes. This method
of the partition of the distribution of the pore-space volume was introduced by Such
and Lesniak [23].
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Fig. 8.1 The cumulative distributions of the pore-throat volume (A), the pore volume (B), and the
pore-space volume (C) for studied samples

The distributions of the pore-throat volumes depend on the value of the textural
fractal dimensions (D1). The highest values of the fractal dimensions D1 (2.974
and 2.981), typical of the narrow ranges of the pore-throat diameters (0.0090–
0.0905µm), result in the gradual distributions of the pore-throat volume in con-
trast to the steeper distributions determined by the lower values of the fractal
dimensions D1 (2.950 and 2.956) which characterize the wider range of the pore-
throats (0.0090–0.2987µm) (Figure 8.1).

8.4 Conclusions

The application of fractal geometry to studying the pore space in sandstones has
been demonstrated for two different data sets (generated by mercury porosimetry
and binary images) using two different methods.

The measurements of the fractal dimensions applying mercury porosimetry are
based on the Menger sponge fractal model and indicate that the pore space is a
bifractal pattern within two distinct ranges of the pore-throat diameters (0.0090–
0.2987µm) and (0.1800–4.5367µm). The assumption that the textural fractal
dimensions identified for the ranges of the smaller pore-throat diameters (0.0090–
0.2987µm) characterize the overall pore-throat network in the sandstones yields
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a device making possible partitioning the cumulative distribution of the pore-
space volume into the pore-throat volume and pore volume cumulative distributions
(Figure 8.1).

The measurements of the fractal dimensions using the box counting method have
been carried out for the two-dimensional images of thin sections of the sandstones
which had been processed to extract the pore phase. The box-counting fractal dimen-
sions (1.320–1.564) evaluated for the total optical porosity (45,000–281,000µm2)

are different from those obtained for the mercury porosimetry data (2.201–2.981).
Assuming that the sandstones studied are isotropic structures, the box-counting
dimensions may be increased by a unity to obtain the corresponding fractal dimension
of the pore volume in 3D [15]. The new values of the fractal dimensions (2.320–
2.564) calculated in this way are included within the range of the fractal dimensions
found for mercury porosimetry data. All values of the fractal dimensions computed
in this study for the pore volume correspond to those found by Krohn and Thompson
[14], Hansen and Skjetorp [6] and Pérez Bernal and Bello López [19]. The two meth-
ods applied indicate that the pore space of the sandstones studied is fractal, and the
more the fractal dimensions approach a value of 3 the more complex is the pore
volume.
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Chapter 9
Single Asperity Scratch Behaviour
of Cast Stellite 6 Alloy

M. A. Ashraf, M. El-Ameen, R. Ahmed, N. H. Faisal,
A. M. El-Sherik and M. F. A. Goosen

Abstract The aim of this paper is to investigate the nano-scale sliding wear behav-
iour of cast Stellite 6 (Co-28Cr-4.5W-1C) with a view to comprehend single asperity
deformation. A nanoindentation system (NanoTestTM—Micro Materials Limited,
UK) equipped with wear testing module was used to simulate single asperity defor-
mation behaviour using a sphero-conical indenter of 10μm tip radius, 60◦ included
angle for a sliding distance of 60μm under 50 and 100 mN load, with sliding velocity
of 2μm/s. The test load was increased linearly over the sliding distance. Post-test
evaluations included X-ray diffraction (XRD), scanning electron microscopy (SEM)
and atomic force microscopy (AFM) measurements to determine the failure mode
and wear volume. An elastic-plastic finite element model (FEM) was used to com-
pare the displaced volume of alloy with the experimental data. There is limited work
available to understand the nanotribological properties of Stellite alloys in published
literature. In the current investigation results are discussed in terms of microstruc-
tural and tribo-mechanical evaluations to provide an understanding of the structure-
property relationships. Results indicate that the wear behaviour at the nano-scale was
dominated by the interaction of interdentritic carbides and metal matrix. It can be
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concluded that nano-scale sliding wear behaviour of cast Stellite 6 alloy is controlled
by single asperity deformation. The predictions of nano-scale elastic-plastic FEM to
calculate the volume displaced by the scratch are also discussed.

9.1 Introduction

Stellite 6 which has a nominal wt.% composition of Co-28Cr-4.5W-1C, is one of the
most widely used cobalt based alloys for industrial applications. This cobalt-based
alloy is generally used in power generation, marine, automotive, aerospace, and oil
and gas industries to provide wear resistant components particularly in lubrication-
starved, high temperature, or corrosive environments. Stellite� cobalt base alloys1

consist of mixed carbides in a CoCr-based solid solution strengthened alloyed
matrix [1]. The tribomechanical behaviour, especially the sliding wear properties
of alloy components are significantly improved by introducing one or more hard
phases. As a result, the wear resistance of Stellite alloys is due to the unique inherent
wear characteristics properties imparted by a hard carbide phase dispersed in a cobalt
alloy matrix.

Due to the variations in load during sliding wear conditions, a high toughness of
the bulk material is of high importance. As a result, cast Stellite 6 alloys are often
used because of their higher toughness compared to their individual hard carbide
phases in the material. However, a high toughness is usually accompanied by a lower
hardness that in turn may lower the wear resistance, especially in the dual or multi-
phase alloy materials. Deformation in softer matrix and cracking in the harder phases
can appear in material due to in service loading due to asperity interactions, single
or multiple scratches. In order to obtain a more detailed understanding of materials
failure, knowledge of the instrumented scratch depth-distance profile characteris-
tics is essential. Over the past decade, a number of investigations have considered
nanoscratch test for a number of industrial applications. These investigations take
advantage of the typical features in the depth-distance profile recorded during single
or multi-pass scratch test in bulk materials and thin films. However, there is no work
available to comprehend the nanoscratch test results of Stellite alloys. Previously, the
authors investigated the influence of two manufacturing routes, namely casting, HIP-
consolidation (Hot Isostatic Pressing or HIPing), and re-HIPing on the properties of
Stellite 4, 6, and 20 alloys [2, 3]. The results indicated that the three manufacturing
processes result in distinct microstructural features; especially in terms of the con-
tent, shape and size of carbides, which has a significant influence on their impact and
fatigue resistance.

The aim of this paper was to provide microstructural and tribo-mechanical
evaluation of cast Stellite 6 alloys via Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM), X-ray diffraction (XRD), EDS (Energy Dispersive

1 Stellite is a registered trade name of Deloro Stellite Company Inc.
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Table 9.1 The Chemical compositions of cast Stellite 6 alloy (wt.%).

Co Cr W C Mo Fe Ni Mn Si

Bal. 27.10 4.95 0.95 0.30 1.10 0.60 0.90 1.24

X-ray Spectroscopy) and single asperity nanoscratch behaviour. Comparison was
also made with FEM (Finite Element Modelling) analysis. Variations in measured
scratch profile with the sphero-conical diamond probe for this cobalt based cast alloy
were investigated to provide an understanding of the structure-property relationship
at nano-scale.

9.2 Experimental Test Procedures

9.2.1 Materials and Microstructure

The cast alloy samples were produced via sand casting technique. The chemical
composition of different phases developed in the powders and alloys were determined
using EDS and XRD with Cu-Kα radiation (wavelength=1.5406 Å). Image analysis
was also conducted to ascertain the area fractions of individual phases. Table 9.1
summarises the chemical composition of cast Stellite 6 alloy.

9.2.2 Nanoindentation Tests

Nanoindentation testing which included nanohardness and elastic modulus measure-
ments were performed using a calibrated nanoindentation system (NanoTestTM—
Micro Materials Limited, UK) equipped with a standard Berkovich nanoindenter tip.
Measurements were performed at room temperature (∼23 ◦C) in load control mode at
a load of 50 mN. The indentation procedures were programmed as three segments of
trapezoidal shape with 10 s loading, 5 s hold and 10 s unloading segments. Eighteen
equally spaced measurements were performed on the sample. The P-h profiles were
analysed using standard methods with the area function for the Berkovich indenter
which was determined by indentations into fused silica with elastic modulus of 69.9
GPa. The raw data (P-h profile) were used to evaluate hardness (H) and reduced
elastic modulus (Er ) using Oliver and Pharr method [4]. The elastic modulus (Ei )

and Poisson ratio (νi ) of the diamond indenter was taken as 1140 GPa and 0.07,
respectively. To calculate the elastic modulus (Es) of the specimen (cast Stellite
alloy), the Poisson ratio for cast Stellite alloy (νs) was taken as 0.3. The indentation
instrument also consisted of an optical microscope (OM) and an integrated atomic
force microscope (AFM), directly linked by an automated positioning system.
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Fig. 9.1 FEA geometry of
scratch

9.2.3 Nanoscratch Sliding Wear Tests

Nanoscratch (sliding wear) tests were performed with a sphero-conical diamond
indenter of 10μm tip radius and 60◦ included angle. The scratch tests were performed
as multi-pass tests at 2μm.s−1 over a 60μm track with (a) pre-scratch topographic
scan, (b) a levelling distance followed by a ramped scratch, and (c) a post-scratch low
load scan. In the pre- scratch and post-scratch scan the applied load was sufficiently
low (10μN) so that no wear occurs. In the ‘on-load’ scratch scan the load was ramped
after 20μm travel at 2.5 mNs−1 to reach 50 mN and at 5 mN.s−1 to reach 100 mN.
Six repeat tests were performed to test the reproducibility of scratch behaviour.
The individual scratch was spaced at 25μm and it is expected that the probe is not
deflecting the path when it encounters a large carbide phase in the soft matrix. Post-
test imaging using AFM and SEM has also been used to investigate the residual
surface features after scratch testing. Wear volume was calculated by multiplying
the projected area of the scratch by average scratch width. Scratch projected area
was imported in to MATLAB� as topography map and volume was calculated using
trapezoidal rule function.

9.2.4 Finite Element Modelling of Scratch Test

The nanoscratch scenario was modeled as elastic-plastic contact model implemented
in commercial FEM platform of ANSYS (R14). In this study, a spherical indenter
(diamond) comes in contact and slides with a ramping force on the surface of Stellite
6 alloy, which is assumed to display an elasto-plastic behavior [5]. The indenter was
modeled as rigid with a tip radius of approximately 10μm. Figure 9.1 shows the
model with a grid in 3D. The mesh follows an element size of 1μm to keep balance
of accuracy and computation time. The model constituted of 49665 elements of
the CONTA171 and TARGEI69 type. The scratch and loading dimensions were in
accordance with the experimental set-up for a load of 100 mN.
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Fig. 9.2 SEM image showing
microstructure of cast Stellite
6 alloy

Fig. 9.3 XRD pattern of Cast
Stellite 6

9.3 Results

9.3.1 Microstructure and Phase Analysis

The SEM and XRD evaluations of the cast alloy were assessed. Figures 9.2 shows
the hypoeutectic microstructure of the cast alloy, which consists of Cr-rich carbides
(dark phase), W-rich carbides (bright phase), and the Co-rich dendritic matrix (grey
region). The XRD analysis shown in Fig. 9.3 confirms the presence of Cr-rich and
W-rich carbides. The image analysis results indicated that the average area fraction
of these carbides was 14.5±6.6 % and 1.0±0.5 %, respectively. The analysis was
based on five measurements and high standard deviation is due to the different sizes
of inter-dendritic carbides.

9.3.2 Nanohardness and Modulus

The mean nanohardness and modulus values of the cast Stellite 6 were measured
to be 8.5±2.8 GPa and 203±14 GPa, respectively. The hardness and modulus of



66 M. A. Ashraf et al.

Fig. 9.4 SEM observation of
wear scars after nanoscratch
tests at 100 mN load

indentations which landed on the carbide phases were in the range of 16–9.5 and
243–204 GPa, respectively. Similarly, the hardness and modulus of indentations
which landed on the metal matrix phases were in the range of 6.4–6.9 GPa and
187–193 GPa, respectively. However, these values are only indicative as the mea-
surements on the matrix and carbide can be influenced by the neighbouring and
underlying material.

9.3.3 Nanoscratch Testing

The AFM, SEM and topography imaging was conducted for all scratches. Figure 9.4
shows typical scratch observations for the 100 mN loading tests. The corresponding
topography map of scratches 1–3 is shown in Fig. 9.5. The pre and post-scratch
topography scan of scratch 2 at 100 mN load (Fig. 9.4) is shown in Fig. 9.6. High
magnification SEM observation of this scratch is shown in Fig. 9.7. Figure 9.8 shows
the pre and post-scratch topography for scratch 6 at 100 mN load. The corresponding
high magnification image of the wear scar is shown in Fig. 9.9. The displaced average
wear volume during scratch testing for the 50 and 100 mN load was computed as
5.1±1.7μm3 and 13.6±2.2μm3, respectively.

9.3.4 Finite Element Modelling

The model described earlier was solved in successive displacement iterations with
load ramping of 100 mN. Figure 9.10, shows the actual and modelled scratches. To
further verify the accuracy of the model, the volume displaced by both scratches is
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Fig. 9.5 Surface Topography
of wear scars #1, 2, and 3 after
scratch tests at 100 mN load

Fig. 9.6 Pre- and post-scan
depth profile of wear scar #2
at 100 mN load

Fig. 9.7 High magnification
SEM observation of scar #2 at
100 mN load
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Fig. 9.8 Pre- and post-scan
depth profile of wear scar #6
at 100 mN load

Fig. 9.9 High magnification
SEM observation of scar #6 at
100 mN load

compared. The volume displaced in FEM analysis was calculated by difference of
the base volume under x-z plane before and after the scratch. The indenter causes a
plastic flow of the material on both sides of the scratch. The edge built up is therefore
above the x-z plane and corresponds to the volume removed from the scratch depicted
in Fig. 9.10.

9.4 Discussion

9.4.1 Microstructure

The cast CoCr28W alloy had a hypoeutectic microstructure (Fig. 9.2), which consists
of Co-rich dendrites (grey region), set in lamellar eutectic Cr-rich (dark phase) and
W-rich (bright phase) carbides.
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Fig. 9.10 Comparison of post nanoscratch test observations at 100 mN load a surface topography
of scratch #5, and b FEA output from AutoDYN

The Cr-rich eutectic carbide had a composition of (Cr0.71Co0.25W0.03Fe0.005)7C3,
as approximated by the EDS analysis. The XRD analysis (Fig. 9.3) revealed that the
carbides were Cr7C3 and Co6W6C, whilst α-Co (F.C.C.) was the primary phase in
the solid solution, together with the inter-metallic compounds, Co3W and Co7W6.
This dendritic microstructure is typical of cast CoCr28W alloy in which carbide and
grain size can be controlled by the rate of cooling. Within the family of the cast
cobalt-based alloys, the relatively large carbide size seen in the cast microstructure
indicated slow freezing during the casting process. The microstructure of cast satel-
lite 6 alloys has been a topic of research for a number of investigations and further
details of the influence of cooling rate on the grain size of cast cobalt-based alloys can
be appreciated elsewhere [6]. The scope of the discussion here is therefore on under-
standing the structure-property relationships during tribo-mechanical performance
at nano-scale.

9.4.2 Nanohardness and Modulus Analysis

The mean value of hardness and modulus provided an overall assessment of cast
Stellite 6 alloy at nano-scale. The mean was dominated by the indentations on the
softer matrix which comprised almost 85 % of the surface area of alloy as indicated by
the image analysis. However, the difference in the hardness of carbides and matrix,
where the hardness of carbides was in the range of 16–9.5 GPa in comparison to
6.4–6.9 GPa for the matrix, compensated for the difference in area fractions and hence
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(a)

(b)

Fig. 9.11 Von-Mises stress distribution for 60μm at 100 mN load a along thickness (y-axis) b
laterally (z-x-axis)

represented an overall behaviour. The difference in modulus values was although not
as substantial but reflected the changes in the bonding mechanism within the carbides
and metal matrix.

9.4.3 Nanoscratch Tests

The nanoscratch behaviour indicated that cast Stellite predominantly deformed plas-
tically with no fracture of carbides which is consistent with the high toughness of
this alloy [2, 3]. Figures 9.4 and 9.5 indicate that the methodology of nanoscratch
testing is able to evaluate the nano-scale differences in the wear behaviour of this
alloy between the matrix and carbide phases. This is further highlighted in Figs. 9.6
and 9.8. The scratch behaviour was predominantly plastic in Fig. 9.6 which was fur-
ther verified by the SEM observation on Fig. 9.7. However, observations shown in
Figs. 9.8 and 9.9 highlight the differences when the indenter scratches over a com-
bined matrix and carbide phase. The post-scratch profile between the 20μm and
approximately 35μm sliding distance in Fig. 9.8 shows very little deformation. This
part of the scratch relates to the period when the indenter scratched over the carbide
phase as shown in the SEM observation in Fig. 9.9. Further flattening of depth curve
in Fig. 9.8 was also observed between the scar length of 42–50μm due to similar
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effect. These effects were further quantified in the displaced volume of 4.7±2μm3

and 14.5±2.8μm3, respectively for the 50 and 100 mN load and indicated nonlinear
relationship between wear and loading at nano-scale, which is attributed to the dif-
ferences in the elastic plastic ratio with load. In general it can be concluded that the
differences in the wear response at nano-scale were well observed and quantified
using the nanoscratch testing.

9.4.4 FEA Analysis

The FEM provided further insights in to the wear behaviour and indicated that
the depth of plastic zone under the indenter was maximum up to a depth of 9μm
(Fig. 9.11) for a plastically deformed wear scar depth of 300 nm (Figs. 9.6 and 9.8).
The comparison of wear morphology was consistent with the experimental obser-
vations (Fig. 9.10), which was reflected in the quantitative analysis of wear volume
and its comparison with the experimental analysis.

9.5 Conclusions

(a) Nanoscratch testing of cast Stellite 6 alloy indicated differences in the wear
behaviour at nano-scale between the metal matrix and carbide phases.

(b) The FEM analysis provided further insights on the calculation of plastically
deformed zone under the contact region and wear volume displaced.

(c) The nanohardness and modulus measurements indicated an overall response of
the material where the differences in the area fractions of the carbide and metal
matrix phases were compensated by the large difference in the nano-mechanical
properties of these phases.
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Chapter 10
A Study of Ink Film Tribology

Larisa G. Varepo, Alina S. Borisova and Evgeny V. Trapeznikov

Abstract Abrasion strength of ink film onto surface of different packaging materials
is significant working parameter during transport to customers and handling. The
process of surface damage were investigated by evaluation of the tribological para-
meters of ink films onto papers, boards and aluminum foil in different ways using
“High Temperature Tribometer” firm CSM Instruments (adopted method). We have
obtained a graph illustrating of the ink film destruction process. It is shown abra-
sion strength of the ink film is determined by directly nature and microgeometry of
the printing material surface layer. Distribution of ink film inside pores of papers
were investigated by SEM using JSM7500F (Jeol) and EDS X-max80 (Oxford). The
mathematical model based on the strength of the ink film Ra roughness and porosity
of the material has been developed. The adventage of the model is easy strength
simulation of different systems ink-substrate.

10.1 Introduction

The evaluation of “ink-substrate” system strength by methods, allowing to exactly
fix force of destruction and elaboration of adhesion strength model of the system are
actual tasks.
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Table 10.1 Results of tribological tests

Sample’s
number

Material Ra, µm Strength values

Friction Tracks Track length, Time,
factor quantity until damage, M s

1 Cellulose cardboard with
double coated layer

0.411 0.39 54 1.53 7.5

2 Cellulose cardboard
from virgin fiber with
double coated layer

0.599 0.23 46 1.3 6.5

3 Combination material 0.709 0.24 135 3.8 34
4 Combination material 0.474 0.23 253 7.2 64

Therefore, the study of adhesion strength of ink films onto porous and non-
absorbant materials on base tribological tests and evaluation of real contact area
for (and) modeling is the subject-matter of this paper.

The process of surface damage were investigated by evaluation of the tribological
parameters of ink films onto papers, cardboards and aluminum foil in different ways
using “High Temperature Tribometer” firm CSM Instruments (adopted method).

Distribution of ink film inside pores of papers were investigated by SEM using
JSM7500F (Jeol) and EDS X-max80 (Oxford) in secondary electron detection mode
over the range 0.5–0.8 kV acceleration voltage.

10.2 Results and Their Discussion

Abrasion strength of ink film onto sample surface is estimated by next parameters:
quantity of tracks, length of tracks, time (Table 10.1). The tribological test graph of
“ink-substrate” system for one of a test sample is represented on Fig. 10.1.

Tests show that ink film abrasion strength is defined by ink distribution onto
substrate and roughness of a substrate.

Spectrums of element distributions in different points of ink—coated layer inter-
face on cross section of cellulose cardboard with double coated layer are represented
on Fig. 10.2.

They show that carbon, oxygen, natrium are presented in composition of cardboard
(Fig. 10.2, paper). Elementary composition of upper coated layer is characterized
by presence C, O, Ca, Al, Si (Fig. 10.2, paint). Similar composition is observed for
second coated layer but quantity of Al and Si are less (Fig. 10.2, interface). Separated
particles of coated layer (particle in paper) are Ca, probably. Carbon is presented
as expected in composition of cardboard (paper) and black ink film (upper layer),
because main their component are cellulose and carbon black, respectively.

More homogeneous substrate surface than more strength of ink layer.



10 A Study of Ink Film Tribology 75

Fig. 10.1 Tribological test of “ink-substrate” system, where 1—tracks quantity, 2—track length,
3—time
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Fig. 10.2 EDS—spectrum of cross section of cellulose cardboard with ink layer here paper—base
of cardboard; interphase—second coated layer, particle in paper—separated particles of coated
layer



76 L. G. Varepo et al.

Fig. 10.3 SEM micrograph of cross section of cellulose cardboard with ink layer (1), where 2—first
coated layer, 3—second coated layer

As rule adhesion strength of “ink-substrate” system is defined by value of real
surface. In this study we have offered to use equation of surface profile as Fourie
polynomial for more precise estimation of real contact area [1, 2]:

fi (x) = zi =
n∑

k=1

bki sin
αkx

a
; i = 1, 2, . . ., m,

bki = 2

a

a∫

0

fi (x)sin
αkx

a
dx .

Main part of ink films is onto tested substrate surface, penetration in pores is
low (Fig. 10.3).

In this case real contact area per square centimeter of substrate space can defied
as
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As adhesion work is proportional to real contact area independently from nature
of bonding, than

Ad = æh
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Ad—adhesive strength; æ—energy of a unit average adhesive bond, which is mul-
tiplied by the number of adhesive bonds per 1 cm2 of the real contact area; h—
partitioning step of the sample in the unit area (h=3µ); a—length of the sample;
bki —Fourier factors; x—the variable of integration, (0 ≤ x ≤ a); n—the number of
pores per 1 cm2 of surface; d—pore diameter; P—the pressure under the action of
which the adhesive flows into the micropores of the substrate; t—the contact time;
θ—viscosity of the adhesive; h

∑ri
u=1 βu x—sum of horizontal sections areas cor-

responding empty cavities for each of the m cylindrical surfaces; ri —quantity of
unfilled cavities corresponding to the cross section y = yi .

Practice realization of this formula has proven its value by Fisher factor with
confidence probably 0.95.

10.3 Conclusions

Tribological tests of ink films onto different printing materials have showed that abra-
sion strength depends on roughness of substrate surface. The mathematical model
for abrasion strength evaluating of “ink-substrate” system on base estimating of real
contact area has been obtained. The model is different from their analogs due to pos-
sibility of records of a real substrate surface profile by its representation as Fourie
polynomial.
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Chapter 11
The Numerical Calculation of the a Viscous
Incompressible Fluid Transfer onto Porous
Surface Between Rotating Cylinders

Alekxey V. Panichkin and Larisa G. Varepo

Abstract The process of viscous incompressible fluid (ink) transfer in offset printing
is observed. Ink flow modeling between rotary cylinders with following splitting
down of ink film is carried out with the help of finite—difference methods. It is shown
creation possibility of local ink liftoff areas from paper surface, when escaping the
printing engagement zone. The numerical calculations for motion of free boundaries
were investigated for various values of viscosity, with the help of moving boundary
nodes on node lines on a fixed grid.

11.1 Introduction

The most important source of productive efficiency growth is constant increase of
engineering performance standard and quality of output products. Reproduction qual-
ity of printed output originals is determined both by characteristics of materials taking
part in printing process, in particular inks and materials—information carriers, and
by parameters of technological printing process.

Irrespective of used printing process type, ink curing represents a set of complex
processes the course of which is made conditional upon physical—chemical prop-
erties of interrelated systems. Complexity of phenomena taking place in printing
zone is determined not only by the process of ink transfer onto paper but also by
the escaping process of substrate from engagement zone which is accompanied by
splitting down of ink film. This is connected with adhesive forces action causing
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paper adhesion to cylinder surface (image carrier) in the escaping moment from the
engagement zone. As a result, ultimate departure of paper from cylinder surface
takes place with some delay, that is, ink transfer from plate onto paper is the result
of formation and destruction of adhesive compounding.

However, so far there is no full concept about the character of adhesive contact
linking during ink transfer onto substrate and determination of ink film splitting down
coordinate.

More simply, ink transfer can be described as repeating ink offsetting under pres-
sure in the printing engagement zone with the following splitting down process. In
most cases, it results in ink maldistribution on both surfaces which are formed as a
result of ink film rupture.

Due to the great significance which is given to ink transfer process in printing,
highly interesting experimental studies were started in this field.

According to analysis of literary sources, a great number of scientific works are
devoted to questions of modeling and ink transfer calculation.

Thus, in most literary sources data, are cited on ink splitting with reductive
assumption of half splitting with zero absorbency. It is accepted on condition that
ink film is divided in half on splitting angle α.

The most complete and comprehensive study of ink transfer mechanism must
necessarily be taken into consideration when forming processes of adhesive engage-
ment as well as phase structure of ink film. It predetermines its splitting coordinate
depending on ink film thickness and a number of other factors which have direct
effect on this process.

Recent studies came to appreciable deepening of scientific knowledge in the field
of ink transfer in printing process. However, until now their complete mathematical
formulation is not available.

Therefore, the study of ink transfer mechanism on the basis of modern means and
research methods as well as the necessity of theory development, allowing to model
ink flow in print engagement zone and taking into consideration the above-mentioned,
are important even today. They are of great scientific and practical interest, and reflect
the goal of this work.

11.2 Methods

Different polymeric materials on composition structure, including paper, are explored
as substrates.

The equations by Naïve—Stocks are used for numerical modeling of viscous
incompressible fluid flow with free boundaries between rotary cylinders; with cal-
culation of incompressible fluid flows (averaged according to Reynolds). Algorithm
with loading diagrams on regular nets for Navie-Stocks equations in attendant cylin-
drical co-ordinates is developed in two-dimensional position [1].
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11.3 Results and Their Discussion

For modeling of tear-off flows of viscous incompressible fluid from the outlet zone
between two rotary cylinders special attention was paid to adequate reproduction
of flow near the body surface. Fluid flow procedure is characterized by Reynolds
number (Re). When the value Re is less than some critical number Recr , laminar
flow of fluid takes place. If Re > Recr , flow procedure can become turbulent. It
is necessary to use finite-difference nets with corresponding resolving capacity in
range of Reynolds critical numbers when buckling failure of laminar boundary ink
film takes place and vortical formations arise inside boundary ink film. In this case,
as ink is highly viscous fluid, so at stages for modeling of flow in working layer it
is necessary to apply model of viscous fluid flow describing laminar flow at certain
limits of cylinders speed.

The process of layer splitting and transfer of its part onto substrate is complicated
by many unexplored phenomena. It is proposed to take into consideration the fol-
lowing factors: surface characteristics; displacement of ink particles inside a sector,
its rheological properties; printing specific pressure; contact area; printing speed and
geometrics of cylinders; amount of clearance between cylinders.

As in modeling it is observed movement of two cylinders between which the
movement of fluid with initial applied layer on upper cylinder takes place, it was
worthwhile to examine decision region in attendant co-ordinates connected with
upper cylinder and center.

The obtained numerical solutions of flow characteristics showing the formation
possibility of local zones of ink breaking off from substrate surface when the latter
leaves the contact zone. The implementation of given approach is carried out with
the help of developed software for numerical solution of Navie-Stocks equations for
incompressible fluid in coordinates on finite-difference nets (11.1).
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where ν—the kinematic viscosity, ρ—density of the liquid(ink), P—pressure, R—
radius cylinder, ω—angular velocity of rotation.
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Fig. 11.1 Graphical visual-
ization of the ink splitting
process

On fixed net it is used finite-difference methods with putting into operation mobile
boundary components for second cylinder boundary and fluid free boundary. Initially,
fluid is on the first cylinder without relative movement.

We have investigated the behavior picture of ink final volume between rotary
cylinders at Reynolds numbers from 1 up to 100 on two-dimensional net with different
steps and with the help of finite-difference methods. We used nets with Nx (Ny) equal
80. We have obtained graphic models which allow to visualize ink transfer process
onto paper (Fig. 11.1).

We consider a special case, when a rotating cylinder surface of a printing unit
contact zone is experiencing elastic deformations. We define the dynamic equation
of the deformation under pressure on a moving boundary for some elastic layer
(paper, rubber) with density κ, Yung’ modulus E and thickness L. We make the
sumption: low speed of moving boundary is examined in comparison with speeds of
elastic perturbation spreading which quickly is stabilized and is not form in a solving
of the wave haracteristics. So, the equation is

κL Sẍc/2 = − E

L

(
�r

2
+ xc

)
· S + (P1 − P0) · S, (11.2)

where �r—value of a boundary deformation at a time t1.
Integrating (11.2) we define a new boundary shift �r +2xc at a time t2 = t1 +�t

with a certain amount ẋc,1 from the previous calculation, taking into account the
initial value ẋc,1 = 0 at t1 = 0 and �r = 0. After conversion the equation is:
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The sign “+” or “−“ we select according to the sign
⎞
(P1 − P0) − E

L
�r
2

⎠
, which

indicates a direction of a boundary deformation.
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Table 11.1 Results of tests

Sample’s Roughness Average pore Ink quantity inside Ink quantity on Total ink quantity
number (Ra), μm diameter, nm substrate pores % to substrate, % on print after

engagement zone, %

1 0.231 55 3.05 52.03 55.08
2 0.427 110 5.23 47.08 52.31
3 0.495 968 37.33 35.21 72.54

We have obtained numerical solutions of flow characteristics showing the forma-
tion possibility of local zones of ink breaking off from substrate surface when the
latter leaves the contact zone. It allows receiving a more perfect concept concerning
processes taking place in ink at the moment of its transfer onto paper and at the
moment of leaving contact zone.

With the help of developed software we have calculated the transfer coefficient
of dispatched ink onto paper passing between impression and offset cylinders. We
have established that the coefficient of ink splitting depends on printing conditions
and microgeometry of substrate (Table 11.1).

11.4 Conclusions

Practical realization of the model is applicable to analyze of the influence of the
main printing factors during design stage of printing machines based on the selected
criterion set for the print system components.
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Chapter 12
Microstructural Investigation of MIG-Brazed
304L Stainless Steel Joints

Mehmet Ekici, Faruk Varol, Ugur Ozsarac and Salim Aslanlar

Abstract In this paper, austenitic 304L stainless steel plates having 1.0 mm
thickness were joined by copper-based CuAl8 wire in gas metal arc brazing tech-
nique with 100 % Ar gas as a protective atmosphere. Specimens were prepared in
butt and overlap joint positions. The metal inert gas (MIG) brazing operations were
done with seven different arc voltages and weld currents as 40, 45, 50, 55, 60, 65 and
70 A. CuAl8 wire composed largely of copper serves as the filler metal was used.
Owing to the low fusion temperature of the filler metal (900−1,100 ◦C), no fusion
of the base metal takes place in MIG-brazing. The 1,500 ◦C fusion temperature of
the base metal was not reached. A solid joint between the workpieces was brought
about by diffusion. Having accomplished the brazing operations, micro and macro-
structures of joints were investigated by optical microscope and scanning electron
microscope (SEM) in order to see the joinability of stainless steels by gas metal arc
brazing technique.
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12.1 Introduction

Stainless steel sheets are increasingly used for several applications because of their
high corrosion resistance, beautiful appearance and good weldability [1]. Austenitic
stainless steel constitutes the largest stainless family in terms of alloy type and usage.
The standard austenitic stainless steel weld metals contain two phases (austenite +
ferrite) similar to an “as cast” microstructure. The austenitic stainless steels are used
for a very broad range of applications when an excellent combination of strength
and corrosion resistance in aqueous solutions at ambient temperature is required. In
general, austenitic stainless steels are easily weldable [2, 3]. However, high amount
of heat is given into the base metal during welding operation. Therefore the grain size
is affected due to high heat input, so just melting the filler metal during the joining
process seems to be a better remedy, and the brazing method has been developed.
The brazing is a process by which metallic materials are joined with the aid of melted
filler (solder), and the melting temperature of which lies below that of the base metal
which is wetted, without being smelted. In Gas-shielded Metal Arc (GMA) Brazing,
copper-based alloys are often used as the filler, the melting temperature of which
is below that of the steel to be joined. In an ideal situation, the parent metal is not
melted at the edges. Although the arc, which burns under a shielding gas atmosphere,
is used to warm the parent metal and melt the filler, the process is much more like
soldering. Suitable shielding gases for GMA-Brazing are inert gases like Argon but
gas mixtures consisting of Argon and small amounts of active gases like Oxygen are
more common. Because of that the process is called GMA Brazing including MIG-
and MAG-Brazing [4]. The main advantages of gas metal arc brazing over existing
commercially available joining processes are its low cost and potential for being
easily incorporated as a workstation in the production chain. This will significantly
reduce the inventory cost for parts that otherwise would have to be prepared separately
and stored for assembly line needs. Other advantages include no vacuum requirement
even when joining super-alloys or titanium-alloys, controlled joint interfaces with
limited reactions, few microstructure or property changes in the base materials after
joining due to rapid processing, and potential for localized heating for joining large
machine parts [5, 6].

Stainless steels are covered by tenacious oxide layers, making them highly
resistant to oxidation. These passive films are also a barrier for wetting and brazing
by liquid metals and alloys. However, above a certain temperature, heating in high
vacuum leads to good wetting (contact angle θ ≤ 90◦) thus enabling these materials
to be joined by brazing. The wetting temperature is an important technical para-
meter since an excessively high brazing temperature can affect the microstructure
and properties of the steel. Moreover, in heterogeneous brazing, a too high brazing
temperature can also affect the microstructure of the metallic partner of the steel
[7]. There are many soldering and gas metal arc brazing studies in literature. For
example, Lopez and Vianco tried to select the correct elements in order to improve
the solderability affected by a surface finish of layered nickel, palladium and gold
[8]. Markovich et al. joined titanium and chromium-based materials by means of
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Table 12.1 Spectrometric analysis of 304L steel sheets

Chemical composition C Si Mn Cr Ni N P S

wt. % 0.021 0.38 1.8 18.2 8.1 0.054 0.33 0.002

Table 12.2 The chemical composition of filler material used during brazing operations

Chemical composition Al Mn Fe Ni Sn Cu

wt. % 8.05 0.4 0.18 0.08 0.45 Balance

brazing technique heating by using ion bombardment. They used both silver-based
BAg-7 and aluminum-based BAlSi-4 filler metals in manufacturing small-size parts
of electronic devices [9]. In addition, Vianco explained the basics of hand solder-
ing as an engineering technology [10]. Quintino et al. [11], Joseph et al. [12] and
also Guimaraes et al. [13] have been studied MIG-brazing of galvanized thin sheet
joints for automotive industry. Shahi and Pandey also researched claddings of stain-
less steels by gas metal arc brazing method [14]. There are less study dealing with
the MIG-brazing of stainless steels in literature. Kozlova et al. [7] investigated the
wetting and brazing performances of stainless steel samples by copper−silver based
filler materials. Özsaraç et al. [4] researched the effect of joining parameters on
beam geometry and mechanical properties in MIG-brazing of galvanized steels.
This present work reports the results of gas metal arc brazing process made by
SG-CuSi3 wire used as filler metals in joining of 304L austenitic stainless steel sheets
and focuses on the microstructure characterization of brazed joints. Microstructural
characteristics of the joint region were examined in detail.

12.2 Experimental Work

12.2.1 Materials

The 304L austenitic stainless steel plates having 1.0 mm thickness were joined by
copper-based CuAl8 wire in gas metal arc brazing technique. Specimens were pre-
pared in two different joining forms as butt joint and overlap joint. Both types of
brazing operations were done with seven different weld currents as 40, 45, 50, 55,
60, 65, and 70 A. The chemical composition of steel sheets used in welding opera-
tions was given in Table 12.1 and the chemical composition of filler material used
during brazing operations was given in Table 12.2.
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Table 12.3 MIG-brazing parameters for butt joints

Specimen Arc current Wire speed Arc voltage Gas pressure Shielding gas Heat input
(A) (m/min) (V) (l/min) (Q)

1 40 2.0 11.6 12 Argon 0.23
2 45 2.2 11.7 12 Argon 0.233
3 50 2.5 11.8 12 Argon 0.21
4 55 2.8 12 12 Argon 0.24
5 60 3.1 12.1 12 Argon 0.20
6 65 3.4 12.3 12 Argon 0.19
7 70 3.7 12.4 12 Argon 0.16

Table 12.4 MIG-brazing parameters for overlap joints

Specimen Arc current Wire speed Arc voltage Gas pressure Shielding gas Heat input
(A) (m/min) (V) (l/min) (Q)

1 40 2.0 11.6 12 Argon 0.14
2 45 2.2 11.7 12 Argon 0.15
3 50 2.5 11.8 12 Argon 0.14
4 55 2.8 12 12 Argon 0.15
5 60 3.1 12.1 12 Argon 0.21
6 65 3.4 12.3 12 Argon 0.16
7 70 3.7 12.4 12 Argon 0.13

12.2.2 MIG-Brazing Operations

The gas metal arc brazing (MIG-brazing) operations were performed in a welding
machine which was specially designed for brazing purposes in D.C. (+) position.
The shielding gas was chosen as Argon inert gas and 100 % Argon tubes were used
during metal inert gas (MIG-brazing) operations. In literature, it was recommended
that gas mixtures of CO2, NO and O2 with varying amounts can be added into
Argon in order to obtain arc stability, but we preferred pure Argon to check the
joinability of 304L thin sheets for automotive applications. Our specially designed
and manufactured MIG-brazing machine ensures controlled transfer of the molten
metal through the electric arc directed to high quality requests and joints of stainless
steel sheets with filler electrodes. All MIG-brazing operations were prepared in an
inverter-based FLEX 3000 C welding machine which was programmed using the
integrated MigaCARD which holds both program data and machine software. All
specimens and filler metal were cleaned with alcohol and acetone sequentially prior
to brazing. The gas metal arc brazing operations were performed in 40, 45, 50, 55, 60,
65 and 70 A welding currents and other parameters chosen were given in Table 12.3
for butt joints and in Table 12.4 for overlap joints.
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Fig. 12.1 Microstructures of MIG-brazed 304L samples joined at 60 A in butt form, a and b base
metal, c and d HAZ/brazing interface, and e and f brazing zones

12.3 Results and Discussion

Optical microstructures of MIG-brazed 304L steel samples were given in Fig. 12.1.
The sectioned MIG-brazed surfaces of samples were ground on SiC paper to a
2000-grit finish and polished by diamond suspension of 1μm particle size, and then
ultrasonically cleaned in a acetone bath. The metallographic characterization of base
metal is performed by using the following etchings: (i) Electrolytic etching, with
oxalic acid according to ASTM A 262−91 Practice A that reveals the grain bound-
aries of the austenite and the δ-ferrite partially decomposed and with an orientation
in the rolling direction, (ii) Murakami’s reagent does not attack the austenite and
reveals the partial decomposition of the δ-ferrite into carbides.

SEM micrograph of 304L sample joined at 50 A in butt form, and EDS analysis
of points from 1 to 4 were given in Fig. 12.2. This figure shows the heat affected zone
(HAZ) and brazing region of joined samples. In Point-1 the wt. % Ni was found as
4.39 which are lower than that of base metal. Fortunately, the wt. % Cr amount is same
with the initial value (18.2 wt. %). An oxide particle was detected in Point-2 having
7.975 wt. % O elements. It was thought that the oxidation was occurred during the
brazing process. The Point-3 region is very close to brazing zone. Here Cr-ingredient
decreases to 16.901 wt. %, however, wt. % Ni rises to 8.597 wt. % which is higher
than that of initial value of base metal. The rise in Ni peaks proves this situation. The
Point-4 was taken from inside the brazing region. Again according to EDS analysis
84.146 wt. % Cu was measured in this point. Similarly, Al is the second abundant
element with the amount of 9.812 wt. % in point-4. This analysis is appropriate with
the ingredient of filler wire. The braze metal has a cellular-dendritic structure [11].
The structure is finer for lower heat inputs. The microstructure of the HAZ varies
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Fig. 12.2 SEM micrograph of 304L sample joined at 50 A in butt form, and EDS analysis of points
from 1 to 4

Fig. 12.3 SEM micrograph of 304L sample joined at 55 A in overlap form, and EDS analysis of
points from 1 and 2

with heat input. For high heat inputs the microstructure consists of ferrite and perlite
with pro-eutectoid ferrite in a platelike morphology usually called Widmanstätten.
The structure is finer when the heat input decreases. Coarse-grained bainite was
observed in the joints produced with low heat input, due to higher cooling rates, in
a non-equilibrium solid state transformation [11, 15]. Our findings are parallel with
the studies of Quintino et al. [11], Rangel et al. [15] and Özsaraç et al. [4].

In Fig. 12.3, SEM micrograph of 304L sample joined at 55 A in overlap form,
and the EDS analysis of points from 1 to 3 were given. Here is the center of the
overlap region. Point-1 is in the base metal of stainless steel sheets. There is an oxide
particle in the center of brazing region and marked as Point-2. Its EDS analysis
was obtained as 53.535 wt. % C, 39.061 wt. % O, 1.895 wt. % Si, 1.131 wt. % Ni and
2.258 wt. % Cu. Ni ingredient was taken from base metal and Cu from filler wire.
It was thought that the tensile strength of the joints was negatively affected by such
an oxide inside the brazing zone. Point-3 is the brazing zone of the joint with the
87.424 wt. % Cu and 9.976 wt. % Al composition.
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12.4 Conclusion

The results of gas metal arc brazing process made by CuAl8 wire used as filler
metals in joining of 304L austenitic stainless steel sheets showed that this process
can be applied successfully with the mentioned parameters. The diffusion-brazing is
a double-stage joining process, which combines the beneficial features of diffusion
bonding and transient liquid-phase bonding techniques. This process eliminates the
adverse influence of single joining technique.
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Chapter 13
Microstructural Properties of Ceramics
Produced from Granite and Zeolite

Nuray Karakuş and A. Şükran Demirkıran

Abstract Granite is a common type of intrusive, felsic, igneous rock which is
granular and phaneritic in texture. This rock consists mainly of quartz, mica, and
feldspar. Zeolites are microporous, aluminosilicate minerals commonly used as com-
mercial adsorbents. Zeolites are widely used in industry for water purification, as
catalysts, for the preparation of advanced materials and in nuclear reprocessing. The
aim of this study was to investigate the possibility to use natural granite and zeo-
lite in the manufacturing of ceramic products. Different compositions using natural
zeolite and granite from Turkey were prepared to produce a traditional ceramic body.
Zeolite and granite raw materials for the 4 different compositions were mixed; %wt.
25 Ze-75 Gr, 50 Ze-50 Gr, 75 Ze-25 Gr, 100 Ze. Mixing was performed by ball
milling for 10 h with alumina balls. Samples of 20 mm in diameter were shaped by
dry pressing at the pressure of 400 MPa. Prepared samples were sintered for 1 h at
1150 and 1200 ◦C in atmospheric conditions. Afterwards, products were character-
ized by SEM, EDS. Also, bulk densities, micro hardness and % water absorptions
values of the samples were measured.

13.1 Introduction

Zeolites are a group of over 40 crystalline, hydrate aluminosilicate minerals with a
structure based on a three-dimensional network of an aluminum and silicon tetra-
hedral, linked by sharing oxygen atoms [1]. These units in which either Si or
Al are sitting in their centers form cages and channels of molecular dimensions.
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The presence of (AlO2)
− units cause residual negative charge on the oxygen

framework. These negative charges are compensated by the cations located in the
pores bonded to aluminum by electrostatic forces assuring their easy exchange for
other ions [2]. They contain exchangeable alkaline and alkaline earth metal cations
such as Na+, K+, Ca2+, and Mg2+ that maintain charge neutrality [3]. Due to spe-
cific pore sizes and large surface areas, zeolites have the potential in a wide range
of applications such as molecular sieves, adsorbents, and catalysts [4]. The price of
conventional raw materials used in porcelain production is higher than that of zeolite.
Also, feldspar and silica are both harder raw materials than zeolite and their crushing
and millings are costly compare to zeolite [5].

Granite is an intrusive holocrystalline rock characterized by medium and fine
grain structure which usually consists of orthoclase, acidic plagioclase and quartz.
Magnesia and ferruginous compounds (hornblends, biotite, muscovite, and others)
can also be present in granites as accessory minerals [6]. Granite grains and dust
are considered waste materials during production of granite products. These wastes
are occurred during preparation and polishing processes. These processes produce a
large amount of waste materials [7]. Different industrial wastes, some volcanic ash,
zeolite rich rocks, nepheline synite, gabbro, granite, basalt and basaltic tuffs were
successfully used to produce vitrified ceramic tiles on firing at temperature ranging
between 900 and 1300 ◦C [6].

The main objective of this paper is to produce ceramic bodies with granite and
zeolite or to examine the effect of granite on the properties of ceramic bodies produced
from zeolite.

13.2 Experimental Procedure

Natural granite and zeolite as raw materials were used to prepare ceramic bodies
in this work. The chemical compositions of used powders were given in Table 13.1.
The granite and zeolite (clinoptilolite) were grinded by dry ring milling and sieved
to pass through −75µm. The prepared powders were mixed as %wt. 25 Ze-75 Gr,
50 Ze-50 Gr, 75 Ze-25 Gr, 100 Ze. The codes of samples are given in Table 13.2.
Mixing was performed by ball milling for 10 h with alumina balls. The samples
were shaped by uniaxial dry pressing under the pressure of 400 MPa. After shaping,
samples were dried at 80 ◦C for 24 h in an oven. Dried samples were sintered in an
electrical furnace with a heating rate of 10◦C/min at 1150 and 1200 ◦C for 1 h. Then,
the sintered samples were cooled down to room temperature in the furnace. Bulk
densities, micro hardness (Vickers) and % water absorptions values of the samples
were measured. Also, the microstructural characterizations were realized using a
JEOL JSM 6060 LV scanning electron microscopy (SEM) with EDS attachment.
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Table 13.1 The chemical compositions of used powders

Component (%) SiO2 Al2O3 TiO2 Fe2O3 CaO MgO Na2O Others

Granite 69.07 17.10 0.17 2.12 2.35 0.47 4.15 0.6
Zeolite 61.89 24.80 0.60 1.15 0.32 0.24 3.59 7.53

Table 13.2 The codes of samples

Compositions %25 Zeolite-
%75 Granite

%50 Zeolite-
%50 Granite

%75 Zeolite-
%25 Granite

%100 Zeolite

Codes Z25 Z50 Z75 Z100

Fig. 13.1 Microhardness
changes of sintered samples at
1150 ◦C and 1200 ◦C for 1 h

13.3 Results and Discussion

Zeolite-granite bodies were characterized by hardness measurement for mechanical
properties and these measurements were carried out with the Vickers hardness
method. The microhardness results were given in Fig. 13.1 An overall evaluation,
the hardness was obtained to decrease with increased temperature. The maximum
hardness was found in Z50 coded sample at 1150 ◦C as 927 HV. In this temperature,
the microhardness of Z100 coded sample was lower than that. So, the presence of
granite (wt.% 50) was increased the hardness.

The water absorption (%) values of sintered samples at 1150 and 1200◦ for 1 h
were given in Fig. 13.2a. Here, the amounts of water absorption are more in Z25
coded sample at 1200 ◦C than 1150 ◦C but are the same values in others samples
approximately. Also, the water absorption values <0.5 % are reached, so complying
the standard limit for ceramics [8].

The bulk density curves of all compositions were shown in Fig. 13.2b. The bulk
densities of sintered samples were measured using Archimedes method. As seen
from the figure, the density was decreased with increased temperature from 1150
to 1200 ◦C. The presence of granite in the samples led to the presence of additional
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Fig. 13.2 a The water absorptions (%) values b the bulk density values of sintered samples

Fig. 13.3 The optic micro-
graphs of samples sintered at
1150 ◦C for 1 h a Z25, b Z50,
c Z75 and d Z100

fluxing ions, which activates produces a decreasing of the sintering temperature. It is
possible to conclude that the granite content increases the liquid phase. The formed
liquid phase fills the open pores, improves the bulk density and decreases the apparent
porosity of the fired samples [6, 9].

The optic micrographs for examination of the microstructure are shown in
Figs. 13.3 and 13.4. Compared to figures, the amount of porosity is more in the
sintered samples at 1200 ◦C. This result was confirmed with the bulk density mea-
sure given in Fig. 13.2b. Investigating the results of all the analysis, the sample Z50
was determined as the optimum composition.

In the SEM analysis of sintered sample Z50 at 1150 ◦C given in Fig. 13.5 were
seen very small cracks, quartz grains and porosity. It is thought that, these cracks are
due to thermal expansion differences of different phases occurred in during sintering.
These results are similar to the literature [6, 10]. The EDS analysis was applied to
the same sample for different regions (Fig. 13.6) and Si, Al, K, Fe, Mg elements were
detected. These elements belong to chemical compositions given in Table 13.1.
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Fig. 13.4 The optic micrographs of samples sintered at 1200 ◦C for 1 h a Z25, b Z50, c Z75 and
d Z100

Fig. 13.5 The SEM analysis of the sample Z50 after 1150 ◦C-1 h

Fig. 13.6 The EDS analysis of the sample Z50 after 1150 ◦C-1 h

In this work, the use of granite could help to achieve the complete bodies den-
sification at low sintering temperature. In fact during sintering both the granite and
zeolite could favor the formation of a liquid phase that could contribute to obtain the
final ceramic products at lower temperature.
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13.4 Conclusions

The economic advantages obtained from this study confirm the feasibility of use of
natural granite and zeolite in the ceramic bodies. The maximum hardness was found
in Z50 coded sample at 1150 ◦C as 927 HV. The amounts of % water absorption
were more in Z25 coded sample at 1200 ◦C than 1150 ◦C. The bulk densities were
decreased with increased temperature from 1150 to 1200 ◦C. The amount of porosity
as the optic micrographs was less in the sintered samples at 1150 ◦C. In the SEM
analysis of sintered sample Z50 at 1150 ◦C were seen very small cracks, quartz grains
and porosity. In the EDS analysis of sintered sample Z50 at 1150 ◦C were detected
Si, Al, K, Fe, Mg elements. Also, this product was achieved in a low temperature.
As the best result, sintered at 1150 ◦C for 1 h sample Z50 was determined.
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Chapter 14
Characterization of CaO-ZrO2
and CaO-ZrO2-Al2O3

M. Ipek

Abstract This study is focused on production of partially stabilized zirconia
containing 8 mol % CaO and examination of effect of Al2O3 adding on it. Zirconia
nanopowders were synthesized by the precipitation method from zirconium sulfate
precursors. Precipitates were dried at 80 ◦C for 72 h, and CaCO3 powders were added
to dried powders. Then this powder mixture was calcinated at 1300 ◦C for 1 h. And
the second powder mixture was prepared by adding wt.%10 Al2O3 to calcinated pow-
ders. Each powder mixture were pressed under uniaxial compression of 300 MPa
and sintered at 1600 ◦C for 1 and 2 h in an open atmospheric electrical resistance
furnace. Relative densities of sintered samples measured in terms of Archimedes’
principle were about 99 % for CaO-ZrO2 and 97.5 % for CaO-ZrO2-Al2O3. XRD
analysis revealed that sintered CaO-ZrO2 has monoclinic, tetragonal or/and cubic
zirconia and sintered CaO-ZrO2-Al2O3 has similar phases to CaO-ZrO2 has, differ-
ently include CaAl12O19 phase. SEM-EDS analyses showed that the sintered samples
have inhomogeneous grain structure and calcia was only dissolved in large zirconia
grains. This means that calcia promoted grain growth of zirconia particles.

14.1 Introduction

In the last three decades, among various structural ceramics, zirconia-based ceramics
have been widely researched, because of their better toughness and strength prop-
erties. The applications of ZrO2-based ceramics include mechanical seals, engine
components, cutting tools, sensors, and thermal barrier coatings and lately, as bio-
medical implants [1].
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Pure zirconia is monoclinic (m) at room temperature and atmospheric pressure.
With increasing temperature the material transforms to tetragonal (t), approximately
at 1170 ◦C and then to a cubic (c) fluorite structure starting about 2370 ◦C with
melting at 2716 ◦C. These lattice transformations are martensitic, characterized by
(1) being diffusionless (i.e. involving only coordinated shifts in lattice positions
versus transportof atoms), (2) occurring athermally implying the need for a temper-
ature change over a range rather than at a specific temperature and, (3) involving a
shape deformation. This transformation range is bounded by the martensitic start and
martensitic finish temperatures. Volume changes on cooling associated with these
transformations are substantial enough to make the pure material unsuitable for appli-
cations requiring an intact solid structure: c→t approximately 2.31 %; t→m approx-
imately 4.5 %. Sintered structures transforming from t to m on cooling from sintering
temperatures (approximately 1300–1500 ◦C) undergo spallation with portions crum-
bling into multi-grained powders [2, 3].The phase changes may be suppressed by
stabilization of the high temperature forms by alloying with other oxides. Certain
cubic oxides such as CaO, MgO, Y2O3, CeO2 and other rare-earth oxides stabilize
the high temperature cubic phase to room temperature and at the same time promote
a decrease in the transformation temperatures. However, if insufficient stabilizing
oxide is added than the amount required for full stabilization, a partially stabilized
zirconia (PSZ) is formed. It is generally accepted that the most useful mechanical
properties are obtained by partial stabilization so that a two or three phases (cubic,
tetragonal and monoclinic) microstructure results. The good mechanical properties
of PSZ ceramics are primarily as a result of stress induced martensitic phase trans-
formation of metastable tetragonal phase to the stable monoclinic phase, hence the
name transformation toughening [4–6].

The goal of this study is to fabricate a ceramic based on CaO partially stabilized
zirconia (Ca-PSZ) from precipitated zirconia and CaCO3 powders and to investigate
effect of wt. %10 Al2O3 adding to Ca-PSZ.

14.2 Experimental Details

Zirconia powders were synthesized by precipitation method from Zr(SO4)2 salt.
Zirconium sulfate salt was dissolved in water and NH4OH was added into solution
for precipitation. Precipitate was dried at 80 ◦C and a required amount of CaCO3
was added to dried powders and mixed by conventionally ball milling for 2 h. Then,
the powder mixture was calcinated at 1300 ◦C for 1 h for transformation of CaCO3
to CaO, thus the first powder mixture was prepared (Ca-PSZ). In order to obtain the
second powder mixture, wt. %10Al2O3 powders were added to calcinated pow-
ders (Ca-PSZ+A). Each powder mixture was consolidated by uniaxial pressing
at 300 MPa without any binder. The compacts were finally sintered in an open
atmospheric electric resistance furnace at 1600 ◦C for 1 and 2 h with heating and
cooling rates of 5 ◦C/min.
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Fig. 14.1 SEM micrographs
of samples sintered at 1600 ◦C
a and b Ca-PSZ, c and d
Ca-PSZ+A

Phase analysis of calcinated powders and sintered samples were performed via
Rigaku XRD instrument by using Cu Kα radiation with a wavelength of 1.5418◦ A
over a 2θ range of 10◦ ≤ 20◦ ≤ 90◦. The morphology and the microstructure of the
products were examined by means of scanning electron microscopy, energy disper-
sive spectroscopy (SEM-EDS) (JOEL JSM- 6060 LV Model). Relative densities of
sintered samples were determined by Archimedes’ method.

14.3 Results and Discussion

SEM micrographs of sintered samples at 1600 ◦C for 1 and 2 h (which were pol-
ished and thermally etched at 1500 ◦C for 1 h) are illustrated in Fig. 14.1. Ca-PSZ
and also Ca-PSZ+A samples have heterogeneous grain size distribution in such a
way that average grain size of 1 and 5µ has two different grain size in Ca-PSZ sin-
tered 1 h. The amount and size of coarse grains increased with increasing sintering
time. Similar abnormal grain growth is present in Ca-PSZ+A samples but amount
of coarse grains areas are much smaller than that of Ca-PSZ sample. In Ca-PSZ+A
samples, light gray areas are zirconium and dark gray areas are aluminum rich grains.
Abnormal grains in all sintered samples include calcium with together zirconium,
and dissolution of calcium in zirconia promotes grain growth (Fig. 14.2a, Marks
1, 3, 5 and Fig. 14.2b, Marks 1, 2, 3, 4) [6, 7]. Furthermore, it is interesting to note
that calcium was dissolved primarily in alumina grains as it can be seen in Fig. 14.2b,
Marks 7, 8. Abnormal growing grains in Ca-PSZ+A samples are less than that of
Ca-PSZ due to dissolving of Ca in alumina.
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Mark
wt.%

Zr Ca O
1 74.97 3.71 21.32
2 81.78 - 18.72
3 76.58 4.14 19.28
4 77.81 - 22.19
5 73.63 3.56 22.82
6 78.79 - 21.21

Mark
wt.%

Zr Ca Al O
1 74.29 3.93 - 21.78
2 76.38 2.99 - 20.63
3 75.59 3.35 - 21.06
4 76.18 3.81 - 20.01
5 81.97 - - 18.03
6 77.52 - - 22.48
7 21.42 6.05 45,73 26.80
8 19.05 5.54 43,02 32.39

(a) (b)

Fig. 14.2 SEM micrographs and EDS point analysis of sintered specimens a Ca-PSZ, b Ca-PSZ+A

While relative density of Ca-PSZ sintered for 1 h is 99.5 % that of Ca-PSZ
sintered for 2 h is 98.8 %. The reason of decrease in relative density may be increasing
abnormal grain growth with increasing sintering time. Relative density of Ca-PSZ+A
is 97.5 % and this value is slightly lower than relative density of Ca-PSZ.

XRD analysis shows that Ca-PSZ has monoclinic, cubic and/or tetragonal phases
(Fig. 14.3). According to open literature [2, 8–10], Ca-PSZ has monoclinic and cubic
zirconia but XRD instrument for same peaks belong cubic phase described tetrag-
onal phase. For that reason, in XRD analysis, it was indicated the tetragonal phase
with together cubic phase. Alumina added samples have monoclinic, cubic and/or
tetragonal zirconia and CaAl12O19 phase. According to CaO-Al2O3 binary phase
diagram, CaAl12O19 occur with peritectic reaction at 1833 ◦C in alumina rich area
[11]. Also monoclinic zirconia ratio is too much comparing to Ca-PSZ samples. As a
mentioned above, CaO dissolves in alumina and dissolving CaO amount in zirconia
matrix is not enough for the stabilization of cubic and/or tetragonal phase.
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Fig. 14.3 XRD patterns of sintered samples, a Ca-PSZ and b Ca-PSZ+A (m: monoclinic, c: cubic
and t: tetragonal zirconia, a: CaAl12O19)

14.4 Conclusion

The results obtained from this study are listed below.

1. Relative densities of sintered samples were about 99 % for CaO-ZrO2 and 97.5 %
for CaO-ZrO2-Al2O3.

2. Sintered samples have inhomogeneous grain structure and calcium was only dis-
solved in large zirconia grains. This means that calcia promoted abnormal grain
growth of zirconia particles. Abnormal growing grains in CaO-ZrO2-Al2O3 sam-
ples are less than that of Ca-PSZ due to dissolving of Ca in alumina.

3. Sintered CaO-ZrO2 has monoclinic, tetragonal and cubic zirconia and sin-
tered CaO-ZrO2-Al2O3 has similar phases to CaO-ZrO2 has, differently include
CaAl12O19 phase. Monoclinic zirconia ratio in CaO-ZrO2-Al2O3 sample is too
much comparing to CaO-ZrO2. Calcium primarily dissolves in alumina and there-
fore dissolved calcium in zirconia matrix is not enough for the stabilization of
cubic and/or tetragonal phase.
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Chapter 15
Study of Microstructure of the Al-Fe Alloys
After Hot Rolling Deformation

Magdalena Barbara Jabłońska, Kinga Rodak and Iwona Bednarczyk

Abstract The aim of the paper is a microstructure analysis of alloys from the Al-Fe
system after hot rolling tests, conducted by using a scanning transmission electron
microscopy STEM and scanning electron microscope equipped with EBSD detector.
Hot rolling was carried out at Technical University of Ostrava, Faculty of Metallurgy
and Material Engineering, Institute of Modelling and Control of Forming Processes.
The samples were heated to a temperature of 1200 ◦C. The EBSD and STEM tech-
niques have been applied in order to determine the influence of chemical composition
and deformation parameters on structural changes. The microstructure analysis has
included parameters such us: grain/sub-grain size, area fraction of grains/subgrains,
misorientation angles, grains/subgrains shape aspect ratio and dislocations struc-
ture. The research structure techniques in scanning-transmission electron microscopy
revealed numerous FeAl28 alloy phase separations of secondary nucleating sites
favoured energetically, which are the boundary of grains/subgrains and dislocations.
These changes in the structure of the test results have been confirmed by EBSD,
which revealed the presence of grains/subgrains misorientation angle boundaries
above 15◦.

15.1 Introduction

Over the last 10 years Department of Materials Science at Silesian University of
Technology as well as leading international centres has conducted research in order
to know the structural phenomena which occur during hot plastic treatment aimed
at elaboration of heat and plastic treatment technology of selected alloys based on
intermetallic phases from the Al-Fe system. Those alloys are classified as a group
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Fig. 15.1 Microstructure of the FeAl28 after annealing at 900 ◦C for 24 h (LM)

Fig. 15.2 Microstructure FeAl28 alloy after hot-rolling (LM)

of high-temperature creep-resisting materials of advantageous physicochemical and
mechanical properties at an elevated and high temperatures [1–6]. Their proper-
ties, such as: low density, high melting temperature, high strength and good oxidiz-
ing resistance together with good crack resistance, create wide prospects for their
industrial applications, for components of machines working at a high temperature
and corrosive environment. The major problem restricting their universal applica-
tion is their low plasticity and their brittle cracking susceptibility. Consequently, the
research of intermetallic phase based alloys focuses on their plasticity is required
[6–8]. One of the factors responsible for the unfavourable technological properties
of Al-Fe alloys is a tendency to coarsely crystalline primary structure. The results
indicate that grain refinement by thermo-mechanical processing has positive effect
on the improvement in both strength and durability of these alloys [2, 8–12]. There-
fore, the important issue is the evaluation of the behaviour of the material during
plastic working. It should be noted that a significant influence on the properties of
Al-Fe alloys by thermo-mechanical processing is the presence long-range ordering
and the strengthening by thermal vacancy [4–6, 13, 14].
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SUBGRAIN BOUNDARYSUPERDISLOCATION

DISLOCATION STRUCTURE

SECONDARY  PHASES

Fig. 15.3 Substructure FeAl28Al alloy after hot—rolling (STEM)

15.2 Materials and Methodology Research

The examined material consisted of alloy from Al-Fe system with a 28 % at. Al.
Achieved ingots of alloy FeAl28 after casting process underwent heat treatment
which was based on homogenising in temperature of 900 ◦C in 24 h and cooling
in furnace. Hot rolling was carried out at Technical University of Ostrava, Fac-
ulty of Metallurgy and Material Engineering, Institute of Modelling and Control of
Forming Processes. The samples were deformed at a temperature of 1200 ◦C. Struc-
tural tests were conducted with the use of light microscopy techniques and scanning
transmission electron microscopy STEM. With the use of EBSD technology the
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Fig. 15.4 Microstructure FeAl28 alloy after hot-rolling (SEM)

distribution of grain sizes and the distribution of grains/subgrains misorientation
were determined.

15.3 Results and Discusion

After conduction of initial heat treatment and hot-rolling process the secondary
phases appeared in the microstructure of tested alloy FeAl28. Those phases cumulate
on primary grain boundaries and inside of them surrounding newly formed grains
(subgrains) (Fig. 15.1).

The FeAl28 microstructure after the rolling process is shown in Fig. 15.2. In the
microstructure disclosed the occurrence of secondary phase precipitates. Precipi-
tates accumulate in the grain boundaries, and inside the grains surrounding the new
emerging grains (subgrains).

Conducted substructure analysis with the use of STEM scanning transmission
microscope has confirmed the presence of secondary phases located favored areas
such as subgrains boundaries. In substructure of tested alloy there is also the pres-
ence of dislocation structure observed (Fig. 15.3). The conducted microanalysis of
secondary phase division has confirmed that analysed phases contain more Al than
matrix (Figs. 15.4 and 15.5). Based on the results of microanalysis it is not possible
to identify the phase type, because of too small phase size which is smaller than elec-
tron beam impact. Literature implies that the phase occurring for that alloy group
(23–36 % at), may be identified as Fe3Al, but it would need to be confirmed in further
experiments. Figure 15.6 presents microstructure map for alloy FeAl28 achieved in
EBSD analysis. Presented histogram of surface participation of grains shows the
dominance of grains from intervals: from 1100 to 1200µm which are more than
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Atom % Al-K Fe-K

FeAl28(18)_pt1 34.9 65.1

FeAl28(18)_pt2 24.7 75.3

Weight % Al-K Fe-K

FeAl28(18)_pt1 20.6 79.4

FeAl28(18)_pt2 13.7 86.3

(d)

Fig. 15.5 a The microstructure of FeAl28 alloy with marked places to study the chemical com-
position, b and c energy dispersive X-ray spectra (EDS) with marked locations in figure (a), d the
results of chemical microanalysis of selected points of Fig. 15.4a

20 % of the analyzed surface (Fig. 15.5a). The remaining participations are grains
of sizes of 1600µm (Fig. 15.5a). Average diameter of grains/subgrains equals D =
697µm. In the assessment of the disorientation angles and histogram of frequency
of grain presence it was concluded that there were only boundaries present which
had high angle above 15◦ (Fig. 15.5b).

A process of formation of new recrystallized grains on the contact line of three
grains or on the wide-angle boundary can also be observed. Results achieved in
conducted tests significantly enrich the amount of knowledge connected with the
behavior of alloy on intermetallic phase matrix under the influence of hot plastic
deformation.
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(a)

D r(xy)=697µm
(b)

Grain boundaries
Fraction

Angle
Min Max
5° 15° 0,15

15° 180° 0,85

Fig. 15.6 a EBSD microstructure map for FeAl28, b microstructure map of misorientation angles
between subgrains/grains
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15.4 Conclusion

In the paper were carried out the microstructure analysis of FeAl28 alloy after hot
rolling process. Conducted substructure analysis with the use of STEM technique
has confirmed the presence of secondary phases located in favored places in the
structure such as subgrains boundaries. In substructure of these alloy there is also
the presence of dislocation structure observed. During the deformation a process of
formation of new recrystallized grains on the contact line of three grains or on the
wide-angle boundary can be observed.
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Chapter 16
Microstructure Characterization of High
Mn-Al Steel After Hot Compression Tests

Magdalena Barbara Jabłońska

Abstract In last year’s numerous research centres have been focused to the
development of Mn-Al belong to the novel AHSS steels for the automotive and
railway industry. The X55MnAl25-5 high manganese steel belong to these group
demonstrate a dominant stress mechanism known as Twining Induced Plasticity
(TWIP), which occurred as a main mechanism of plastic deformation, strongly
dependent on Stacking Fault Energy (SFE). Moreover, these steels reveal a high yield
stress and very high total elongation from. Properties of these steels predispose it to
be used as constructional elements in automobile industry, which are characterized
by a great energy reserve, absorbed during plastic deformation (vehicle collision) and
high rigidity. This paper presents the results of applied methods of SEM/EBSD tech-
niques for characterize the structure of high manganese steel after deformation by
compression tests, with various deformation parameters like temperature and strain
rate. Applied methods revealed the influence of deformation parameters on grain
size, fraction of twinned grains and misorientation angles. The obtained results can
be used for the development of this steels and their plastic deformation models.

16.1 Introduction

The high manganese steels belong to the novel AHSS group for the automotive
and railway industry, exhibit attractive strength–ductility combinations in asso-
ciation with high strain hardenability [1–3]. Plastic deformation of fcc austenite
depends greatly on the stacking fault energy (SFE). It is generally accepted that,
as the SFE increases, the dominant deformation mechanism of austenite is pro-
gressively changed from transformation-induced plasticity (TRIP) to TWIP and to

M. B. Jabłońska (B)
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dislocation gliding and during the dynamic deformation to shear-band-induced plas-
ticity (SIP) and microband-induced plasticity (MBIP) [3–8]. TWIP steels are cur-
rently being studied both extensively and intensively in various aspects i.e. production
methods, thermomechanical processing, thermal and mechanical properties, welding
and forming by various methods. Research of this group of steels particularly have
grown importance in the last decade, with the advent of automotive applications but
they were also studied, the primary purpose of replacing austenitic stainless steels
for cryogenic applications [1–4, 7–12]. The TWIP steels reveal a high yield point
approx. 600–1100 MPa and high elongation from 60 to 95 %. These attractive proper-
ties can be achieved by controlled thermomechanical treatment. The special feature
of these steels for automotive applications is a great energy reserve, absorbed during
plastic deformation thus improving the safety of the vehicle [1, 3, 6]. Also because
of the aluminium content can be reached at reducing vehicle weight, which increases
the attractiveness of these steels to apply as constructional elements of a vehicle,
such as: strain hardening of a side pillar, bumper beam, strain hardening of a roof
and pier [3, 8, 11].

16.2 Materials and Methodology Research

The research was carried out on high-manganese X55MnAl25-5 steel with chemical
compositions gathered in Table 16.1. The steel was smelted in a vacuum induction
furnace and cast using gravity casting technique and ingots with a cross-section of
20 × 40 mm and with a length of 120 mm. The ingots were homogenized in an air
furnace at 1200 ◦C, hot rolled at 1100 ◦C to obtain a bars with 15 mm diameter. The
rolling direction was the same as for the hot rolling. Obtained material was subjected
to annealing at the temperature of 1100 ◦C for 1 h with following water cooling.

Following the annealing, the material was used for the preparation of the samples
for the compression test, which consisted of axisymmetrical strain on Gleeble 3800
simulator, with simultaneous structure-freeze by rapid quenching. The samples were
cylindrical, measuring φ = 10 mm and h = 12 mm.

The compression samples were conducted at temperatures ranging from 800 to
1100 ◦C at a strain rate 1 s−1, until the true strain values reached ε = 1.0. The
compression test results, such as the sample temperatures T [◦C], stresses σ [MPa],
forces [N] and strains ε, processed with the calculation sheet, provided the means
for determining the flow curves in the stress σ-strain ε system.

After hot compression tests the material was analyzed by SEM using EBSD
sensor and STEM. The surface of metallographic microsections for observation
using EBSD method was prepared with ion polishing technique. The results
obtained from individual observation spots were presented as maps of crystallo-
graphic orientation, maps with angles of grains misorientation, and histograms of
grains size and misorientation. The specimens for STEM were cut out of the cold
rolled samples along the longitudinal direction. The specimens were mechanically
fine polished to a thickness of about 0.03–0.08 mm. Thin films were prepared using



16 Microstructure Characterization of High Mn-Al Steel 115

Table 16.1 Chemical composition of the investigated steels (% at.)

[% at.] C Mn Si Al Fe

X55MnAl25-5 0.53 23.7 0.25 5.38 Bal.

Fig. 16.1 Microstructure
of the examined steel after
forging—initial state

Fig. 16.2 Microstructure
of the examined steel after
forging and saturation—
1100/1 h

the twin-jet electro-polishing equipment in a Struers TenuPol Controller Unit at a
voltage of 50 V and temperature of 15 ◦C. The electrolyte contained 5 vol% of chloric
(VII) acid and 95 vol% of acetic acid.

16.3 Results and Discusion

Microstructure of the examined material i.e. a bar after forging and after satura-
tion process shown in Figs. 16.1 and 16.2. The X55MnAl25-5 steel, a monophase
austenitic structure was obtained as expected, with characteristic annealing twins
present after the saturation process.
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900°C, 0.1 s -1 900°C, 1 s -1 900°C, 5s -1

Fig. 16.3 EBSD microstructure maps and grains distribution for X55MnAl25-5 steel deformed at
900 ◦C

Results of the microstructure investigation of the X55MnAl25-5 steel using EBSD
technique are shown in Figs. 16.3 and 16.4. For presentation was selected results
of EBSD analysis after deformation at temperature 900 and 1000 ◦C because in
this two temperatures recrystallization process occurs to effectively. Elongated pri-
mary grains were found after the deformation at 900 ◦C at strain rate 0.1 and 1 s−1.
After deformation at 900 ◦C at strain rate 5 s−1 grains growth was observed. On the
grains distribution diagrams for X55MnAl25-5 steel deformed at 900 ◦C at strain
rate 0.1 s−1 grain size up to 5μm are about 41 % of the area. Increasing the strain
rate to 1 s−1 increases area fraction of grains with size up to 4μm to 50 %. Defor-
mation at strain rate 5 s−1 causes grain growth and reducing the share of grain size
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1000°C, 0.1 s -1 1000°C, 1 s -1 1000°C, 5s -1

Fig. 16.4 EBSD microstructure maps and grains distribution for X55MnAl25-5 steel deformed at
1000 ◦C

of 4μm up to 15 %. The recrystallization process of is therefore a most effective at
temperature 900 ◦C and strain rate 1 s−1. Recrystallized structure without the primary
grains we receive after deformation at strain rate 5 s−1. The situation is similar for the
deformation at temperature 1000 ◦C, wherein the increasing of deformation temper-
ature influences the growth of grain size in comparison to the deformation at 900 ◦C.
On the grains distribution diagrams for X55MnAl25-5 steel deformed at 1000 ◦C at
strain rate 0.1 s−1 grain size up to 10μm are about 30 % of the area. Increasing the
strain rate to 1 s−1 increases area fraction of grains with size up to 10μm to 4 %.
Deformation at strain rate 5 s−1 causes grain growth and reducing the share of grain
size of 4μm up to 14 %. Analysis of the average grain size after deformation tests
(Table 16.2) has shown that the most effective grain refinement process takes place



118 M. B. Jabłońska

Table 16.2 The data containing average grains/subgrains diameter and the fraction of grains with
twins after deformation X55MnAl25-5 steel prepared on the basis of EBSD analysis

Temperature Strain rate (s−1) Average grains/subgrains diameter The fraction of grains
(μm) with twins

900 ◦C 0.1 2.41 (with primary grains) 0.22
1 2.81 (with primary grains) 0.10
5 4.61 0.39

1000 ◦C 0.1 7.70 (with primary grains) 0.17
1 7.27 (with primary grains) 0.20
5 12.00 0.36

900 C; 0.1s-1 900 C; 1s-1 900 C; 1s-1

1000 C; 0.1s-1 1000 C; 1s-1 1000 C; 5s-1

ο ο ο

οοο

Fig. 16.5 EBSD misorientation angles distribution’s for X55MnAl25-5 steel deformed at 900 ◦C
and 1000 ◦C

during the deformation at 900 ◦C and strain rate 5 s−1. Not observe already there the
primary grains and average grains/subgrains diameter amounts to 4.61μm.

Below on Fig. 16.5 the results of the EBSD analysis as misorientation angles
distribution’s for X55MnAl25-5 steel deformed at 900 and 1000 ◦C was presented.

The Fig. 16.3 clearly shows, that in samples after deformation at 900 ◦C, 0.1 s−1,
and 1 s−1 especially, the elongated grains with some fine recrystallized grains coexist.
From misorientation angle maps (Fig. 16.5) is known, that the large misorientation
angles among boundaries is characteristic for recrystallization process. The misori-
entation angle map shows an obvious increase of misorientation between 30 and 55◦.
Twin boundaries with misorientation angle 60 ◦ existed in the samples deformed at
900 ◦C, 0.1 s−1, and 900 ◦C, 5 s−1 especially. This suggest that at high strain rate the
recrystallization process is restrained.
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Many large grains observed for samples deformed at 900 ◦C, 0.1 s−1, 900 ◦C, 1 s−1

are divided into several parts by low-angle boundaries, indicating the existence of
many dislocation cells and subgrains. From Fig. 16.5 is know that a large fraction
of low-angle misorientation is about 5◦. Large fraction of low-angle disorientation
observed in sample deformed at 900 ◦C, 5 s−1 is a results of dynamic recovery.
Figures 16.4 and 16.5 shows that many fine grains with high-angle boundaries are
form in samples deformed at 1000 ◦C, 1 s−1. Only few twin boundaries existed in
this sample, suggesting the minimal contribution of twinning under this condition.
The misorientation angle maps shows that the fraction of low-angle misorientation
is high (Fig. 16.5), implying more deformation structures form.

Due to the fact that the X55MnAl25-5 steel is characterized by a formation
mechanical twins during the deformation process results also include the quantitative
calculation of the fraction of grains with twins (including the mechanical twins). As
shown in Table 16.2 the highest number of twins calculated as fraction of grains with
twins 39 % was recorded during the deformation at 900 ◦C and strain rate 5 s−1.

16.4 Conclusion

The quantitative microstructural studies revealed microstructure rebuilding process,
as a results of dynamic recovery and recrystallization. Fine grains with high-angle
boundaries are well developed, indicating the occurrence of recrystallization. New
fine grains with misorientation between 30◦ and 55◦ confirm, that the new grains are
results from recrystallization. Most of grains are elongated and indicating relatively
high defect density and/or strain in grains. These findings confirm that the fine grains
are attributed to dynamic recrystallization during deformation because the grains are
not free of strain/defect.
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Chapter 17
Microstructural Examination of Oxidized
Fe(14−x)Nb5Bx Alloy Produced from Powders
Prepared by Mechanical Alloying

A. Şükran Demirkıran, Saduman Sen, Ozkan Ozdemir and Ugur Sen

Abstract In the present study, ferrous niobium, ferrous boron and iron were used
as starting powders. The mixture of the powders which were calculated to give
the designed compositions was prepared by using planetary high energy ball mill.
Mechanically alloyed powders were pressed and sintered at 1350 ◦C for 120 min in
Ar atmosphere. The cyclic oxidation experiments were carried out in an electrical
furnace at 650, 750 and 850 ◦C in open atmosphere for 96 h. The specimens were
periodically weighed for the determination of weight change. Before and after oxida-
tion, the present phases of the samples were determined by X-ray diffraction analysis
(XRD). The microstructural characterizations were realized using scanning electron
microscopy (SEM) with EDS attachment.

17.1 Introduction

Recently, Fe–Nb–B alloys are one of the important alloys investigated due to
their magnetic properties such as effective permeability and saturation magnetic
flux density. These materials may have application in magnetic parts and devices
such as inductors, low- and high-energy frequency transformers, alternating current
machines, motors, generators and sensors. For reason, in the last decade, many studies
have been done on Fe–Nb–B ternary alloys leading to the development of good soft
magnetic materials, nowadays used commercially [1, 2]. Fe–Nb–B alloys include
Nb3Fe3B4 and NbFeB ternary intermetallic compounds. Ordered intermetallics with
high melting points are often proposed as candidate materials for high temperature
structural applications. The interest in intermetallics stems from their exceptional
hardness and retention of strength at elevated temperatures as a consequence of their
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Department of Metallurgy and Materials Engineering, Engineering Faculty,
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Springer Proceedings in Physics 154, DOI: 10.1007/978-3-319-04639-6_17,
© Springer International Publishing Switzerland 2014
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Table 17.1 The chemical compositions of starting powders

Components (wt. %)
Nb B Fe Al C Si Others

Fe–B – 18 81 0.2 0.39 0.099 0.311
Fe–Nb 66 – 29 2.67 0.17 1.65 0.51
Pure Fe – – 99.99 – 0.01 – –

ordered structures [3]. Fe–Nb–B alloys including Fe, much more than 50 % by at.,
Nb, much more than 25 % by at. and balance boron, include NbFeB ternary com-
pound and this phase content increases with increase in Nb and B content in the alloy
[4]. Increases of this phase make the composite hardness of these alloys harder. The
main aim of the present study is to investigate synthesis and oxidation of Fe–Nb–B
in-situ composite produced by mechanical alloying and sintering process.

17.2 Experimental Procedures

In this study, ferrous boron, ferrous niobium and pure iron powders used as start-
ing powders. The chemical compositions of the starting powders were given in
Table 17.1. The powders were grinded by dry ring milling and then sieved to pass
through −38µm. Then, the prepared powders were mixed as atomic % Fe = 60,
Nb = 25 and B = 15. This mixture is alloyed by using mechanical alloying. Mechan-
ical alloying was carried out in a planetary high-energy ball mill using stainless steel
balls. The milling was performed at velocity of 355 rpm and the ball-to-powder mass
ratio was 5:1 for 20 h.

The samples were produced at the dimensions of 20 mm in diameter and 3 mm
in thickness by classic powder metallurgy methods. The samples were shaped by
uniaxial dry pressing under the pressure of 60 MPa and polyvinyl alcohol was used
as a binder material for shaping. After shaping, samples were dried at 80 ◦C for 24 h
in an oven. Dried samples were sintered in an electrical furnace with a heating rate
of 6 ◦C/min at 1350 ◦C for 120 min in the Ar atmosphere. Then, the sintered samples
were cooled down to room temperature in the furnace. The produced samples were
ground on emery papers and then washed in acetone. The cyclic oxidation exper-
iments were carried out in an electrical furnace with a heating rate of 10 ◦C/min
at 650, 750 and 850 ◦C in open atmosphere for 96 h. The specimens were periodi-
cally weighed. The weight of samples was measured by an electronic balance with
accuracy at 0.1 mg. Before and after oxidation, the present phases of the samples
were determined by a RIGAKU DMAX 220 PC diffractometer. The microstruc-
tural characterizations were realized using a JEOL JSM 6060 LV scanning electron
microscopy (SEM) with EDS attachment.
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Fig. 17.1 SEM micrograph and EDS analysis of produced samples at 1350 ◦C temperature with a
sintering time of 120 min

Fig. 17.2 XRD pattern of sintered samples at 1350 ◦C with a period of 120 min
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Fig. 17.3 The variation in weight gain as a function of duration time during oxidation test

17.3 Results and Discussion

Before oxidation tests, SEM-EDS observations of the produced samples showed that
there are three different forms on the microstructure which were grey forms, dark
forms and white blocky and needle forms (Fig. 17.1). EDS analysis showed that the
dark forms consist of Si, Al and O elements (marked as 4 on the microstructure).
X-ray diffraction analysis could not have any phase including these elements. So,
these forms might be as glassy phase. It is probable that boron has a trigger effect on
the formation of glassy phase.

Gray color form taken place between white and dark forms might be iron matrix
which includes dominantly Fe element (marked as 2 on the microstructure). White
form consists of Nb and Fe elements (marked as 1, 3 and 5 on the microstruc-
ture). Therefore, white blocky and needle forms might be NbFeB intermetallic
which as confirmed by X-ray diffraction analysis (Fig. 17.2). In order to understand
microstructural changes and to correlate with the other results, XRD analysis was
performed. The phases formed in the produced samples are NbFeB (major phase),
NbO2 (trace phase) and Fe as shown in Fig. 17.2.

Figure 17.3 shows the weight gain as a function of oxidation time and temperature.
As it can be seen in Fig. 17.3, oxidized samples exhibited a relatively low oxidation
rate at 650 and 750 ◦C, but the rate increased rapidly at 850 ◦C. As seen in this
figure, oxidation layer increased with increasing oxidation temperature. This trend
verifies that the oxidation is a diffusion-controlled process. There is a nearly parabolic
relationship (parabolic rate law) between weight gain and process time especially at
high temperatures. High temperature oxidation of alloys is a complex phenomenon.
The reaction rate is governed by several factors including temperature, time, gas
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Fig. 17.4 Microstructures of oxidized sample for 12 h a 650 ◦C, b 750 ◦C and c 850 ◦C

composition, and the structure and composition of the reaction products (i.e. scales).
Therefore, it is unlikely that any single rate law, such as parabolic law, will be obeyed
exactly [5].

Microstructures of oxidized materials at 650, 750 and 850 ◦C for 12 h are shown
in Fig. 17.4a–c. There are two types of oxides that can be seen: whisker oxides and
nodule oxides. With increasing temperature, oxide morphology was coarsened and
observed a morphological change from whisker oxides to nodule oxides of oxidized
structure. In addition, no spallation was observed on these types of oxide scales.
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Fig. 17.5 XRD patterns of
test materials oxidized at
850 ◦C for 12 and 96 h

It was also observed that the higher the oxidation temperature, the more the weight
gains, as expected. The weight gain of the sample during oxidation is proportional to
the growth in thickness of the oxide layer. Figure 17.5 shows XRD pattern of oxide
layer formed on the surface of test material oxidized at 850 ◦C for 12 and 96 h. The
oxides formed on the surface of test sample at 850 ◦C for 12 h have been identified
as Fe2O3 and Nb2O5 phases. As seen in Fig. 17.5, while very little Nb2O5 phase is
present in the period of 96 h, Fe2O3 is the dominant phase.

17.4 Conclusions

Microstructural examinations of the produced Fe(14−x)Nb5Bx alloys showed that
there were three different forms on the microstructures which were gray forms (iron
matrix), dark forms (glassy phase) and white blocky and needle forms (borides).
X ray diffraction analysis showed that the Fe(14−x)Nb5Bx alloys include NbFeB,
NbO2 and Fe. In addition, there is a glassy structure including Si, Al and O elements
in the samples. Oxidation layer increased with increasing oxidation temperature. Two
types of oxides were seen such as whisker oxides and nodule oxides. With increasing
temperature, oxide morphology was coarsened and observed a morphological change
from whisker oxides to nodule oxides of oxidized structure. Fe2O3 as dominant phase
at oxidized samples has been determined.
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Chapter 18
Characteric Proporties of NiTi Shape Memory
Alloy Powders with Powder Injection Molding

Sinan Aksöz and Bülent Bostan

Abstract In this paper, NiTi Shape Memory Powders were investigated on produc-
ticability with powder injection moulding. Powders which are used in this study were
sized respectively; 10 and 35.6 μm. Characteristics proporties of Powders (Powders
characteristic features) were researched by SEM (Scanning Electron Microscopy),
EDS (Element Diffraction Spectrometer), DSC (Differential Scanning Calorimetry)
and powder size analizing method. For injection moulding, two types of binder were
determined which wasn’t used for this type of powders. TG (Gravimetrik Analy-
sis), DTA (Differantial Thermal Analysis) and DTG (Differential Transformation
Gravimeter) analize system were used for analizing the binders. Analizing results
showed that spherical and transformation temperetures of powders were were good
enough.

18.1 Introduction

Shape Memory Alloys (SMA) such as NiTi have enabled technology development
in various areas, such as microrobotics and manipulation for instance. These alloys
undergo a reversible solid-state displacive crystalline and phase transformation dom-
inated by shear between a high symmetry parent phase (austenite in form of ordered
BCC superlattice β phase in the case of Ni-50.0 % Ti) and a low symmetry product
phase (martensite in the form of monoclinic distortion of a B19 lattice) [1].

S. Aksöz (B)

Department of Mechanics and Materials Technology, Atatürk High Vocational School,
University of Gazi, Ankara, Turkey
e-mail: sinanaksoz@gazi.edu.tr

B. Bostan
Department of Materials and Metallurgy Engineering, University of Gazi, Ankara, Turkey
e-mail: bostan@gazi.edu.tr

E. K. Polychroniadis et al. (eds.), International Multidisciplinary Microscopy Congress, 129
Springer Proceedings in Physics 154, DOI: 10.1007/978-3-319-04639-6_18,
© Springer International Publishing Switzerland 2014



130 S. Aksöz and B. Bostan

Fig. 18.1 Ni–Ti phase diagram [5]

Using titanium and alloys in biomedical productions continues to gain note,
because of Titanium and alloys unique properties, including high specific strenght,
low density and lightweight feel, excellenet corrosion resistance, and biocompatility
[2]. Nickel Titanium (also known as Nitinol or NiTi) is in a unique class of shape
memory alloys. A thermoelastic martensitic phase transformation which the material
contents is responsible for its extraordinary properties. Nitinol properties include the
shape memory effect, superelasticity, and high damping capability. These technical
properties of NiTi shape memory alloys can be modified to a great extent by changes
in composition, mechanical working, and heat treatment [3].

Ni–Ti binary equilibrium was seen in Fig. 18.1. In phase diagram thermodynam-
ically stable phases exist in the proximity of equiatomic percentages of Ni and Ti.
Applying heat treatments can have significant effects on types of microstructural
phases in the final products and also on thermomechanical properties of NiTi devices,
such as annealing, solution treatment, and aging [4].

Many applications require material properties which polymers cannot provide e.g.
if high strenght, high corrosion or thermal resistance are required. This can be solved
by powder injection molding which is an economically viable process for complex
shaped metal or ceramic parts in large scale series [6].

For this purpose, metal or ceramic powders are mixed with a binder system and
injected into the mold which contains the microstructured mold inserts. In order to
achive a good filling of the mold inserts, feedstocks of low viscosity and evacuated
injection molding are required. Normally, a relatively high mechanical stability of
the binder system is necessary for a safe demolding. The molded part is processed
further in a furnace to remove the binder system. Subsequently, sintered under defined
athmosphere to achive a dense micro component [6].
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Fig. 18.2 Schematic diagram of MIM process [7]

In this study, NiTi shape memory alloy powders were investigated to productubility
of Powder Injection Moulding (Fig. 18.2). For this porpose, powders were analized
for size, DSC and EDS analizer.

18.2 Experimental Study

18.2.1 Powder Characterization

In this section, prealloyed Ni-rich TiNi powder (Ti-55.52 % at Ni 99.9 % purity,
supplied by Nanoval GmbH and Co.KG) were used as the raw material. Two sized
powders were obtained to fabric. These powders general structure were examined by
using SEM images (Figs. 18.3 and 18.4). The examinationed of the overall structure
of powders founded spherical in SEM images. For having a good productubility,
powders were spherical and sized 35 and 10μm with a low sattallites.

Powders were analyzed with the size analizer and could be seen there that aprox-
imately the size was given by manufacturer. While this fabricate gave in receipt 10,
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Fig. 18.3 SEM images of 10μm sized powders

Fig. 18.4 SEM images of 35μm sized powders



18 Characteric Proporties of NiTi Shape Memory Alloy Powders 133

Fig. 18.5 NiTi powders average particle size (10μm)

Fig. 18.6 NiTi powders average particle size (35μm)

13μm was founded by powder size analizer (Fig. 18.5) and 36.17μm was founded
for 35μm powders by powder size analizer (Fig. 18.6).

In order to determine the transformation temperature of the SMA, DSC analysis
were applied on 10 and 35μm sized-powders (Figs. 18.7 and 18.8). The onset tem-
perature of the alloy was at −24.35 ◦C and the end temperature was at −1.97 ◦C. For
35μm sized powders onset and final temperature was between −15.17 and 4.17 ◦C
which could be seen in Fig. 18.4.

To obtain the chemical composition of NiTi powders, microanalsis was carried
out by using EDS (Figs. 18.10 and 18.12) on the SEM images (Figs. 18.9 and 18.11).
The spot analyses (Figs. 18.10 and 18.12) revealed twostructure, Ni and Ti being
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Fig. 18.9 SEM micrograph of the NiTi powders sized 10μm

(a)

(b)

Fig. 18.10 10μm-sized powders a and b EDS results
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Fig. 18.11 SEM micrograph of the NiTi powders sized 35μm

(a)

(b)

(c)

Fig. 18.12 35μm-sized powders a, b and c EDS results

present in both. According to the EDS peaks, only Ni and Ti peaks were determined.
Ni ratio was more than Ti ratio for 10μm sized powders. When compared Figs. 18.10
and 18.12, Ti ratio was more than in Fig. 18.12.

The binder which was used in this work is composite of 80 % PEG 8000 (Sigma
Aldrich), 15 % Polyproplen (Petkim Co.Inc.) and 5 % Stearic Asit (SA). Powder load-
ing for this work is 50, 60 and 70 % and binder used. For first binder system, it was
composed of PEG 8000, Poliproplen and Stearik Asit. The first peak which was given
by PEG 8000 and Stearik Asit (peak temperature was 69.85 ◦C). Poliproplen’s peak
was the second and approximately 161.90 ◦C (Fig. 18.13). Second binder’s tranfor-
mation temperature was aproximately the same as the first temperature (Fig. 18.14).

It can be seen that in TG result (Fig. 18.15), material loss was beginnig approx-
imately 205 ◦C. DTA results showed that aproximately at 70 and 170 ◦C two trans-
formation obtained. First one is PEG 800 and SA, second one is Poliproplen.
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Fig. 18.15 DTG, DTA and TG analysis of Binder 1

18.3 Conclusion

Our proposal, avoiding the exothermic reaction problems with elemental Ni and Ti
powders, prealloyed NiTi powders (diameter<20μm) were used [8]. Prealloyed NiTi
powders were used and investigated for mouldability in powder injection moulding
method. For productubility, two types of powders were used. Differential Scanning
Calorimetry (DSC) results of the prealloyed NiTi powders (approximately; Ni55–
Ti) indicate that martensitic transition occurs between −15 and 4 ◦C for 35μm sized
powders and between −24 and −2 ◦C for 10μm sized powders. NiTi alloys generally
used for manufacturing implants and powder metallurgy process is the most versatile
and practical ones to make NiTi implants were also known [8]. Two type of binders
were investigated and used in rheolojical application, including PEG 8000, Polipro-
plen, Stearik Acid. High quality parts could be produced for medical application
with powder injection moulding.

(With powder injection moulding, could be produced high quality parts for med-
ical application)

Acknowledgments The researchers would also like to thank to Scientific Research Project group
for their helps (BAP Project No: 41/2012-11).
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Chapter 19
Microstructural Examinations of Fe-W-B
Base Hard-Faced Steel

Eray Abakay, Bülent Kilinc, Saduman Sen and Ugur Sen

Abstract It is now well established that considerable improvement in the mechan-
ical/chemical properties of near surface regions of materials can be achieved by the
process of surface alloying. In the present study, surface alloying treatment with
Tungsten and Boron on the surface of AISI 1020 steel was realized by the technique
of TIG welding. Ferrous boron alloy and ferrous-tungsten were used for surface
alloying treatment. Before the treatment, ferrous alloy was ground and sieved to be
smaller than 45 µm. The powders were mixed to be composed of Fe5WB4. Pre-
pared powder was pressed on the steel substrate and melted by TIG welding for
surface alloying. Coated layers formed on the steel substrate were investigated using
by optical and scanning electron microscopy, X-ray diffraction analysis and Vickers
micro-hardness tester. It was shown that surface alloyed layer has composite struc-
ture including eutectic matrix and blocky boride phase which is white color and
well distributed. Borides formed in the coated layers have a sharp corner structure
and distributed in the matrix. X-ray diffraction analyses showed that coated layers
include Fe2B, FeB and FeW2B2 phases. The hardness of blocky boride phases is
2095 HV0.01.
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19.1 Introduction

Hard facing is a commonly employed method to improve surface properties of agri-
cultural tools, components for mining operation, soil preparation equipments and
others [1]. This technique primarily done to enhance the surface properties of the
base metal (substrate) and hard-faced materials generally exhibit better wear, corro-
sion and oxidation resistance than the base metal [2].

High-energy density sources have widely applied hard facing alloys such as elec-
tron beam, plasma arc and laser [2–5]. Among the welding deposition techniques,
tungsten inert gas arc (TIG or GTAW) welding is a very effective and techno-
economical solution for wear applications. This process has following advantages:
high deposition rate, high maneuverability, large-scale availability, low cost and com-
patibility with a wide range of materials [6]. TIG surface alloying associated with
rapid heating and cooling rate provided a unique opportunity for the non-equilibrium
synthesis of materials and produced rapidly solidified fine microstructures with
extended solid solution of alloying elements [7].

Tungsten (W) is an attractive material for high-temperature applications because
of its high melting point (3410 ◦C) and high affinity to produce carbide, nitride and
boride phases. Hence, W is an obvious choice for structural applications exposed to
very high temperatures. Tungsten borides are known to have high hardness values
chemical inertness and electronic conductivity. They have possible industrial appli-
cations as abrasive, corrosion-resistant and electrode materials, which are exposed
to exceptional environments [8].

In the present study, surface alloying treatment with Tungsten and Boron on the
surface of AISI 1020 steel was realized by the technique of TIG welding. Coated
layers formed on the steel substrate were investigated using by optical and scanning
electron microscopy, X-ray diffraction analysis and Vickers micro-hardness tester.

19.2 Experimental Procedure

The substrate material used for surface alloying was prepared from AISI 1020 steel
plates with the dimensions of 20 mm×60 mm ×5 mm. The nominal chemical com-
position of AISI 1020 steel (in wt. pct.) was as follows: C, 0.23; Si, 0.18; Mn, 0.52;
and Fe (balance). Before the surface alloying treatment, these specimens were ground
and cleaned with acetone to remove any oxide and grease and then dried with com-
pressed air. The nominal composition of ferrous tungsten alloys used in the study
(%wt.) was follows: W, 75; Si, 0.50; C, 0.20; Mn, 0.25; Cu, 0.15; and Fe, the balance.
The nominal composition of ferrous boron alloys used in the study (wt. %) was as
follows: 19.63 % B, 0.44 %C, 0.05 %Al, 0.98 %Si and Fe (balance). Ferrous boron
and ferrous tungsten were grounded by ring grinder and sieved to be −45µm particle
size. Figure 19.1 shows the scanning electron microscopy (SEM) image and Energy
dispersive spectroscopy (EDS) analysis of the ferrous boron and ferrous tungsten
powders used in the surface alloying treatment.
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Fe
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Fig. 19.1 SEM images and EDS analysis of a, b ferrous boron and c, d ferrous tungsten powders,
respectively

TIG welding was realized by an electric power supply in which the welding torch
was moved back and forth at a constant speed. TIG welding was applied to melt the
substrate and alloy filler. The welding parameters are listed in Table 19.1.

An X-ray diffractometer (Rigaku XRD/D/MAX/2200/PC) with Cu Kα radiation
was used to analyze the constituent phases in the microstructure. Metallographic
analysis was performed by optical microscopy (OM) to the samples which were
replaced in resin, ground on silicon carbide papers to 1200 grit and then progressively
polished with 0.3µm Al2O3 paste.

The etchant was selected as 3 % Nital for determination of produced phases
in the surface alloyed layer for metallographic examinations. The microstructures
of the cross-section of the alloyed layers were observed by using OM (NICKON
EPIPHOT), the hardness of the phases formed in the alloyed layer and transition
zone and matrix were measured by using Future-Tech FM 700µ hardness tester.
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Table 19.1 Experimental parameters of TIG surfacing

Parameter Value

Electrode Type W-2 pct ThO
Diameter 2.4 mm
Angle 70◦
Voltage 20 V
Current 110 A
Heat input 2.2 MJ/m
Protective gas Type Ar (%99.9 Ar)
Flow 12 L/min
Welding speed Travel speed

60 mm/ min
Heat input Q = 60× I×V/S, I: current, V: voltage, and S: travel speed [9]

19.3 Results and Discussion

TIG welding surface modification was applied on AISI 1020 steel. Alloying treatment
was realized using by ferrous tungsten and ferrous boron as filler alloys as to be
Fe5WB4. The composition of the filler alloy mixtures of ferrous tungsten, ferrous
boron and iron powders were calculated and used for the production of Fe2B, FeB
and FeW2B2 phases in the final produced alloy that as known the borides of the iron
and FeW2B2 phase have very high hardness, wear resistance and corrosion resistance
[10–12]. In the process, prepared powder mixture was melted on the steel samples
and simultaneously rapidly solidified to form a dense coating bonded to the base
metal. Produced surface alloy layer compact, dense and well bonded on the steel
samples as seen in Fig. 19.3. The figure shows that surface alloyed steel samples
include three distinct regions which are: (i) surface alloyed layer which includes Fe,
B and W, (ii) transition zone and (iii) steel matrix. X-ray diffraction analysis of the
surface alloyed layers showed that the layer includes Fe2B, FeB and FeW2B2 phases
as major and, W2B and W2B5 phases as trace. In the TIG surface alloy treatments,
solidification of the melted zones is too speed and it is possible that the formation of
some deal phases of the used elements can be realized because of sufficient time for
the production of stable phases took place in the phase diagram of the Fe-W-B [13].
As seen in Fig. 19.2, W2B and W2B5 trace phases formed in the surface alloyed layer
besides Fe2B, FeB and FeW2B2 phases. Islak et al. explained that surface alloyed
plain carbon steels with W, B and C elements produced the FeW2B2 phase beside
iron borides and iron boron carbides [14]. It is agree with the present study. Klueh
[15] explained that 3 %W wt. in the steel composition can produce FeW2B2 phase
with boron of which composition gets over 0.0092 % wt. The thickness of the surface
alloyed layer ranged from 2 to 3 mm.

As seen from Figs. 19.3 and 19.4, optical and SEM images of the surface alloyed
layer showed that the layer includes eutectic microstructure of the Fe2B and FeB
phases and some boride islands of the FeW2B2 phases, separately. EDS analysis of
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Fig. 19.2 X-ray diffraction
analysis of hard faced layer
on AISI 1020 steel
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the alloyed layer showed that both of the phases took place in the eutectic structure
includes iron and boron elements.

The Vickers hardness of the surface alloyed layer is 2095 ± 215 HV0.01. The
hardness value of the alloyed layer is much higher than that of steel matrix (195
HV0.5). As explained that the hardness of the iron borides and FeW2B2 phase. Islak
et al. showed that increase in boron content in the alloyed layer caused to increase
in the hardness [15]. The hardness of the surface alloyed layer in the present study
is much higher than that of the Islak et al. study that the surface layer includes much
more carbon according to the surface layer realized in the present study [14].
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Fig. 19.4 a SEM image and b, c and d EDS analysis of the hard facing layer on the 1020 steel,
respectively

19.4 Conclusion

The present study has shown that surface alloying with ferrous tungsten and fer-
rous boron by TIG welding on AISI 1020 steel can be developed effectively and
economically. Surface alloyed layer with ferrous tungsten and ferrous boron on the
plain carbon steel has eutectic microstructure of iron boride and FeW2B2 phases as
in-situ composite structure. The phases formed in the alloyed layers are Fe2B, FeB
and FeW2B2 phases as major and, W2B and W2B5 phases as trace. The hardness of
the boride phases is very high according to the steel matrix.
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Chapter 20
Novel Scintillating Materials Based
on Phenyl-Polysiloxane for Neutron
Detection and Monitoring

M. Degerlier, S. Carturan, F. Gramegna, T. Marchi, M. Dalla Palma,
M. Cinausero, G. Maggioni, A. Quaranta, G. Collazuol and J. Bermudez

Abstract Neutron detectors are extensively used at many nuclear research facili-
ties across Europe. Their application range covers many topics in basic and applied
nuclear research: in nuclear structure and reaction dynamics (reaction reconstruc-
tion and decay studies); in nuclear astrophysics (neutron emission probabilities);
in nuclear technology (nuclear data measurements and in-core/off-core monitors);
in nuclear medicine (radiation monitors, dosimeters); in materials science (neutron
imaging techniques); in homeland security applications (fissile materials investiga-
tion and cargo inspection). Liquid scintillators, widely used at present, have however
some drawbacks given by toxicity, flammability, volatility and sensitivity to oxy-
gen that limit their duration and quality. Even plastic scintillators are not satisfactory
because they have low radiation hardness and low thermal stability. Moreover organic
solvents may affect their optical properties due to crazing. In order to overcome these
problems, phenyl-polysiloxane based scintillators have been recently developed at
Legnaro National Laboratory. This new solution showed very good chemical and
thermal stability and high radiation hardness. The results on the different samples
performance will be presented, paying special attention to a characterization compar-
ison between synthesized phenyl containing polysiloxane resins where a Pt catalyst
has been used and a scintillating material obtained by condensation reaction, where
tin based compounds are used as catalysts. Different structural arrangements as a
result of different substituents on the main chain have been investigated by High
Resolution X-Ray Diffraction, while the effect of improved optical transmittance on
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the scintillation yield has been elucidated by a combination of excitation/fluorescence
measurements and scintillation yield under exposure to alpha and γ-rays.

20.1 Introduction

A renewed interest in neutron detection has grown up not only in nuclear physics:
neutron monitors are requested in nuclear power plants, spallation neutron sources,
homeland security, nuclear medicine and materials analysis [1–4].

Organic scintillators, both liquid and solid, are an optimal choice as neutron
detectors due to their low Z composition and high concentration of hydrogen atoms
[5]. The most common liquids are based on xylene and pseudocumene solvents with
the addition of different dyes and suitable wave shifters, so that emission is shifted
to the blue region where the most standard photomultiplier tubes can work [6].
Liquid scintillators, suitable for large volumes and pulse shape analyses, display high
quantum efficiency and fast response, though they are highly toxic and flammable
[5]. Very recently, linear alkylbenzene (LAB) has been used as aromatic solvent for
new liquid scintillators, based on its lower toxicity and volatility, though the issues
of high flammability and waste disposal are still critical [7, 8].

On the other hand, plastic scintillators, based on polyvinyltoluene (PVT), though
displaying high quantum efficiency, are characterized by low radiation hardness and
unfitness for pulse shape discrimination.

PSS-based scintillators have been object of deep investigation, owing to their
intrinsic superior chemical and physical properties such as thermal and radiation
resistance [9–11].

The aim of the present study is to review recently obtained results in this field
and present newly developed formulation of polysiloxanes, which lead to further
enhancement in the overall performances of the scintillators, preserving the demon-
strated capability to detect both fast and thermal neutrons.

20.2 Materials and Methods

In general, PSS can be vulcanized by addition polymerization, where a vinyl termi-
nated resin reacts with a Si-H containing resin in presence of a Pt based catalyst. As
a result of complete cross-linking, the structure is robust, non-sticky though elastic,
able to withstand severe changes of temperature. Previous works on PSS formulations
and cross-linked by Pt catalyzed addition report in detail the synthetic procedures
[9–11].

Still another pathway to achieve vulcanized siloxanes consists in a condensation
process, where a base siloxane resin, with terminal hydroxyl groups-OH reacts with
a small quantity of cross-linker polydiethoxysilane. The two components are mixed
in the weight ratio 100:10, in presence of a tin or titanium based catalyst (in this
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Fig. 20.1 a Reaction scheme and components used for the preparation by Sn-catalyzed condensa-
tion of the PSS scintillators and b schematic drawing of the cross-linked siloxane

case dibutyltindilaurate DBTL was adopted, 1.3 % wt.), as depicted in Fig. 20.1a,
whereas in Fig. 20.1b a sketch of the structural arrangement after vulcanization has
been figured out.

The use of Sn based catalyst instead of Pt can improve the scintillation efficiency,
since Pt can interact with dye molecules, with negative consequences on their optical
properties [12] and can easily form Pt nanoclusters, which absorb light in the blue
region and, therefore, decrease the light yield of the scintillator.

The condensation reaction was carried out after addition to the silanol termi-
nated resin of the proper amount of either 2,-diphenyloxazole (PPO) or 2-(4-tert-
Butylphenyl)-5-(4-phenylphenyl)-1,3,4-oxadiazole (butyl-PBD) as primary dyes,
whereas Lumogen Violet (LV, BASF) has been chosen as wave shifting dye. For
selected formulations the addition of o-carborane (C2B10H12, Katchem Ltd) was also
performed, as described in Table 20.1. The obtained cylindrical samples appeared as
perfectly transparent and mechanically stable and firm. According to the details given
in Table 20.1, these samples have been labeled as A-cond18, while labels A22 and
A100 are referred to samples obtained from the traditional addition Pt-catalyzed
reaction, as described in previous papers [9–11, 13].

PPO and butyl-PBD displayed optimal solubility in the aromatic siloxane system,
owing to the presence of phenyl substituents along the siloxane chain, which increase
chemical affinity with the aromatic structure of both dyes, as can be deduced by their
chemical structures (not reported). Concentrations as high as 6 % wt. of PPO have
been reached without evident symptoms of precipitation, as reported in Table 20.1.
Good dyes dispersion inside the base matrix is a key requirement for the achievement
of an organic scintillator since aggregation invariably induces light scattering and
yield loss. On the other hand, the good compatibility between the emission range
of the primary dye and the excitation maximum of the waveshifter is also crucial
in order to shift the final emission in the wavelength range of maximum sensitivity
of photo-sensors. In this case, LV absorbs where PPO and butyl-PBD display the
maximum emission (320–360 nm) in the UV and re-emits in the violet-blue region
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Table 20.1 Composition of the PSS obtained from addition and condensation reaction and tested
as scintillators in this work

Resin
(A)

Dyes (% wt.) Resin B Catalyst

A100 LV 0.02 % PPO: 1–6 %
b-PBD: 0.1–0.5 %,

1 %

Methylhydrosiloxane
hydride terminated

Pt 1.2μL/g

A22 LV 0.02 % PPO: 1–3 %
b-PBD: 0.1–0.5 %,

1 %

Methylhydrosiloxane
hydride terminated

Pt 1μL/g

Acond18 LV 0.02 % PPO: 1–6 %
b-PBD: 0.1–0.5 %

Poly-diethoxysilane(PDS) DBTL 1.3 % wt.

Acond18 LV 0.02 % PPO: 1%
o-carborane: 4–6 %

Poly-diethoxysilane(PDS) DBTL 1.3 % wt.

(about 430 nm), where the maximum sensitivity of standard PMTs falls. On the other
hand, very recently encouraging results have been presented as related to coupling of
red-emitting polysiloxane scintillators with less costly and more durable avalanche
photo diodes [14].

Scintillation measurements were performed by exciting the samples with a 241Am
alpha source (3 kBq, 5.484 MeV) and a 60Co γ-ray source. Pulse height spectra were
obtained by coupling the scintillator samples to an H6524 Hamamatsu PMT. The
sample yields were compared with that one obtained from a reference EJ-212 plastic
scintillator (Eljen Technology Products) in the same experimental conditions [9],
whereas for B doped samples the yield was also compared with EJ-254, which
contains 5 % wt. of natural boron.

High Resolution X-Ray Diffraction (HRXRD) patterns were recorded using a
Philips X’Pert PRO MRD diffractometer equipped with a Cu Kα1 radiation (∼8 keV)
as the probe.

20.3 Results and Discussion

In Table 20.2 the light yield obtained as described in the experimental section from the
newly developed scintillators, cross-linked by condensation, is reported. The value
is expressed as light yield percentage with respect to the yield measured from either
the standard EJ212 or EJ254. The comparative yields demonstrate that, in the case of
condensation samples, very good results can be obtained, with relative light output
up to 90 % of commercial plastic scintillators, in the case of nat B doped samples,
even when the doping percentage is higher in our samples (6 % with respect to 5 %).
Some previous results under neutron irradiation have been reported in [13].

The results after irradiation with the 241Am α-source (top) and with the 60Co γ-
source (bottom) are shown in Fig. 20.2 (top panel) as a function of growing percentage
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Table 20.2 Light output (L.O.) for the newly developed condensation scintillators, compared to
standard EJ212 or EJ254 scintillators

Base Resin Acond Acond Acond Acond
A:B:Sncat (wt. ratio) 100:20:1.3 100:20:1.3 100:20:1.3 100:20:1.3

PPO (% wt.) 1 1 1 1
LV (% wt.) 0.02 0.02 0.02 0.02
nat B (% wt.) 4% 5% 6%
241Am
%L.O vs. EJ212 56 ± 16 49 ± 15 42 ± 13 48 ± 15
%L.O vs. EJ254 73 ± 25 63 ± 22 71 ± 24
60Co
%L.O vs. EJ212 68 ± 15 70 ± 17 61 ± 15 68 ± 15
%L.O vs. EJ254 90 ± 22 79 ± 20 87 ± 19

Fig. 20.2 Light yield under α and γ irradiation of samples added with b-PBD (top panel) and PPO
(bottom panel): A18Cond, A100, A22. See Table 20.1 and text for more information

of b-PBD. An increase of the light output up to 0.5 % of b-PBD can be observed,
reaching a value similar to that one obtained with the sample at the limit of saturation:
over this limit b-PBD evidence slack of solubility. A general better result can be
observed for the A18cond samples with respect to the samples made by addition:
this is more easily noticed for the 0.3 % percentage case.
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Fig. 20.3 X-ray diffraction
spectra of samples, which
differ for type and date of
synthesis

This may be explained with the higher transparency of the samples prepared by
condensation, while a light yellow appearance can be seen in the addition samples,
probably due to platinum nanoclusters formation as explained previously.

In Fig. 20.2 (bottom panel) the light output yield is shown for the second series
of samples as a function of growing PPO percentage. The percentage of primary dye
is in this case much larger than in the case of b-PBD, owing to higher solubility.
Samples containing very high PPO concentration (up to 6 %) still display good light
yield under exposure to α-particle and γ-rays irradiation (∼40 % vs. EJ212). It has
to be noticed that only up to 3 % of PPO can be dispersed in the A22 resin, while in
A100/A18cond the solubility is still good up to 6 % in weight. PPO showed solubility
problems in PSS over 10 % wt. as white residue can be observed mainly on the surface
due to the diffusion of saturated PPO.

The results on the Light Output obtained with these samples have similar values
of those obtained with samples made two years ago and recently re-measured. On
one side reproducible results can be obtained following the synthesis procedure,
on the other side negligible ageing effects are observed even at high levels of PPO
concentrations, which are useful for PSD [15].

The structure of selected samples has been also investigated by X-ray diffraction
(Fig. 20.3): samples A22 were prepared in different periods (June 2011 and June
2013) whereas Cond18 were synthesized by condensation (June 2013). No sharp
peaks are evident, indicating the absence of 3D crystalline order in all the samples,
as expected. Among the three samples, only negligible changes are evident with the
different polymerization routes. Two components are observed: the peak at 19.7◦ is
related to the Si-O amorphous phase of silica-like structure in siloxane, the peak at
10.7◦ is related to an ordered domain (lamellae with folded chains) without a close
crystalline packing.
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20.4 Conclusions

In this paper the main results with polysiloxane based scintillators are summarized
in order to evidence the good light response under α-particle and γ-rays irradiation
as compared to standard plastics. Different primary dyes have been added to both
addition and condensation cross-linked siloxanes showing in all cases good solubility,
mechanical robustness and overall scintillating performances. In particular, systems
based on polycondensation proved to be highly promising as for optical transparency,
dye dispersion capability and long-lasting light output. Very high PPO concentrations
have been achieved within this systems preserving all the mentioned features: PSD
capabilities of these scintillators are actually being tested with both fast and slow
neutrons.
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Chapter 21
Structural Transformations in Carbon Black
Under the Action of Powerful Energy Beams

M. V. Trenikhin, Yu. G. Kryazhev, O. V. Protasova, I. V. Muromtsev,
V. A. Drozdov, V. A. Likholobov, A. D. Teresov, N. N. Koval◦
and G. M. Seropyan

Abstract Exposure of carbon black to pulsed electron and laser beams leads to
structural transformations of carbon and formation of nanocapsules and rose-like
particles with highly ordered graphite like structure.

21.1 Introduction

In recent years, much attention of researchers has been given to structural changes in
carbon nanomaterials (CNM) treated with high-power concentrated energy fluxes.
Certain of related studies revealed structural transformations of primary carbon par-
ticles in CNM on laser or electron beam irradiation.

For example, laser irradiation causes considerable changes in CNM morphology
and crystalline structure. It is also observed that primary carbon particles are rapidly
heated to temperatures at which carbon atoms and clusters can be sublimated. Fast
cooling on pulsed laser irradiation involves crystallization of carbon into diamond-
and graphite-like nanostructures [1–3].
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Some researchers studied structural transformations of nanotubes by an electron
beam in-situ with an electron microscope [4]. The electron beam, as shown by trans-
mission electron microscopy, causes globular carbon to transform into onion-like
structures whose subsequent heating to 700 ∼C results in nanodiamonds [5].

Recent papers report that pulsed electron beam irradiation of carbon black (CB)
causes transformation of nanoglobular carbon into rose-like particles with highly
ordered graphene layers [6].

The present paper reports on comparative study of structural transformations of
carbon black on irradiation by submillisecond pulsed electron beams with an energy
density of 10–50 J/cm2 and on pulsed laser irradiation with an energy density of ∼2
and 6000 J/cm2.

21.2 Experiments

In experiments, we used carbon black with high dispersion (particle diameter 10–
30 nm) and low dispersion (particle diameter 100–300 nm).

The primary CB particles consist of planar or curved structural elements. The
latest advances in electron microscopy make it possible to describe carbon black on
its lattice scale and to obtain statistical data on the length and curvature of individual
graphene layers as well as on the interlayer spacing (d002).

We analyzed the lattice fringe (graphene length) and calculated the degree of its
curvature using the Gatan Digital Micrograph software package. The fringe curva-
ture was determined as the ratio of spacing between two fringe endpoints to fringe
length [7].

The carbon materials were irradiated with a low-energy (20 keV) pulsed electron
beam at an energy density of 10–50 J/cm2 (pulse duration 100µs, number of pulses
up to 100, electron beam diameter 2 cm) and with a Nd:YAG laser at a wavelength
of 1065 nm and energy density of 2 and 6000 J/cm2 (laser beam diameter 6 and
0.1 mm, respectively). The experimental arrangement and procedure used for laser
and electron beam irradiation was described in the previous papers [6, 8]. The internal
structure of primary CB particles was examined by transmission electron microscopy
on a JEM 2100 JEOL device.

The crystallinity of the irradiated CB materials was determined by analysis of
electron diffraction patterns and fast Fourier transform (FFT) of electron micro-
scopic images. Next, FFT data processing was applied to determine the spacing
between graphene layers. The average spacings for the initial and irradiated carbon
samples were determined through construction of radial intensity profiles by the FFT
method [9].
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Fig. 21.1 Structure of the primary particles: high dispersive carbon black (a), low dispersive carbon
black (b)

21.3 Results and Discussion

21.3.1 Initial Carbon Black

According to the TEM data obtained, the initial CB powder consists mostly of regular
spherical particles or globules. They have an amorphous structure with low ordered
graphene layers spaced by 0.37–0.40 nm (Fig. 21.1).

Using the Digital Micrograph software, we determined the length of each fringe
and constructed histograms for these data.

Figure 21.2 show the fringe length and curvature distributions. For highly dis-
persed particles, the length of graphene layers is 0.4–1.0 nm. For low dispersed
particles, the fringe length is somewhat longer and is 0.4–2.0 nm. The curvature of
graphene layers for highly dispersed particles is higher than that for low dispersed
particles.

21.3.2 Electron Beam Irradiation

It is found that on electron beam irradiation, particles of differing morphology are
formed depending on the degree of exposure and dispersion of the initial samples.
Increasing the energy density decreases the graphene layer spacing to values char-
acteristic of the graphite structure.

On electron beam irradiation with a relatively low energy density (10–20 J/cm2),
such particles escape detection and disordering (amorphization) of the external part
of initial globules is observed. At an energy density of 25–30 J/cm2, hybrid structures
with a rose-like central part and amorphous outer shell are formed.

Electron beam irradiation of the low dispersed carbon black causes structural
changes in the carbon material. Examinations show that there arise rose-like struc-
tures of diameter 100–500 nm which contain a series of parallel graphene layers
spaced by 0.36 ± 0.01 nm.
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Fig. 21.2 Fringe length distribution of the high dispersive (a) and low dispersive (b) carbon black,
fringe curvature distribution of the high dispersive (c) and low dispersive (d) carbon black

Electron beam irradiation of the highly dispersed samples at an energy density of
50 J/cm2 also leads structural changes, but the morphology differs from that described
above. In this case, nanocapsules of diameter 2–20 nm are formed and the spacing
between graphene layers is 0.37 ± 0.01 nm.

21.3.3 Laser Irradiation

The TEM data obtained for laser irradiated carbon black also reveal deep structural
transformation of low dispersed CB samples into rose-like particles (Fig. 21.3a). The
TEM images taken after irradiation at an energy density of 6000 J/cm2 demonstrate
the presence of highly ordered graphene layers spaced by 0.35 nm.

Using digital image processing, we calculated the spacing between graphene
layers in the initial and irradiated samples. Figure 21.4a shows the radial intensity
profile for low dispersed carbon black irradiated at an energy density of 6000 J/cm2.
The spacing between graphene layers is 0.38 nm for the initial samples, 0.36 nm for
the samples irradiated at an energy density of 2 J/cm2, and 0.35 nm for those irradiated
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Fig. 21.3 Morphology particles of the carbon black after laser irradiation: low dispersive (a) and
high dispersive samples (b)

Fig. 21.4 Radial intensity profile samples after irradiation with energy density 6000 J/cm2 (the
spacing between graphene layers 0.345 nm) and 2 J/cm2 (the spacing between graphene layers
0.365 nm) (a); localization places sp3 bonded carbon atoms in initial CB (b); graphene layers
structure after irradiation (c)

at 6000 J/cm2. It is seen that increasing the radiant energy results in particles with a
graphite-like structure.

TEM examination of the highly dispersed CB samples after laser irradiation
reveals the formation of nanocapsules 10–30 nm in diameter with a shell consisting
of 5–10 graphene layers (Fig. 21.3b). Electron diffraction measurements show that
the average spacing between graphene layers in such particles is 0.355–0.365 nm.

The initial CB particles consist of two types of hybridized carbon atoms. Accord-
ing to the results reported by Muller [7], the primary CB particles contain 77 % of
sp2-bonded and 23 % of sp3-bound carbon atoms. In this case, the sp3-bonded car-
bon can be localized in those places in which there are graphene layer structures
similar to the letters ‘Y’, ‘T’ or ‘H’ (Fig. 21.4b). During the irradiation, fast heating
to a temperature of 4500 ∼C occurs, which is typical of carbon plasma. This causes
transformation of sp3-bonded carbon into sp2-bonded carbon and results in particles
with a graphite-like structure (Fig. 21.4c).
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Thus, it is shown that pulse electron beam and laser irradiations of carbon black
cause structural transformations similar to both types of exposure with the formation
of either nanocapsules or rose-like particles depending on the particle diameter and
structural organization of graphene layers in the initial carbon nanoglobules.

Acknowledgments The work was partially supported by RFBR grant No. 12-08-31478-mol_a.
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Chapter 22
Investigation of Microstructural Properties
of Sm0.1Ce0.9O1.95 Powders

Aliye Arabacı

Abstract Ceria doped with rare earth oxides such as Gd2O3, Sm2O3 has been
considered as one of the most promising candidate materials as electrolyte mate-
rials for intermediate temperature solid oxide fuel cells. Samarium doped ceria,
Sm0.1Ce0.9O1.95 (SDC), powders are successfully prepared by Pechini method using
ethylene glycol, citric acid, cerium nitrate and samarium nitrate as the starting mate-
rials. Crystal structure and microstructure were characterized by means of X-ray dif-
fraction (XRD) and scanning electron microscopy (SEM). The sintered SDC samples
at 1400 ◦C had dense structure (98 % of the theoretical density).

22.1 Introduction

Compare to the traditional stabilized zirconia, ceria doped with aliovalent cations
have been one of the most preferred materials for intermediate temperature solid
oxide fuel cells (SOFCs) due to their higher ionic conductivity at lower tempera-
tures. For example, rare-earth additions such as Gd2O3 or Sm2O3-doped ceria was
found to have the highest conductivity [8, 14]. Samarium doped ceria (SDC) and
Gadolinium doped ceria (GDC) have higher ionic conductivity than yttria-stabilised
zirconia (YSZ) when compared at the same operating temperature. However, SDC
and GDC are less redox stable than YSZ and begin to show significant electronic
conductivity due to the variable oxidation state of cerium at higher temperatures,
especially under reducing conditions. This creates a problem when operating at tem-
peratures of 800–1000 ◦C. However, ceria-based ceramics are proposed as promising
electrolytes for intermediate-temperature SOFCs (IT-SOFCs), working at low tem-
perature (around 500–700 ◦C). Ceria and doped ceria materials are used in other
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high-temperature applications, such as three-way automotive catalysts, gas sensors
and ceramic oxygen generators, where their electronic conductivity is less problem-
atic and even advantageous [5, 6, 11].

To synthesize ceria-based electrolytes with the desired properties, various methods
such as hydrothermal synthesis [4, 15], homogeneous precipitation [3, 10], the sol-
gel process [12], the glycine-nitrate process [13], combustion [7] and the reverse
microemulsion process [2] have been employed.

In the present work, Pechini method was used to obtain homogeneous nanocrys-
talline Ce(1−x)SmxO2−δ (x = 0.10) precursor. And Crystal structure and microstruc-
ture were characterized by means of X-ray diffraction (XRD) and scanning electron
microscopy (SEM). The relative densities of the pellets, which were sintered at
1400 ◦C, were 98 %. This result clearly indicates that SDC powder with adequate
density can be prepared through the Pechini process at low temperatures.

22.2 Experimental

22.2.1 Powder Synthesis

Cerium nitrate (Ce(NO3)3×6H2O, 99 %, Aldrich) and samarium nitrate (Sm(NO3)3×
6H2O, 99.9 %, Aldrich) were used as metal precursors and ethylene glycol (R.P.
Normopur), citric acid (Boehringer Ingelheim) were selected for the polymerization
treatment. Cerium nitrate and samarium nitrate salts were dissolved in de-ionized
water individually and then the solutions were mixed in a beaker. Anhydrous citric
acid was dissolved in de-ionized water and then was added to the cation solution. The
molar ratio of total oxide (TO): citric acid (CA) and ethylene glycol: citric acid was
selected as 2:1, 4:1, respectively. More detailed synthesis information were given
our previous work [1].

22.2.2 Density Determination

The calcined powders were pressed with a cold isostatic press (CIP) at 95 MPa to
obtain a disc-shaped test sample. The compact disc samples were then sintered at
different temperatures (1200 and 1400 ◦C) for 6 h. The densities of the sintered discs
were determined by Archimedes’method:

Dpellet = W.ρ/ W1 − W2

where W is the dry weight, W1 is the wet weight, W2 is the body’s submerged
weight without fine wire and ρ is the density of water (water at 25 ◦C with a density
of 0.997 g·cm−3). After determination of the bulk density, the relative densities of the
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samples were calculated by dividing the experimental bulk density values by the the-
oretical densities. The theoretical densities of the samples were taken as 7.21 g·cm−3

for SDC which were calculated by using the lattice parameters obtained from the
XRD analysis.

22.2.3 X-ray Analysis

The XRD technique was used to examine the crystalline structure and phase purity.
Calcined powders were investigated by XRD using a Rigaku D/max-2200 Ultima
X-ray diffractometer with CuKα radiation. Data in an angular region of 2θ = 10–90 ◦
were collected.

22.2.4 Scanning Electron Microscopy (SEM) Analysis

The scanning electron micrographs were obtained by using FEI Quanta FEG scanning
electron microscopy to identify the morphology and microstructure of the calcined
samples and sintered samples.

22.3 Results and Discussion

22.3.1 Powder Characterization

The XRD patterns for the SDC powders that were calcined at 400, 500 and 1000 ◦C
are shown in Fig. 22.1.

As shown in Fig. 22.1 for powders obtained from gel, initial crystallization into
fluorite structure have taken place for gel after heating at 400 ◦C for 2 h, which is the
relatively low calcination temperature for the fluorite structure formation. The XRD
patterns obtained after heating the gels sequentially to higher calcination tempera-
tures are shown in Fig. 22.1. Heating the gels from 400 to 500 ◦C has little effect on
peak width and intensity, indicating little change in crystallite size. However, after
heating at 1000 ◦C, the peaks’ widths become very narrow and intense, indicating
rapid increase in the growth of the crystallite size.

The average crystallite sizes was calculated from the degree of line broadening in
the main (111) diffraction peak using by the Scherrer formula from XRD data. The
average particle size was about 10.8, 11.7 and 51 nm for powders calcined at 400,
500 and 1000 ◦C, respectively.

Electron microscopy was used to study the morphology of the SDC nanopow-
ders. Figure 22.2 shows the microstructures of calcined powders at 400 and 1000 ◦C.



168 A. Arabacı

Fig. 22.1 XRD patterns of SDC powders calcined in air for 2 h at a 400 b 500 and c 1000 ◦C,
respectively

Fig. 22.2 Low and high magnification SEM photographs of SDC powders calcined at 400 ◦C (a),
at 1000 ◦C (b) for 2 h and 1200 ◦C (c) for 6 h



22 Investigation of Microstructural Properties of Sm0.1Ce0.9O1.95 Powders 169

Fig. 22.3 3 SEM photographs of fracture surface (a) and the surface (b) of SDC pellet sintered at
1400 ◦C for 6 h

Sponge-like structures were observed for calcined SDC powders after calcination at
400, 1000 ◦C for 2 h. Similar structures were obtained by Baker [9] for the 10SDC
composition. after calcination at 500 ◦C for 2 h, the highly porous morphologies of
SDC samples calcined at 400 and 1000 ◦C is very likely to be caused by the large
volumes of gas produced in the preparation method. During the calcination step, due
to the the combustion process, a large amount of gaseous materials was evolved and
hence the combustion product was highly porous as shown in the SEM micrographs
(Fig. 22.2a, b).

From the SEM morphologies of SDC powders shown in Fig. 22.2c, It can be
seen that the particles of the calcined sample at 1200 ◦C were agglomerated and
irregular. The resultant SDC powders were pressed into a pellet of 8.6 mm diameter
and 0.76 mm thickness under a cold isostatic press (CIP) a pressure of 200 MPa, and
then sintered at 1400 ◦C for 6 h. The microstructures of the SDC ceramics are shown
in Fig. 22.3. The Fig. 22.3a is the SEM image of the pellet fracture surface and the
Fig. 22.3b is its pellet surface. It can be seen that the SDC pellet is nearly fully dense
with very few residual pores. The well-developed grain boundary and the very low
porosity are typical micro-structural features of a ceramic in the final stage of the
sintering. The calculated relative density for sintered at 1400 ◦C samples is 98.0 %
of the theoretical value.

22.4 Conclusions

CeO2 powders doped with 10 mol % of samarium have been synthesized via Pechni
process. This method is a low-cost and relatively simple method. Moreover It needs a
relatively low calcination temperature compare to other hydrothermal treatments. By
this method, the single-phase fluorite structure was obtained. The pechini process-
ing of samarium and cerium nitrate precursors can be used for the production
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of nanocrystalline SDC powders after calcination at 400 ◦C. After sintering, the
nano-sized samarium-doped ceria pellets achieved 98 % of the theoretical density at
1400 ◦C. the SDC pellet is nearly fully dense with very few residual pores Average
grain size of SDC samples obtained from SEM images at sintered temperature of
1400 ◦C was found as 1.31μm.
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Chapter 23
Alteration Phenomena on Surfaces of Stained
Glasses by Masters From XIII to XV Century

E. L. Algarra Cruz, N. Barbier, S. Bruni, G. Maino, G. Marghella,
E. Papalazarou and L. Volpe

23.1 Introduction

Stained glasses industries have shown a great diversity through the Europe and also
through the times. Nevertheless all fabrication recipes share a common base: stained
glasses result from a metastable state, the instantly cooling of a sand fusion liquid
phase. In addition to silicate, that play the role of a network former, fluxes coming
from vegetal ashes (K, Na, Mg) and traces element (Fe, Al, Mn, Pb) are added in order
to modify texture, optic properties and mechanic response of the final product [1].

As far as stained glasses specificities, their behaviors in atmospheric environment,
humidity, temperature variations, acid rain, etc. are concerned; stress exposition
remains a complex issue because alteration phenomena are directly in relation with
nature of materials used for the fabrication. Our study is devoted to the identification
of alteration processes at the stained glasses’ surface and to support conservation and
restoration work that requires a higher visibility on factor which influences the state
of conservation for such vulnerable systems [2]. We present in the following part the
application of SEM/EDX for the characterization of stained glass alteration.
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Fig. 23.1 Sampling points on Saint Petronio basilica window by the Cabrini (particular, on the
left) and on the window by Duccio di Buoninsegna in Siena Cathedral (on the right)

23.2 Material and Methods

Broken fragments of glasses with different provenance, fabrication period, mor-
phologies and state of preservation have been compared. Samples were obtained
during the restoration campaigns of two famous Italian churches: Siena Cathedral
(Fig. 23.1a) and St. Petronio Basilica in Bologna (Fig. 23.1b). Fours samples: DB_1,
DB_2, DB_3 and DB_4 were taken from the rosette designed by the artist Duccio
di Buoninsegna (1287). These samples present a wide range of different colors, and
also an unusual good state of conservation [3, 4]. The second set of three samples,
Cab_B4, Cab_B7_ext, Cab_B7_int, come from the St. Petronio window designed by
a Master family: the Cabrini (XV). They present a great interest because of their lim-
ited color range which includes also samples with a grisaille layer; Cab_B4 sample
shows an advanced corrosion state.

Cross sections of each sample were analyzed in laboratory UTSISM, ENEA,
first by reflected light optical microscope REICHERT-JUNG-MF3 then by SEM
Quanta Inspect S and for chemical composition by EDX Falcon. Complementary
XRF chemical characterization, in order to improve heavy element detection on
stained glasses surface, was realized with a PANanalytical Axios Fast instrument,
in University Paris-Sud 11, Orsay. For these tests, samples’ surfaces were exposed
without any preliminary preparation, so that we obtain a spectra average on the whole
sample surface.

SEM analyses on each cross-section give us some elements on structural modifi-
cation due to alteration. Two samples coming from different sets have shown an evi-
dence of degradation, namely Cab_B4 and DB_2. Altered cross-sections presented
on Fig. 23.2a, b let us distinguish two processes. The first one, visible in Fig. 23.2a,
induce localized loss of matter but apparently there is no modification of the glass
layer. The other process is acting not only at the interface stained glass/athmosphere
but modifies in depth the sane glass layer (modified layer thickness varies from 73 to
94 µm) inducing morphological changes and apparition of fractures in the network.
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Fig. 23.2 SEM image of the Cabrini sample Cab_B4 (a) and of the Duccio di Boninsegna sample
DB_2 (b)

Fig. 23.3 Porous structure of
the modified layer of sample
DB2 by SEM (magnification:
800x)

Thereafter, EDX and XRF analyses were performed on these samples in order to
identify causes and chemical modifications related to the precedent observations.

DB2 sample (Fig. 23.2b) presents three layers: (1) heterogeneous and punctually
lacunar grisaille, (2) morphologically modified layer, less dense in direct contact with
the inner layer; (3) the sane glass. Higher magnification, on Fig. 23.3, underlines
the porous structure of the second layer that is organized in adjoining circles with
inclusion of sane glasses at the interface. Also optical microscope analysis has shown
a fine, opaque modified layer. This morphology seems to be an evidence of a leaching
process [5, 6]; named selective dissolution. Chemical characterization was performed
on the modified layer and compared to the sane glasses composition.

EDX analysis confirmed that also chemical composition is really different in the
two considered cases. Leached layer is impoverished in potassium and enriched in sil-
icate; this depends on potassium cation diffusion toward the glass surface (Fig. 23.4).

This sample has a K-Ca high concentration, which explains why it is particularly
subject to the alteration. Leaching is the result of a pH modification due probably
to rain and condensed water forming at the surface. Hydrogen diffuses from the
water into the glass matrix and substitutes to modifiers cations present in the silica
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Fig. 23.4 EDX microanalysis on sample DB2 on modified layer (orange) and sane glass (blue)

network (Alkali and Alkaline-earth elements). These cations diffuse toward the glass
surface and escape from this layer, which thus remains impoverished in modifiers
and enriched in silicate [7]. This modified layer presents an arborescence aspect and
a system of fractures parallel to the surface. This morphology reveals a radial alter-
ation front [5, 6]. Leaching process begins in isolated points at the interface, and
progresses on radial front which finally joined each other. This behavior depends on
the presence of a homogeneous layer of grisaille at the interface. Water from rain
or humidity interacts first with the grisaille layer and when punctually this layer is
entirely degraded, leaching process begins. Grisaille layer acts as a protection layer
which slowed the alteration process and can explain that it progresses heteroge-
neously. Porous structure and many fractures observed can be linked to the diffusion
process that weakened the silicate networks and created surface tensions.

Sample Cab_B4 presented an advanced state of corrosion. Morphological analy-
sis of Cab_B4 shows a crust on the glass surface that could be directly related to
corroded zones; the surface reveals a high rugosity, where grisaille layer and glass
are heterogeneously corroded, while sane glass presents wells dug (Fig. 23.2a). The
XRF analyses on Cab_B4 surface deposits reveal an high concentration in potassium,
calcium and iron. Trace elements as manganese, cobalt, copper, titanium and chrome
are responsible for the deep blue color of this sample.

Iron and lead are principal component of grisaille, but in this case iron is present
in a higher concentration compared to other samples with grisaille, a fact which can
explain the red color of deposits. It is worth noticing also the Kα line of sulfur on
Fig. 23.5: presence of sulfur, and a high level of calcium and potassium reveal proba-
bly neocrystallization products as gypsum (CaSO4·2H2O) and potassium carbonate
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Fig. 23.5 XRF spectra acquired on the Cabrini Cab_B4 sample surface

(K2CO3), products due to atmospheric pollution. Previous studies [8] have shown
that potassium carbonate has a dramatic impact on stained glasses surface since it
induced corrosion process of the network in contact with an alkaline environment.

The other samples of the two sets, Cab_B7_ext, Cab_B7_in, DB_1, DB_3 and
DB_4 present no evidence of alteration and a homogeneous, intact grisaille layer.
XRF analyses on grisaille surface reveal a high level of lead, but also iron is found,
as well as an important diversity of other trace elements as manganese, zinc and
chrome. Glass layers on Cab_B7_ext and Cab_B7-in characterizations reveal high
concentration of silica and high level of sodium and calcium. This composition
characterizes high durability stained glasses. The silicate network is stabilized by a
rich composition in network former and by the presence of calcium [5]. The sodium
does not play the same role as potassium in the process described before; in fact the
potassium is less linked to oxygen atoms in the glass network, so that it is more subject
to diffusion in the leaching process. Same observations can be made for the three
samples of Cabrini. EDX spectra have shown the same Si-Na-Ca rich composition,
and observation at SEM and optical microscope confirm the absence of corrosion
product or a modified layer. These samples with different colors but also different
geographic and historic origin present a real proximity for their composition and for
their morphologies.

23.3 Conclusion

Our study shows two main phenomena of surface alteration: neocrystallization and
leaching process, known for being the principal cause of alteration for this glass
system. These alterations reveal both different causes and morphological aspects.



176 E. L. A. Cruz et al.

Leaching process could depend on the cycle of rain and humid period following
very dry ones, which are responsible for a variation of pH and for mechanic tension
at stained glasses surface, as confirmed by optical and SEM analysis. Neverthe-
less, neocrystallization occurs more in an environment protected from humidity but
exposed to atmospheric pollution, particularly high sulfur and CO2 concentration.
Neocrystallization creates an alkaline environment, favorable for corrosion process.
A comparative study has shown the importance of considering stained glasses in their
specificities. We saw that in the same set of samples, different behavior was observed
when they are exposed to the same aggressive environment. Stained glasses diag-
nostic can be linked to many factors: a geographic area, exposition conditions, etc.
An isolated preservation context cannot be considered as an exhaustive diagnostic
process for preventive conservation and restoration project. Preventive conserva-
tion strategies need to integrate the complex response of stained glasses to specific
environmental factors. Identification of nature and vulnerability of glasses used for
windows fabrication and microscopic analysis of structural modification due to alter-
ation help us to choose an appropriate restoration or conservation strategy adapted
to each case of study.
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Chapter 24
Enhanced Optical Forces in Plasmonic
Microstructures

Domna G. Kotsifaki, Dimitris Polyzos, Alexandros A. Serafetinides,
Mersini Makropoulou, Giorgos Tsigaridas, R. J. Peláez
and Carmen N. Afonso

Abstract Micromanipulation of dielectric objects, from polystyrene spheres to
living cells, is achieved when radiation pressure forces create stable trapping by
highly focused laser beams through microscopes. However, the impressive history
of optical trapping is shadowed by the light diffraction limit, as research currently
has focused on materials below the micron scale, requiring stronger optical con-
finement and higher intensities than can be provided by the conventional optical
tweezers. Recently, plasmonic nanostructures have entered the field, either to assist
or enhance it. In this study, we present experimental results on using localized fields
of metallic structures for efficient trapping, with various patterns (dots, fringes and
squares). The patterns were produced by laser interferometry on almost continuous
Ag or Au films on glass and glass covered by an amorphous Al2O3 layer (10 nm
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thick) respectively. We have calculated the optical forces by measuring the particle’s
escape velocity. The results show that the effective quality factor Q in the patterned
metal film is enhanced by a factor >10, with respect to the unpatterned metal film
and a factor >100, with respect to an uncoated glass. In addition, mathematical sim-
ulation of plasmonic fields is investigated to confirm and explain theoretically, the
experimentally observed plasmonic enhancement.

24.1 Introduction

The field of optical trapping has grown due to implementation in various arenas
including physical chemistry, biology and medicine. This success lies in the non-
invasive nature of optical forces. Recently, evanescent waves have been employed,
instead of conventional propagating waves to form the optical trap. This is expected to
allow development of optical traps with sub-wavelength volumes, which could enable
direct manipulation of nano-scale objects [1–3]. Moreover, plasmonics involve a
wealth of novel promising scientific applications such as the trapping of nanoma-
terials by an enhanced optical force. Optical trapping based on surface plasmons
can potentially overcome the main disadvantage of the conventional optical trap-
ping systems, i.e. due to the diffraction limit of the incident light the spatial resolu-
tion in trapping is ordinarily limited to more than several hundreds of nanometers.
Nanometric optical tweezers with sub-diffraction-limited trapping volume have been
realized by utilizing optical near field between gold nanodots fabricated by electron
beam lithography [4, 5]. These studies indicate that such metallic nanostructures
(nanogaps, nanoantennas etc.), can function as novel small light sources in the nano-
cosmos. Plasmonic traps may play a key role in the development of applications, such
as lab-on-a-chip, with increased functionalities. Compared to conventional optical
tweezers, plasmonic traps do not require elaborate optical setups. Lately, plasmonic
traps have become an important tool for immobilizing nanoparticles or cells on a
substrate.

In a previous work [6], we reported that the fabrication of an optical trap with
enhanced efficiency could be based on localized plasmonic fields around sharp metal-
lic features. The trap was created near the surface of a laser-structured silicon sub-
strate with quasi-ordered microspikes, coated with a thin silver film.

In this work, we present experimental results on using localized fields of metallic
structures for efficient trapping, with various patterns (dots, fringes and squares). The
patterns were produced by laser interferometry on almost continuous Ag or Au films
on glass or glass covered by an amorphous Al2O3 layer (10 nm thick) respectively. We
have calculated the average of the optical forces by measuring the particle’s escape
velocity. An enhancement of the effective quality factor Q is observed for certain
patterns with respect to unpatterned metal layers or uncoated glass. In addition,
mathematical simulation of plasmonic fields is performed to confirm theoretically
the experimentally observed enhancement.
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Fig. 24.1 SEM images of patterns produced in the Ag film: a dots, b fringes and c squares. The
magnification of each image is noted. The insets show a magnification of the transformed areas
where the morphology of the produced nanoparticles can be better appreciated

24.2 Materials and Methods

The experimental set-up has been described previously [3] and is only outlined
here. The trap was created using a continuous wave Gaussian Nd:YAG laser beam
at 1064 nm, focused through an objective onto the sample. The beam radius at the
waist was w0 ∼ 500 nm, corresponding to the focusing lens with numerical aperture
N.A.=1.25, employed. The substrates were placed on a motorized x-y translation
stage (Standa 8MT 167-2S) and the image of the trapped beads was captured on a
CCD camera. As trapped objects we used polystyrene beads with mean diameter of
900 nm, suspended in deionized water of refractive index n=1.33.

The metallic structures were produced by laser interferometry using phase masks
at 193 nm on almost continuous Ag or Au films deposited on glass or glass covered by
an amorphous Al2O3 layer (10 nm thick) respectively. Most results refer to patterns
produced with a single pulse of energy density of 58 mJ/cm2. Patterns as those shown
in Fig. 24.1 were produced by exposing the films to 5 laser pulses (a, b) and 1 laser
pulse (c), each with the phase mask rotated by 90◦ as described in details elsewhere
[7, 8]. On the patterns nanoparticles with mean diameters in the range 70–100 nm
were formed.

24.3 Results and Discussion

We determined the effective optical trap force, by performing escape velocity mea-
surements. By translating the structured substrates at a constant velocity, under the
focal point of the trapping laser beam, we were able to measure the escape velocity
for which the polystyrene beads escaped the optical trap. At the escape velocity, the
effective trapping force is considered to be equal to the viscous drag force, described
by the modified Stokes law,

F = K · 6πηrvesc (24.1)
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Fig. 24.2 Trapping force on
900 nm polystyrene beads
as a function of laser power
for different substrates. �
squared pattern in Au film, �
unpatterned Au film, � dotted
pattern in Ag film (SEM image
shown in Fig. 24.1a), • squared
pattern in Ag film (SEM image
shown in Fig. 24.1c), � fringed
pattern in Ag film (SEM image
shown in Fig. 24.1b)
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where η is the water viscosity, r the bead radius, vesc the escape velocity of the bead
and K (∼1.33) a correction coefficient [9]. Figure 24.2 shows the effective force
exerted on 900 nm polystyrene beads, optically trapped above the structures as a
function of the power of the trapping laser beam. In this graph, we can observe that
the trapping force changes with the substrate morphology. The squared and fringed
patterns [Fig. 24.1b, c for Ag], show a significant enhancement of the trapping force,
compared to that in the dotted pattern or the unpatterned films.

Knowing the trapping force, F, we can evaluate the effective quality factor of the
optical trap, Q. The effective quality factor is defined as,

Q = Fc/n P (24.2)

where c is the speed of light, n is the refractive index of the surrounding medium
and P is the power of the trapping laser beam. The quality factors for the samples
used in this study are given in the following Tables. We note that these are average
of the optical force values and should be regarded as approximations, since for some
samples the optical force is a nonlinear function of the trapping laser power, as shown
in Fig. 24.2. In previous studies [9], it was observed that the increased trapping laser
power changes the axial trapping point; hence a single value for the quality factor
could not be derived for a given particle over all laser powers.

The calculated quality factors in Table 24.1, for the squared patterns in Au and Ag
films, are one or two orders of magnitude larger than the ones of the other patterned
substrates and uncoated glass respectively. The evaluated structures of the Table 24.1
have been developed with one laser pulse of energy density 58 mJ/cm2.

Table 24.2 shows the dependence of the quality factor on the average energy
density used to produce fringed patterns in Ag films using 5 laser pulses. The patterns
produced with the highest energy density show more than twice enhancement of Q,
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Table 24.1 Effective trapping quality factor, Q, for structures with squared patterns [similar to that
shown in Fig. 24.1c] both in Ag and Au films together with the respective values for the unpatterned
films and the uncoated glass substrate

Metal Type of structure Quality factor Q

Au Squared pattern (9.20 ± 0.60) × 10−3

Ag Squared pattern (6.40 ± 0.80) × 10−3

Au Unpatterned (9.00 ± 0.36) × 10−4

Ag Unpatterned (3.24 ± 0.20) × 10−4

– Uncoated glass (3.80 ± 0.50) × 10−5

Table 24.2 Effective trapping quality factor, Q, for fringed patterns in Ag film [as that shown in
Fig. 24.1b] for various laser energy densities and five laser pulses

Energy density Quality factor Q

58 mJ/cm2 (1.24 ± 0.10) × 10−3

44 mJ/cm2 (5.04 ± 0.54) × 10−4

29 mJ/cm2 (4.85 ± 0.42) × 10−4

Fig. 24.3 SEM images of the fringed patterns in Ag, with 5 pulses and energy densities a 58 mJ/cm2,
b 44 mJ/cm2 and c 29 mJ/cm2

when compared to similar patterns produced with lower energy densities. Generally,
lower energies produce less nanoparticles as expected and shown in Fig. 24.3.

A possible explanation for the enhanced efficiency of the described optical trap
is based on the action of localized plasmonic fields, created around the patterns
covered with metallic nanoparticles [10, 11]. However, the field enhancement is not
an inherent property of plasmonics, but rather that of cavity effects as seen in Fabry-
Perot interferometers and laser resonances [12]. For this reason more investigation is
needed. However, we can conclude that the combination of metallic structures with
metallic nanoparticles results in electromagnetic field enhancement, during optical
trapping and increases the quality factor of the trap.

As far as the theoretical analysis is concerned, the trapping force shows an
enhancement when the substrate is covered with a metal layer, and even more in
the presence of nanostructures. The electromagnetic force can be calculated through
the gradient of the square of the electric field norm, as described by the formula,
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Fig. 24.4 a The trapping force in arbitrary units, as a function of the horizontal position relative
to the beam focus, in µm. b Schematic representation of the electric field distribution over a metal
substrate with nanospheres

F = −nenv

2
a∇E2 (24.3)

where a is the polarizability of the particles and nenv is the refractive index of the
medium, water in our case (nenv = 1.33) [13]. Specifically and in coherence with the
experimental parameters, a Gaussian laser beam with wavelength λ0 = 1064 nm was
assumed to illuminate the samples, namely an uncoated glass, an unpatterned metal
film and a patterned metal film. The beam radius, at the waist was w0 ∼ 500 nm
corresponding to a focusing lens with numerical aperture N.A.=1.25, as the one used
in the experiments. The diameter of the nanospheres was chosen to be 100 nm, and
the distance between them 250 nm, in order to fit best the experimental conditions.
The material of the nanospheres was assumed to be gold, although similar results
are produced for silver or other metals. The background environment was water, as
in the experiments. Then, the Maxwell equation in the form,

∇ × ∇ × E − k2
0εr E = 0 (24.4)

was solved through finite element numerical analysis [14], using the COMSOL Mul-
tiphysics software package [15]. Here k0 is the free space wavenumber and εr the
relative permittivity of the material, given by the formula,

εr = n − iκ2 (24.5)

where n, κ are the real and the imaginary part of the complex refractive index,
respectively. In this way, via (24.4) and (24.5), the electric field distribution in the
focal region of the beam was determined, and then (24.3) was applied in order to
calculate the trapping force.

The results are shown in Fig. 24.4a. It is clear that the trapping force reaches a
maximum when patterned metal film is employed. Figure 24.4b shows the electric
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field distribution over a metal substrate with nanospheres. It is evident that the nanos-
tructures strongly interact with the electromagnetic field, enhancing its gradient, and
consequently the trapping force.

24.4 Concluding Remarks

In conclusion, we have demonstrated that the measured trapping force exerted on
polystyrene beads of 900 nm diameter changes with the substrate morphology. Peri-
odically patterned metal films create a plasmonic optical trap with a larger trapping
efficiency, than that of a conventional system, and an additional potential for applica-
tions in nanoengineering and nanobiology. The calculated Q factor was almost one
or two orders of magnitude larger than the one of a conventional optical trap, with the
same objective lens. The maximum trapping force was achieved in squared patterns
covered by metal nanoparticles, with gold leading to slightly higher enhancement
than silver. The theoretical simulations confirm an optimization in optical trapping
when metallic nanospheres are employed. However, as the field enhancement is not
an exclusive property of plasmonics, more investigation is under way to establish the
contribution of the localized plasmonic field to the total trapping field. In addition, as
1064 nm wavelength was not the optimum for the specific combination of substrate
and nanostructures employed, a more favorable combination of all three is studied.
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Chapter 25
Photoemission of Ternary
Sodium-Cesium-Potassium Alloys

Ruslan Arkhestov, Zareta Kegadueva, Barasbi Karamurzov
and Boris Alchagirov

Abstract The photoemission properties and the temperature dependences of the
electron work function (EWF) of the ternary Na-K-Cs alloys have been studied by
means of the Fawler photoelectric method in conditions of high vacuum and of
thermodynamic equilibrium in temperature range from 290 to 420 K. The additions
of potassium to the binary Na-Cs alloy have been shown to increase the spectral
sensitivity and to shift the maxima to the side of greater by 40 nm wavelengths.
In ternary alloys, depending on the cesium content, the sign of the surface activity
changes for EWF and the location of the isolines ϕ(x) alters in respect to the cesium
corner of the concentration triangle while sodium is being replaced with cesium.

25.1 Introduction

The study of the photoemission properties of the multicomponent systems of alkali
metals and alloys involving them is of great importance due to the use of such in
production of novel high-power consuming chemical sources of electric current,
multialkali photocathodes and so on [1–3]. The reference review reveals [4–6] that
the systematic studies of EWF, determining the emission properties of materials, are
completed only for pure metals and their binary mixes by now. The electron work
function of ternary alkali metal alloys is studied poorly [4].
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Fig. 25.1 The changes of
the spectral characteristics
of the photoemission cur-
rent from the surfaces of
the photocathode from the
alloys: 1—Na + 77.7 at.% Cs;
2—Na + 76.6 Cs + 1.5 K;
3—Na + 74.4 Cs + 4.1 K;
4—Na + 66.2 Cs +
14.8 K; 5—Na + 46.3 Cs +
40.4 at.% K at 293K

Fig. 25.2 The temperature
dependence of EWF of the
alloy Na + 77.7 at.% Cs
in respect to the amount of
potassium added: 1—1.5;
2—14.8; 3—40.4 at.% K

25.2 Discussion

In this research we present the results of the measurements of the emission properties
and of the electron work function of ternary Na-K-Cs alloys the compositions of
which lie along the radial sections originating from the potassium’s corner. The
experiments were carried out in a glass measuring cell [7] by means of the Fawler
photoelectric method [8] in temperature range from 290 to 420 K. The setup and the
method of determining of EWF allowed us to carry on the measurements in conditions
of thermodynamical equilibrium and in high static vacuum (10−8 Pa) [9, 10] with
the error about the 1.5 %. The metals used were those with a concentration of the
basic element not less than 99.995 %.

Figures 25.1 and 25.2 represent graphically the data of the measurements of the
spectral dependences of the photoemission currents at temperature 293 K and the
calculated by them temperature dependences of EWF for a number of Na-Cs-K
alloys of constant ratio of concentrations of sodium to cesium (XNa : XCs = const).
One can see from the Fig. 25.1 that the photoemission current from the surface of the
binary alloy Na + 77.7 at.% Cs is 2–3 times less than that of ternary alloys (curves
2–5) that is the photoemission increases with the growing extent of the potassium
added. The spectral dependences of the photocurrents from the samples transform
their shape: the maxima of the spectral dependences of the photoemission currents
of ternary alloys shift to the side of the greater by 40 nm wavelengths.

The dependences of EWF on temperature of selected ternary alloys of the
given section are shown in Fig. 25.2 from which is seen that the polytherms ϕ(T)
of alloys are linear until 373K and that EWF decreases with rising temperature.
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Fig. 25.3 The isotherms
of EWF of Na-Cs alloys in
respect to the amount of potas-
sium: 1—Na + 1.7 at.% Cs;
2—Na + 6.5 at.% Cs; 3—
Na + 36.6 at.% Cs; 4—Na +
77.7 at.% Cs

Fig. 25.4 The isolines of
EWF of Na-Cs-K alloys at
T= 293 κ: 1—2.15; 2—2.04;
3—2.02; 4—2.00; 5—1.99;
6—1.98; 7—1.97; 8—1.96;
9—1.95 eV

The temperature dependence ϕ(T) for the alloy 13.3 Na + 46.3 Cs + 40.4 at.% K,
the closest to the eutectic (13.9 Na + 43.5 Cs + 42.6 at.% K) among the studied
ones, is also linear and no peculiarities have been observed.

The concentration dependences ϕ(x) of a number of isotherms of EWF of
Na-Cs-K alloys at temperature 293 K are given in Fig. 25.3. The addition of potas-
sium up to 20 at.% to the binary sodium-based alloys results (curves 1 and 2 in
Fig. 25.3) to the slight decrease of EWF. The further enrichment of ternary alloys in
potassium up to the concentrations of 50 at.% K does not noticeably influence on the
electron work function.

The increasing content of potassium in alloys, with the decreasing ratio of con-
centration of sodium to cesium (XNa : XCs), results in increasing EWF: that is if
sodium is replaced with cesium in ternary alloys then potassium switches from the
surface-active addition to the inactive one (Fig. 25.3, curves 3 and 4).

The features of the influence of the potassium on EWF of the ternary Na-Cs-K
alloys can be seen within the concentration triangle of the mentioned system either
(Fig. 25.4).

Figure 25.4 demonstrates the compositions of ternary Na-Cs-K alloys having
equal magnitudes of EWF ϕ(x) (isolines of EWF) on the concentration triangle. The
isolines ϕ(x) represent the smooth curves without extremums. EWF increases with
decreasing concentration of cesium in ternary alloys, especially sharply in area of
the least contribution of cesium (the isolines lie closer).
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The feature of the potassium influence on EWF of ternary alloys is that with the
increasing concentration of Cs in Na up to 13 at.% Cs the addition of potassium
results in isolines of EWF directed to the cesium corner by the concavity (curves 1–4
in Fig. 25.4) while in case of sodium replaced with cesium the addition of potassium
alters the nature and degree of non-linearity of the isolines ϕ(x)—the latter become
directed to the cesium corner of the concentration triangle by their convexity (curves
5–9 in Fig. 25.4).

The measurements have revealed that, according to the data on EWF, the isotherms
ϕ(x) of Na-Cs-K alloys possess, within the studied temperature range, the same
features known for the isotherm of EWF for binary lateral systems.

25.3 Conclusions

• The addition of potassium to the binary Na-Cs alloy in ternary alkali photocathodes
results in both increasing spectral sensitivity in area of greater wavelengths and
shifting of the maxima of spectral sensitivity by 40 nm.

• It is shown that the sign of the surface activity of potassium alters in ternary systems
in respect to the cesium content in them.

• The location of the isolines of EWF in respect to the cesium corner changes within
the concentration triangle if sodium is being replaced by cesium.
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Chapter 26
Structure of the Carbon Matrix Made
by Pyrolyzed Yttrium Bis-Phtalocyanine
by Atomic Force Microscopy

V. Y. Bairamukov, D. V. Lebedev and V. I. Tikhonov

Abstract Evolution of the structure of yttrium bis-phtalocyanine (Pc2Y) during
high-temperature pyrolysis was investigated by atomic force microscopy (AFM). A
phase transition of the crystal structure to an amorphous structure was observed in
the temperature range from 750 to 850 ◦C and the further evolution of the surface
topology during pyrolysis at higher temperatures into a porous carbon-based matrix
was observed.

26.1 Introduction

The problem of conditioning, storage and transmutation of radioactive waste (RW),
containing long-lived isotopes, including minor actinides, calls for creation of
new chemically and thermally stable matrices resistant to ionizing radiation
[1–5]. Carbon-based matrix appears to be most suitable in meeting such hard require-
ments. Carbon is chemically resistant, can withstand high thermal loads, and both
of its stable isotopes (C12 and C13) have low neutron capture cross-sections (3.4 and
1.3 mb) that is especially important for the process of transmutation. Particularly, the
method of manufacturing matrices for storage and transmutation of RW containing
minor actinides that is based on pyrolysis of their bis-phtalocyanines has shown very
promising results during initial tests of the chemical, thermo and radiation stability
[6, 7].

Phtalocyanines—organometallic complex compounds that relate to a large class
of porphyrins. Their mono- and bis-complexes are common for all transition and rare
earth elements (REE), as well as for the actinides, which radioactive isotopes repre-
sent the main problem in the conditioning of RW. The structure of bis-phtalocyanines
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(Pc2Me), their properties and methods of preparation are described in [8, 9].
Mono-phtalocyanine is a planar molecule, while the bis-complex, [C64H32N16Me]−,
is a sandwich of two planar complexes with the metal atom between them. Pyrolysis
of Pc2Me in argon atmosphere at temperatures above 800 ◦C results in the metal-
carbon composite with highly porous structure MeCx (x = 30–35), where the metal
atoms are distributed isotropically in the cavities of the carbon matrix. Incorpo-
ration of radionuclides into these microcavities provides a unique opportunity for
their storage and transmutation. There are three temperature stages of pyrolysis con-
cerned with substantial mass loss: 750−800 ◦C, 1200−1250 ◦C and approximately
1600−1700 ◦C. In the first stage of pyrolysis ca. 90 % of hydrogen and approximately
half of nitrogen and carbon are lost, during the second stage the matrix loses the rest
of hydrogen and some additional nitrogen, and after heating to 1700 ◦C the matrix
consists of carbon and metal only. Further temperature increase (up to 2200 ◦C)
results in only a small additional loss of mass.

To optimize the conditions of the RW incorporation into carbon matrices made
of the pyrolyzed bis-phtalocianine, their structure was investigated at different tem-
peratures of pyrolysis process by the small-angle neutron scattering (SANS) [10],
X-ray diffraction [11] and AFM methods. The data obtained by AFM are presented
in this paper.

26.2 Materials and Methods

Yttrium bis-phtalocianines were synthesized as described in [8] and deposited by
vacuum sputtering on sapphire glass (Lighten Optics, China). The process was carried
out by heating the powder of electrochemically purified Pc2Y in tantalum oven at
450–500 ◦C in a vacuum of 10−2 Pa. Sapphire glass substrates were washed in a
piranha solution (3 V H2SO4: 1 V H2O2) and then twice in distilled water. Sapphire
glass substrate had atomically flat surface (roughness of about 0.3 nm) and high
melting point (about 2000 ◦C), allowing us to study structure of the carbon matrix at
different temperatures of pyrolysis (up to 1700 ◦C).

Surface topology measurements were performed in tapping mode in air at room
temperature on Solver atomic force microscope (NT-MDT, Russia). Cantilevers
NSG03 (NT-MDT, Russia) with a constant stiffness 1.74 N/m and the radius of cur-
vature of the needle of 10 nm were used, the scan speed was 1 Hz. Autocorrelation
was calculated using ImageAnalysis software (NT-MDT, Russia) and Radial Profile
Plot plugin of ImageJ package. Fractal analysis was performed in ImageJ software
using Box Count Fractal plugin.

26.3 Results and Discussion

The initial scan of topology of Pc2Y on sapphire glass shows polydisperse crystals
that were resistant to pyrolysis up to 500 ◦C (Fig. 26.1a). Noticeable destruction
of Pc2Y with the formation of amorphous phase starts at temperatures higher than
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Fig. 26.1 Pc2Y at different temperatures of pyrolysis, scan range 3×3µm. a initial Pc2Y crystals;
b Pc2Y pyrolyzed at 790 ◦C; c Pc2Y pyrolyzed at 850 ◦C; d Pc2Y pyrolyzed at 1040 ◦C

750 ◦C. In the AFM images the destruction process manifests itself as a transition of
crystalline particles to the amorphous phase with a variety of round shaped aggregates
(Fig. 26.1). At 790 ◦C the boundaries of the crystal of the initial Pc2Y are still visible,
but the internal structure of the crystal is changed dramatically by formation of
disordered particles close to spherical shape, with sizes ranging from 10 to 60 nm
(Fig. 26.1b), and their height, compared with the original crystal, decreases almost
three-fold, from 60 to 15–20 nm. At 850 ◦C the boundaries vanish and the round
shaped particles tens of nanometers in diameter and under 15–20 nm in height tend
to fill the entire field of scan (Fig. 26.1c). Further increase of the temperature to
1040 ◦C results in formation of the bigger spherical clusters with the diameter of up
to 150–200 nm (Fig. 26.1d). An increase in the cluster size with the temperature of the
pyrolysis is clearly seen in the autocorrelation curves calculated for the corresponding
AFM images (Fig. 26.2). Growing of these clusters appears to be limited to ca.
250 nm. The sample surface formed by pyrolysis at 1300 ◦C did not show individual
particles but rather a continuous porous matrix (Fig. 26.3).

Fractal analysis of the surface of Pc2Y based on AFM images performed by box
counting method have revealed a power law dependency, indicating the scaling law
in the aggregate sizes characteristic for the fractal structures (Fig. 26.4). The power
law exponent was close to 1.5 for the spherical aggregates during the initial stages
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Fig. 26.2 Autocorrelation curves for Pc2Y surface after pyrolysis at different temperatures; solid
line corresponds to 790 ◦C; dash line—850 ◦C; dash line with dots—1040 ◦C

Fig. 26.3 A three-dimensional view of Pc2Y pyrolyzed at 1300 ◦C; scan range 60×60µm

Fig. 26.4 Fractal analysis of Pc2Y surface after pyrolysis at different temperatures. a 790 ◦C;
b 850 ◦C; c 1040 ◦C; d 1300 ◦C
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of pyrolysis and rose to 1.65 for the larger clusters formed at 1040 ◦C. The surface
of the carbon matrix formed at 1300 ◦C has also exhibited fractal properties with the
fractal dimension around 1.73.

The results of AFM study of Pc2Y surface are in a good agreement with those
obtained on bulk powdered samples by the SANS and X-ray diffraction methods [10,
11]. SANS results have shown that the pyrolysis process leaded to formation of two
types of carbon clusters with typical sizes of 3–7 and 30–50 nm. The latter clusters
exhibited properties of fractal aggregates. Similar sized particles were observed in
this work by AFM at temperatures up to 850 ◦C.

X-ray diffraction measurements have shown that starting from 1200 ◦C the for-
mation of crystal phase of inorganic salts (nitrides or carbides in accordance with
properties of metal) begins, however, the dimensions of these crystallites do not
growing above 130–150 nm. One could suppose from these data that a diffusion of
the incorporated atoms is possible inside cavities only and is limited by the barriers
of carbon atoms.

It appears likely that the formation of fine-dispersed carbon cluster during pyrol-
ysis of Pc2Me is the main basis for effective retention of atoms incorporated in
such kind matrix, as it was shown in [6]. One could suppose that there are two
different factors responsible for retention of metal atoms. In the temperature range
850–1200 ◦C it is the formation of closed carbon cells with the size of “windows” of
0.12–0.14 nm that keep the atoms fixed inside the carbon cells. At the higher temper-
atures (above 1200 ◦C), where a tendency of growing carbon clusters and evolution
to the large-scale high porous structure is observed (Fig. 26.3), the decisive cause of
high retention becomes a very slow diffusion. One could make an assumption that
if on the first stage (up to approximately 1200 ◦C) the release of the incorporated
atoms has a threshold property, while at the temperatures higher 1200 ◦C this process
submit to common diffusion law in highly porous materials.

26.4 Conclusion

High-temperature pyrolysis of yttrium bis-phtalocyanine (Pc2Y) results in a phase
transition of the crystal structure to an amorphous spherical aggregates in the tem-
perature range from 750 to 850 ◦C. Further pyrolysis leads to an increase in the size
of the aggregates up to ca. 250 nm which at temperatures above 1200 ◦C transform
to a highly porous surface that exhibits fractal properties.

Acknowledgments This work was funded by RFBR grant 12-026-12021/13021-ofi-m. Authors
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Chapter 27
Microscopic Analysis Using Gaze-Based
Interaction

Peter Frühberger, Edmund Klaus and Jürgen Beyerer

Abstract Fraunhofer IOSB is currently constructing an automated microscopic
laboratory. Different optical microscopes will be used to analyze specimen and gain
new information out of the combination of the acquired sensor data. In order to narrow
down specific patterns or tune the subsequent automated microscopy process, spec-
imen have to be examined before the actual analysis process. To keep this step less
time consuming and fatiguing, we designed an intuitive human-machine interface
consisting of automated focusing algorithms and gaze-based interaction. The most
important task in microscopy is focusing a desired region of a specimen. Considering
microscopic analysis as a visual search task [1], this region of interest is exactly the
region the operator is looking at. We use this information to automatically detect the
focus plane in this region, by utilizing the microscope’s z-axis, and present the opera-
tor a focused image. The user does not need to know how to operate the microscope in
detail, but however is successful by using the encapsulated sophisticated operational
sequences like initial, continuous focusing or synthetic image enhancements. This
paper presents results of realizations for guided and fully automated microscopic
analysis incorporating intuitive interaction and eased operation while gaining high
quality results.

27.1 Introduction

Industrial quality assurance especially in semiconductor industry uses microscopy
devices to be able to guarantee a high level of quality. When analyzing different parts
of variable height, width or other physical properties a fixed unit assembly line must
continuously be adjusted to match those different components. Therefore an operator
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has to gain preliminary information about the series to properly setup the sensors of
this assembly line. The operator has to use a microscopic device himself to define
focal planes that are to be examined later on.

Successfully using a microscope is an ambitious task. Navigating too far into
one direction may severely harm equipment or specimen. In contrast to e.g. con-
sumer cameras microscopes are equipped with expert software, which is usually
not to be used entirely in an intuitive way. Furthermore every vendor uses its own
software components and therefore using different hardware also involves learning
new technology and operation principals. Out of this reason microscope operators
need to have expert knowledge of the microscopic sensor itself and also attended a
professional training in order to get familiar with the microscope. In a semi or fully
automated industrial process an operator should be able to concentrate on the results
of his work, rather than on quirks of the concrete inspection hardware used. Most of
the time the results of these operational sequences can be achieved by only a subset
of the shipped software. It is therefore quite usual, when doing quality assurance on
an industrial level, that software gets adjusted and often heavily changed to better
integrate in the given process. Our approach goes one step further. On the one hand a
highly sophisticated software encapsulates the functionality of the microscope soft-
ware into an easy to use application programming interface (API) that simplifies the
interaction with given standard software. On the other hand we instrument a state
of the art human-machine interface to realize the operators’ tasks like e.g. focusing,
analysis via gaze-based interaction.

27.2 Hardware and Software Setup

In our example setup we use a macroscope of Leica company, Z16 APO A which
is equipped with a movable z-axis and continuous motorized magnification between
7.1× and 115×. Pictures and video sequences are captured by a high resolution
camera with more than 2 MP resolution. The macroscope is instrumented through
the Leica software development kit (SDK), which is a low level API to control the
specific features of the device through C++. For this example realization we used the
light dome, the z-axis and the zoom control. For eye gaze measurement, a Tobii X60
remote eye tracker was used. It was combined with a 24◦◦ monitor (1920×1080
pixel) using a Tobii Monitor Mount. The eye tracker provides gaze data up to 60
times a second. According to the manufacturer, the eye tracker features an accuracy
of 0.5∼, which corresponds to a “region of uncertainty” of about 1.13 cm (43 pixels)
at a viewing distance of approximately 65 cm [2]. The eye tracker was calibrated for
each user prior to usage (Fig. 27.1a).

They eye tracker data is received via gigabit ethernet and packaged into JSON
packages for further transmitting. This fully transparent protocol for serializing and
transmitting data over a network connection is used to separate the eye tracker from
the actual computer system which controls the microscope. On the side of the control
system a separate server thread is used to communicate over this network. Button
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Fig. 27.1 Picture of setup with microscope, eyetracker and GUI realisation

presses and gaze data is used to control the region of interest (ROI) at the graphical UI.
Furthermore the focusing direction of the microscope can be set. The same computer
system instruments the high res camera to constantly display images on screen. In
our implementation we use 30 fps which fits perfectly into the 60 hz refresh rate of the
screen. Advanced software techniques are used in order to guarantee a direct visual
feedback for the user and on the same time displaying images without any visual
stutter. Image processing, like focusing, maximum contrast detection or image fusion
is done in real-time, while the display is still updated. We used advanced threading
concepts and modern CPU extensions, e.g. SSE2 to implement this experience. A
great benefit of this loosely coupled design, is that other components, like a posi-
tioning stage or a robot can be integrated by simply reusing those components. The
core was implemented with C++, the uncoupled graphical user interface (GUI) used
QT4 (Fig. 27.1b).

27.3 Algorithm and Implementation

In this prototype the implementation was used to fulfill several use cases. The first
use case was focusing the upper most focal plane of a specimen in order to get a
visual pleasing start for the operator. Therefore the microscope z-axis was driven all
the way up, as navigating away from the specimen is always safe concerning damage
of the objective or specimen. From this upper point the first focal plane was searched
by asynchronously driving the microscope down in the direction of the minimum
position, while at the same time constantly measuring the focus value of the current
camera image. This approach appears as fluent as possible to the operator, because
the microscope does not have to stop while image processing is taking place. It is
therefore very important that the queue of the images to be examined does not grow
too large. The algorithm must be fast enough to handle the speed of the microscope’s
z-axis. This prototype uses a variance based contrast measure. Starting with a 3 × 3
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Fig. 27.2 Contrast values
depending on the height of the
z-axis

Median Filter, that was applied on the region of interest R(h, w) with height h and
width w to reduce noise effects, the local mean μ(x, y) at pixel position (x,y) of the
image R was computed. For this lowpass operation a Gaussian filter with a mask of
size 16 × 16 which corresponds to σ ∼ 5.0 was used. The variance σ(x, y) can be
determined by calculating the square root of the low pass filtered absolute difference
of μ(x, y) and the original image values at R(x, y). The contrast value (cR) was
then computed as the sum of all intensity values of the resulting image. In order to
compare that value between differently sized regions it was scaled with the product
of the lateral dimensions of the Region of Interest h · w. Figure 27.2 illustrates the
contrast value when investigating a specific specimen region from top to bottom, the
computations needed are summarized as follows [3]:

μ(x, y) = LP{R(x, y)}
σ(x, y) =

√
LP{(R(x, y) − μ(x, y, ))2}

cr = 1

h · w
·

h∑
x=0

w∑
y=0

σ(x, y)

Figure 27.2 makes clear, that changing the magnification will also alter the field
of vision, e.g. the lateral dimension examined. The contrast measure must therefore
cope with such different situations. It can also be seen, that the influence of the global
maximum with low magnification is quite strong, as a small magnification also results
in a larger depth of view, which results in local maximums that can easily be overseen
when not adjusting the ROI. As the depth of view gets a lot smaller when increasing
magnification, these regions get visible in the plot when increasing magnification.
Here the eye gazed approach is of high value, as the ROI can be changed during run
time and therefore relevant regions can be examined. On the other hand the contrast
measure is helping the user to filter out false positives by not stopping too often and
therefore giving the possibility for a smooth region driven operation. Another use
case is to combine the region of interests throughout the different focal planes to
create a synthetic enhanced image [4]. When measuring height differences between
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Fig. 27.3 Complete image
fusion process

different focal planes, it is important to choose an appropriate contrast measure. In
our prototypical realization the depth map was not used for further measurement, so
the requirement for the contrast measure was not that demanding. But this depth map
could be used as basis for the synthetic enhanced result image. It’s goal was to present
the specimen quality as an overview for the operator to see all relevant parts at once.
Therefore the fusion process should not introduce additional artifacts either. The
focal planes that were incorporated into the depth map were chosen by the operator
himself when navigating through the relevant ROIs. The software remembered those
positions and saved the relevant image data with the associated contrast measure and
z-axis value on an image stack for later computation. Calculating the depth map is
done by evaluating the contrast value at each pixel for each image on this stack. The
resulting depth map might contain local artifacts because of noise or sensitivity of
the used contrast measure. We therefore used an additional Gaussian filter to smooth
this fusion map. The mask of this filter was chosen linearly scaled concerning the
pixel resolution of the camera. Our tests have shown that a filter mask for an image
I(h, w) with the dimensions h, w of the size 1

64 · max(h, w) was sufficient to compute
the blurred depth image for the later image fusion process.

As the input images are RGB color images, great care needs to be taken when
assembling the resulting fusion image [5]. Color images are quite sensitive when
changing specific color channels. Those minimal changes are easily visible for human
eyes. The fusion map was therefore calculated with fractional values, e.g. the values
of the fusion map donated a weighting factor, which can automatically be used to
scale the values of the specific channels between the channel value of two nearby
planes. This approach greatly improved the resulting image quality. The complete
fusion process can be seen in Fig. 27.3. Concerning the implementation, the fusion
process has been multi-threaded, as it is quite easy to compute multiple depth maps
from a selected range of input layers and merge them together later. In a normal
scenario, when less than ten focal planes are of importance, it makes no sense of
doing multi-threaded computation. For calculating a fine granular depth map with
more than two hundred full resolution images on the stack, it is quite useful though.
The image stack is sorted concerning the z-axis position of the images. Each thread ti
is computing a number of #images

#threads input images, despite the last one, which could get
the reminder. All threads store its resulting depth map and corresponding focus value
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image. After all threads have finished, it is enough to compute those resulting images
once. As the input images are not changed at all, they even don’t need to be copied
and can be kept as is. This approach can become useful, when high resolution depth
map estimation should be done with direct interaction of a user. With that technique
and other optimization in the image computing code soft real-time image fusion is
possible.

27.4 Summary and Outlook

We have shown a prototype implementation of a gaze based driven approach for
controlling and using a microscope. It emphasized the fact that complex algorithms
can be encapsulated into software, while making their usage quite intuitive. Visual
inspection has been formulated as a search task, by directly using gaze based inter-
action to solve this task. For the future we plan on integrating a positioning stage
into the proposed setup to also allow lateral navigation.

In order to validate this novel approach, an evaluation based on established statistic
methods needs to be done. Therefore we will incorporate a user study that compares
traditional usage of this microscopic setup in comparison to our new method of inter-
action. Furthermore it could be examined, if those results can be easily transferred
onto other microscopic devices, where contrasting methodology cannot be used, e.g.
White Light Interferometry. These devices are focusing differently, therefore the
visual feedback has to be adjusted in order to present meaningful information.

The presented setup should be integrated into a productive environment in order
to evaluate the possibilities of such a new approach under industrial conditions.
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Chapter 28
Epithelial Cell Detection in Endomicroscopy
Images of the Vocal Folds

Firas Mualla, Simon Schöll, Christopher Bohr, Helmut Neumann
and Andreas Maier

Abstract The reasons for a hoarse voice are manifold. Besides structural changes
such as additional masses on the vocal folds, changes in the layers of the vocal
fold mucus influence the acoustic properties of the voice signal [1]. In our research,
we aim to examine this in vivo. One suitable technique for this purpose is the use
of micro endoscopes. In contrast to traditional microscopes, the micro endoscopes
have a reduced image quality and exhibit strong noise artifacts. Furthermore, images
are affected by inhomogeneous illumination. All of the mentioned effects pose a
challenge to automatic cell detection and segmentation methods. In this paper, we
investigate whether automatic cell detection methods are also suitable for the cells of
the epithelium of the vocal folds. Based on band-pass filtering, we could successfully
reduce noise and emphasize cell boundaries at the same time. The pass-band was
experimentally chosen to emphasize the regular structure of the epithelial cells which
can be observed in the frequency domain of the cell image. Subsequently, we applied a
watershed segmentation to identify the cell borders. Cell centers were located using
a local minima search in the band-pass filtered image. First results indicate that
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the method is able to locate and outline epithelial cells with high accuracy. Future
research will focus on the relation between such quantitative measures in cell images
to acoustic properties of the voice signal and the mechanical properties of the vocal
folds such as the synchrony of their vibration.

28.1 Introduction

Voice hoarseness can be caused by several reasons including laryngitis, cancer of
larynx, and structural changes in the vocal folds such as nodules and polyps. Recently,
it was shown that changes in the mucus of the vocal folds can be related to acoustic
properties of the voice signal [1]. We aim to investigate the vocal fold mucus in
vivo using a micro endoscope. An essential step towards this goal is the detection of
epithelial cells in the mucus layer which is the topic of this paper.

A plenty of cell detection approaches are available in literature [2–6]. Images
of the epithelial cells exhibit two important properties. Firstly, due to physiological
reasons, the epithelial cells cover the whole scene. Therefore, the separation between
cells and background, which is necessary in several proposed approaches [4, 6, 7],
is not required. Secondly, there is a repetitive pattern. The latter was exploited in [8]
and [9] for cell density estimation in the corneal endothelium. The purpose of this
paper is to investigate whether it is possible to utilize the two aforementioned facts
so that basic image processing algorithms can be applied in order to detect epithelial
cells in endomicroscopy images of the vocal folds.

28.2 Materials and Methods

28.2.1 Materials

A sample of nine images of the epithelium of the vocal folds were acquired using a
micro endoscope of a Cellvizio probe-based confocal laser endomicroscopy (pCLE)
system. Figure 28.1 shows two examples.

28.2.2 Detection Pipeline

We apply a band-pass filter on the input image. Cell centers are then found using a
minima search procedure. Watershed algorithm is utilized in order to delineate the
cell borders. The pipeline is demonstrated in Fig. 28.2. Minima search and watershed
in this pipeline are parameterless. On the other hand, the pass-band of the filter must
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Fig. 28.1 Endomicroscopy images of the vocal fold epithelium

Fig. 28.2 Cell detection pipeline

be tuned. The goal of the tuning is emphasizing the regular pattern of the epithelial
cells and at the same time reducing noise and smoothing cellular details.

28.3 Evaluation

A band-pass filter was manually designed in Fourier domain for each image and
the pipeline described above was applied. Figure 28.3 exemplifies the results. The
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Fig. 28.3 An example of detection results

obtained F-measure of cell detection, averaged over the nine images, was 80.2 ± 4.7
distributed as 94.6 ± 3.7 recall and 70.0 ± 7.3 precision.

28.4 Conclusion and Discussion

It is well known from Fourier analysis that periodicity in space manifests itself in
Fourier domain as a peak at the fundamental frequency of the signal. In the case
of the 2D Fourier transform, a frequency component along a direction φ in space
conforms to a peak at the corresponding frequency in the same direction φ in the
2D Fourier plane. This fact was exploited in [8] for cell density estimation in the
corneal endothelium. Moreover, it was shown that the repetitive pattern information
exists inside a ring in the Fourier domain. The radius of the ring is a measure of the
endothelial cell density.

We noticed in preliminary experiments (data not shown) that the aforementioned
ring is more apparent in the images of the corneal endothelium compared to our
images. Therefore, estimating cell density by measuring the ring’s radius is a harder
task in our case. Nevertheless, the frequency domain is likely to have a distinguishable
band. The question which naturally arose was whether there exists a band-pass filter
for each image which makes cell detection possible using basic image processing
techniques. Our results show that this filter exists. In future work, we plan to design
the filter automatically based on the frequency content of the image. In addition, we
want to investigate the relation between the quantitative image processing results,
the mechanical characteristics of the vocal folds, and acoustic properties of the voice
signal.
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Chapter 29
The Elemental Composition of Cod
and Salmon Bones Derived Powder Using
SEM-EDX and ICP-OES

Krzysztof Marycz, Zbigniew Dobrzański, Fabiola Bubel,
Agnieszka Śmieszek and Jakub Grzesiak

Abstract The study aimed at comparison of the results concerning elemental
composition of cod and salmon fishbone powders determined using two methods,
i.e. scanning electron microscopy with an energy dispersive X-ray analytical sys-
tem (SEM-EDX) and inductively coupled plasma—optical emission spectroscopy
(ICP-OES). The research material were fishbone powders of marine fish: cod (Gadus
morhua) from Baltic Sea and salmon (Salmo salar) from Atlantic Ocean obtained
using the method of chemical extraction. The analysis included main mineral ele-
ments: calcium, magnesium, sodium, phosphorus. The results obtained from SEM-
EDX appeared to be compliant with the results obtained based on ICP-OES analysis.
It was demonstrated that combination of two advanced techniques for fishbone pow-
ders characterization is essential for suitable analysis of its quality as well as quantity,
especially for subsequent determination of supplements composition. It may be con-
cluded that SEM-EDX method may be successfully used for preliminary analysis of
macroelements content in biological material.
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29.1 Introduction

The organic trace minerals, such as calcium, phosphorus, magnesium and sodium,
play a key role in animal nutrition, both in case of pets as well as in breeding animals.
As macroelements, they also are significant in human metabolism [1].

Wastes from the fish industry are easy available and cheap source of organic
and inorganic elements [2]. They may be used in bone meals production as min-
eral additives for the animals, or for manufacturing of special preparations rich in
calcium—diet supplements for human [3, 4]. Numerous methods, mainly spectro-
metric ones, are used in laboratory analytics for an assessment of mineral composi-
tion of biological material [5, 6]. The methods of roentgen analysis are used more
rarely [7, 8].

The aim of this study was to compare the elemental composition of cod and
salmon fishbone powders with respect to macroelements content using two analytical
methods.

29.2 Material and Methods

The research material were fishbone powders of marine fish from Baltic Sea (Gadus
morhua) and Atlantic Ocean (Salmo salar) obtained using the method of chemical
extraction described in Polish Patent Application (no P.403123). This material, as
cod bone powder (CBP) and salmon bone powder (SBP) was in a dry state, minced to
granulation of 0.1 mm. Analysis of chemical compositions (main mineral elements:
calcium, magnesium, sodium, phosphorus) was performed using two advanced tech-
niques: (I) scanning electron microscopy with an energy dispersive X-ray analytical
system (SEM-EDX) and (II) inductively coupled plasma—optical emission spec-
troscopy (ICP-OES). Five samples from CBP and SBP were collected for analysis.

For scanning electron microscopy, cod and salmon fishbone powders were dried,
placed on stages and coated with gold (Edwards, Scxancoat six). Specimen was
observed using SE1 detector, at 10 kV of filament tension (SEM, Zeiss Evo LS15).
Additionally, the distribution of elementals was performed at magnifications of
1000× using EDX (Energy-Dispersive X-ray) detector (Quantax, Bruker).

The content of macroelements was evaluated using spectrometric method with
an application of ICP-OES Vista MPX analyzer (Varian, Australia). Previously, the
material samples (bone powders) were mineralized with spectrally pure nitric acid
(Merck) under the pressure of 100 atm. in microwave device of Milestone type (Italy).

The results were elaborated statistically calculating the mean values and standard
deviations. The differences between the groups (CBP and SBP) were determined
using students t-test at a significance level of p < 0.05.
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Table 29.1 The content of main elements in fishbone powders [%]—SEM-EDX method

Element CBP SBP
x SD x SD

Ca 37.96∗ 2.51 24.53 5.45
P 15.88∗ 0.73 9.71 1.74
Na 1.31 0.22 1.12 0.20
Mg 0.82∗ 0.06 0.60 0.05
∗P < 0.05 (between CPB and SBP)

Table 29.2 The content of main elements in fishbone powders [%]—ICP-OES method

Element CBP SBP
x SD x SD

Ca 27.39 5.48 24.86 4.97
P 13.49 2.70 12.41 2.48
Na 1.23 0.25 1.00 0.20
Mg 0.66∗ 0.13 0.46 0.09
∗P < 0.05 (between CPB and SBP)

29.3 Results and Discussion

The results obtained using SEM-EDX method (Table 29.1) showed that CBP con-
tained higher concentrations of calcium, phosphorus and magnesium compared to
SBP. The differences observed were statistically significant. Concentration of sodium
in both powders was similar. The results obtained from SEM-EDX were compliant
with the results obtained from ICP-OES analysis (Table 29.2). Concentration of cal-
cium, phosphorus, magnesium and sodium in CBP was higher compared to SBP,
the differences were on a level of 10, 8.7, 43.5 and 23 %, respectively, however
statistically significant difference was only noted in case of magnesium.

The results of main macroelements determination in fishbone powders, performed
using two methods, are difficult to compare due to different techniques of samples
preparation and analysis itself, but the tendencies in particular elements content were
similar. In case of SEM-EDX method they were as follows: Ca>P>Na>Mg, while
in case of ICP-OES method it was: Ca>P>Mg>Na. Generally, the concentrations of
Ca (CPB) and P (CBP and SBP) were higher in case of SEM-EDX method compared
to ICP-OES.

The results of main macroelements content obtained in this study are quite dif-
ferent compared to the literature data. For example, Toppe et al. [2] noted the values
of Ca: 19 and 13.5 %, P: 11.3 and 8.1 %, Mg: 0.3 and 0.22 %, Na: 0.77 and 0.57 %
in dry matter for unprocessed (raw) cod and salmon fishbones, respectively. Other
data were provided by Liset et al. [9] for an ash from Atlantic salmon fishbone after
enzymatic hydrolysis. An average content of Ca was 16.7 %, P—10.5 %, while Na—
0.45 % and Mg—0.36 %. The results of this study are considerably higher than the
cited ones, especially in case of Ca and P, which may result from the fact of almost all
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Fig. 29.1 SEM image of cod bone powder (mag. 1000×)

Fig. 29.2 SEM image of salmon bone powder from (mag. 1000×)

Fig. 29.3 Comparison of calcium (Ca) content in CBP (a) and SBP (b)

fat and protein removing from the fishbone during processing technology (alkaline
extraction).

Figures 29.1 and 29.2 presenting morphological structure of cod and salmon bone
powder are interesting, since they point insignificantly different histological structure
which may affect chemical composition. It may be noted for example, that SBP
contains higher number of extra cellular matrices compared to CBP, while CBP
includes more bony (mineral) elements. This resulted from the fact that SBP contains
slightly higher amount of organic matter (fat and protein residues) compared to CBP
[4]. Figures 29.3, 29.4, 29.5 and 29.6 present the maps of the examined elements. It is
difficult to conclude visually which powders contain higher amount of Ca, P, Mg or
Na; colors intensity on the images is similar, however computer analysis points some
values differentiation in relative units (percents), which is presented in Table 29.1.
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Fig. 29.4 Comparison of phosphorus (P) content in CBP (a) and SBP (b)

Fig. 29.5 Comparison of magnesium (Mg) content in CBP (a) and SBP (b)

Fig. 29.6 Comparison of sodium (Na) content in CBP (a) and SBP (b)

29.4 Conclusion

We showed that combination of two advanced techniques for fishbone powders
characterization is essential for suitable analysis of its quality as well as quantity,
especially for subsequent determination of supplements composition.

It seems that SEM-EDX method may be used for preliminary analysis of macroele-
ments content in biological material.
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Chapter 30
Scanning X-Ray Electron Microscopy
(SEM-EDX) as a Therapeutic Tool
in the Diagnosis of Equine Metabolic
Syndrome (EMS)

Krzysztof Marycz, Agnieszka Śmieszek and Jakub Nicpoń

Abstract Equine metabolic syndrome (EMS) is a disease entity characterized by a
set of clinical sings such as significant obesity, increased insulin and glucose level
and development of laminitis. This syndrome occurs more frequently in draft and/or
pony horses. The diagnosis process of EMS is difficult and still not fully recog-
nized. The screening tests, recommended for proper recognition of EMS, can be
affected by external factors such as pain and/or stress. Moreover diagnosis poses life
threatening situation for the patient. Searching for an appropriate and noninvasive
method for the assessment of EMS symptoms, the authors decided to evaluate the
usefulness of SEM-EDX technique. This analytical method was used to determinate
chemical composition of hairs collected form healthy and EMS horses. Comparison
of Pb, Cr, Ca and Fe content revealed statistically significant differences between
investigated groups of animals. Basing on the obtained results authors recommend
SEM-EDX method as an adjunctive diagnostics tool in equine metabolic syndrome
(EMS) diagnosis.

K. Marycz (B) · A. Śmieszek
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30.1 Introduction

The metabolic disorders in horses are serious clinical issue not only due to high
occurrence but also because of broad spectrum of accompanying symptoms, that are
difficult to diagnose [1]. Genetic predispositions of animal as well as environmental
factors play main role in the course of disease, especially the impaired metabolism
of glucose and lipids but also improper diet. Equine metabolic syndrome (EMS)
includes following characteristic features: (i) hyperinsulinemia, (ii) glucose intoler-
ance, (iii) elevated plasma lipid concentrations, (iv) laminitis and obesity. To under-
line the relationship between obesity and development of laminitis, the metabolic
syndrome is also defined as obesity dependent laminitis (ODL). This metabolic dis-
orders most often concerns heavy horses, which are predisposed both genetically
and environmentally, but also due to limited physical activity.

The diagnostic process of EMS is very complex and requires the identification
of numerous and diverse clinical signs. Recommended procedures include dynamic
metabolic tests for instance the Glucose Insulin Combine Test (GCIT). This approach
is affected by various external factors, but what is more important is highly invasive
and often induces hypoglycemia in the examined animals and causes life threading
situations. The elemental hair analysis, as well as mechanical one, became effi-
cient tool for adjunctive diagnostics of metabolic diseases, especially in humans
[2, 6]. The mechanical analysis of horse hair was used to determination of the diet
effectiveness [8]. Hair bulbs are metabolically active, and they require suitable nutri-
tion, essential for their growth. Therefore the analysis of hairs’ chemical composi-
tion brings many information about physiological state of patient. Scalanaya et al.
performed multielemental hair analysis using atomic emission and mass spec-
troscopy with inductively coupled plasma. Results of Scalanaya’s research group
revealed that in type 2 diabetes numerous and serious changes in mineral metabolism
of hair are observed.

We decided to determinate if this phenomenon is observed in horses with
metabolic syndrome, and relate analysis of hair chemical composition to the diagnos-
tic proceeding. The analysis of elemental composition of hairs was performed using
scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-
EDX). Four essential chemical elements were detected: lead (Pb), chromium (Cr),
calcium (Ca) and ferrum (Fe). To determine the influence of physiological state on
hair chemical composition the comparative analysis was performed, the investigated
groups of animals consisted from healthy horses and draft horses, coming from Silesia
region, with diagnosed metabolic syndrome. The aim of this study was to determine
the usefulness of SEM-EDX as a possible, convenient and noninvasive, diagnostic
tool for in EMS recognitions. Such approach could serve as complementary survey,
that would help veterinary clinicians in the process of complex diagnostics.
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30.2 Material and Methods

The hair samples were collected from 20 draft heavy horses form the Silesia region
(Poland). Investigated groups consisted from 10 horses with metabolic syndrome
(EMS) and 10 healthy horses. Groups were divided taking into account the results
of dynamic metabolic tests (Glucose Insulin Combie Test). Moreover, the animals
qualified for the research were in similar age and clinical picture. Material collected
from investigated horses derived from central part of the mane. Each sample consisted
of 20 hairs. Preparation of samples for SEM-EDX analysis included: (i) washing
hairs with demineralized and deionized water, (ii) completely drying of samples and
(iii) fixing samples with carbon tape. Material was analyzed using SEM (Zeiss, EVO
LS 15) appointed with Bruker Quantax ESPPT 1.8.2 roentgen microanalyser. The
elemental concentration of Pb, Cr, Ca and Fe was evaluated in each sample. The
analysis was performed in five various parts of the hair in follicle area under 20 kV
voltage according to the procedure described previously [3].

Statistical analysis was performed using the Statistica 7.0 software (StatSoft, Inc.,
Statistica for Windows, Tulsa, OK). Evaluation of data normality was performed
using Shapiro-Wilk test, whereas the Levene’s test was used to assess the equality of
variances. Differences between two variables were analyzed using t-Student test or
non-parametric Mann U Whitney test depending on data validation. The values with
p less than 0.05 were considered to be significant.

30.3 Results and Discussion

Metabolic disorders of animals individuals are reason for the development of various
chronic diseases e.g. equine metabolic syndrome (EMS). The metabolic diseases
requires applying of complicated and sophisticated diagnostic tools, which very
often become life treating situations e.g hypoglycemia. That is why searching of
novel, less invasive methods of EMS diagnosis is highly desirable. One of the most
considerable method is evaluation of elemental composition of skin appendages
which is less invasive procedure.

Examination of specified elements content in horse hairs might be adjunctive
diagnostic tool in veterinary medicine [2, 5–7]. The particular elements e.g. lead
(Pb), chromium (Cr), calcium (Ca) and ferrum (Fe) are known as a important factors
in process of insulin metabolism regulation. In this study, we decided to evaluate the
concentration of mentioned elements in horses’ hairs. The draft heavy horses were
divided into two groups, suffering from EMS and healthy horses. The comparison
between investigated groups, allowed to determined the influence of animal health
status on hair elemental composition.
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Fig. 30.1 The comparison of particular chemical elements content in the coat hair of EMS and
healthy horses. Statistical analysis of the SEM-EDX results

The study performed with SEM-EDX demonstrated statistically significant higher
level of lead in EMS horses when compared to the healthy individuals (Fig. 30.1a).
This might result from an accumulation of lead ions in the hair coat which is a
result of impaired metabolism. These results partially correlate with the findings
published by Scalanaya et al. where high concentration of lead was noted in woman
hairs with type 2 diabetes [6]. Another crucial chemical element is chromium, which
play significant role in insulin action and its effects on carbohydrates. Our study
demonstrated a significant decrease of this element in EMS horses’ hairs, which
confirms the abnormalities in metabolic regulations of insulin activity (Fig. 30.1b).
Additionally the lower ions of calcium and ferrum levels were noticed in EMS group
when compared to healthy one (Fig. 30.1c, d). Calcium plays an important role in
maintaining of carbohydrates balance homeostasis and insulin regulation. Lowered
level of Ca and Fe in animals with EMS may confirm metabolic clinical picture.
However, the analysis of mentioned element in hair coat should be considered as an
adjunctive diagnostic tool and still requires further research.

Figures presents the results of the comparative analysis performed within group
of EMS and healthy horses, in terms of Pb (a), Cr (b), Ca (c) and Fe (d) content in
coat hair. The results are statistically significant, p<0.05.
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30.4 Conclusion

In this research we demonstrated that SEM-EDX technique might be a helpful tool
in equine metabolic syndrome (EMS) diagnosis. The SEM-EDX analysis of hair
elemental composition is convenient and very reliable method, strongly correlating
with physiological state of the organism.

Our data demonstrate that equine metabolic syndrome might affect on chemical
composition of hairs, especially on Pb, Cr, Ca and Fe concentration.

In order to validate SEM-EDX technique as a diagnostic procedure, more groups
of animals in different physiological condition is needed to research.
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Chapter 31
Effect of Different Forms of Hypokinesia
on the Ultrastructure of Limbic,
Extrapyramidal and Neocortical
Areas of the Rat Brain: Electron
Microscopic Study

Mzia G. Zhvania, Nadezhda J. Japaridze and Mariam G. Ksovreli

Abstract The effect of chronic restraint stress and chronic hypokinesia “without
stress” on the ultrastructure of central and lateral nuclei of amygdala, CA1 and CA3
area of the hippocampus, cingular cortex, nucleus caudatus and motor cortex of
adult male rats were elucidated. In some neurons and synapses of abovementioned
regions pathological modifications were revealed. More significant alterations pro-
vokes chronic restraint stress. Alterations are mostly concentrated: first—in the nuclei
of amygdala, then in the CA1 and CA3 areas. Moderate alterations were observed
in cingular cortex and nucleus caudatus. In comparing with it, hypokinesia “without
stress” provokes only moderate modifications: predominantly in the nucleus cauda-
tus, in lesser degree—in the hippocampus and amygdalae.

The ability of restraint motor activity (hypokinesia) to produce alterations on the
functioning of central nervous system has been studied extensively. Numerous arti-
cles and reviews have been written on the reasons, mechanisms and possible con-
sequences of such alterations [1–5]. However several questions still demand further
elucidation. Especially limited work has been accomplished investigating the effect
of various forms of chronic hypokinesia on the structure of brain [2, 6, 7]. It is very
likely that depending on the form of hypokinesia, different brain structures could be
involved in pathology. In the present study, using transmission electron microscope
(TEM) we elucidated how different forms of restraint motor activity are reflected
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on the ultrastructure of neurons and synapses of limbic, extrapyramidal and neocor-
tical regions of rat brain. We are focused on two types of hypokinesia: (i) Chronic
restraint stress—condition characterized with the increased blood plasma level of
stress-hormone, corticosterone and (ii) Hypokinesia “without stress”—condition,
characterized with normal corticosterone plasma level. The following structures were
examined: central and lateral nuclei of amygdalae, CA1 and CA3 areas of the hip-
pocampus, cingular cortex (limbic areas), nulceus caudatus (extrapyramidal area)
and neocortical motor area.

31.1 Material and Methods

31.1.1 Model of Chronic Restraint Stress

Adult (85–90 days old) male Wistar rats (n=7) were kept for 90 days (d) in indi-
vidual Plexiglas cages, the dimesnions of which (35 cm × 35 cm × 30 cm) allowed
movement to be strongly restricted. The cages were housed in normal controlled
environment. Five age-matched control rats were kept in ordinary vivarial condi-
tions. After 10 days the level of corticosterone in blood plasma was measured using
corresponding ELISA kit.

31.1.2 Model of Chronic Hypokinesia “Without Stress”

The male Wistar rats were used. For the beginning of experiment the age of animals
was 15–20 days. The features of such young rats are the high plasticity and reparative
abilities of the central nervous system. Experimental rats (n=5) were kept for 90 days
in individual Plexiglas cages of special construction which gives the possibility to
change their size. For the beginning of experiments the body weight of experimental
rats varied from 120 to 150 g; the cage size was 35 cm × 35 cm × 30 cm. In parallel
with the increasing of body size/weight, the size of cage was also gradulaly increased.
So, for the end of experiments the body weight of rats was 220–240 g and the final size
was 65 cm × 55 cm × 50 cm. After 10 days of experiment the level of corticosterone
in blood plasma was measured using corresponding ELISA kit. Control rats (n=3)
were kept in ordinary vivarial conditions.

31.1.3 Perfusion and Material Processing

Experimental and control animals were transcardially perfused under pentobarbital
injection (100 mg·kg) with heparinized 0.9 % NaCl followed by 500 mL of 2.5 % glu-
taraldehyde in 0.1 % phosphate buffer (PB) (pH—7.4, perfusion pressure—120 Hg).
After removal from skull and washing in PB, the brains were postifxed in 0.1 %
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osmium tetroxide. The tissue blocks containing areas of interest were processed
using conventional procedures and embedded in Araldite. 70–75 nm tick sections
were prepared with a Reichert ultramicrotome, pocked up on 200 mesh copper grids,
double-stained with uranil-acetate and lead citrate and examined under TEMs, JEM
100 C (JEOL) and TESLA BS500.

31.2 Results and Discussion

31.2.1 Chronic Restraint Stress

As a result of 90 days of restraint stress, in experimental rats the blood plasma level of
stress hormone, corticosterone, was elevated, indicating to the development of stress
response. The most significant alterations were observed in limbic regions, first—in
amygdala, then—in the CA1 and CA3 areas; small changes were seen in cingular
cortex and nucleus caudatus; no changes were detected in motor cortex.

In the central nucleus of amygdala pathological alterations were detected in ∼40 %
of neurons, and in the lateral nucleus of amygdala—in ∼30 % of neurons. In both
structures the majority of altered cells have ultrastuctural peculiarities of pyrami-
dal neurons. The mitochondria were affected most often. Thus, the disruption of
several cristae, vacuolization of some forms or interruption of mitochondrial mem-
brane (rarely) were observed. In other cells the moderate or significant swelling of
cisterns of endoplasmic network, big cytoplasmic vacuoles (the result of vacuoliza-
tion of cytoplasmic organelles or water balance disorder), chromatolysis, long and
sometimes twisted invaginations of nuclear membrane or membrane-and/or myelin-
like cytoplasm inclusions were seen. Some dendrites were swelled and dendritic
tubules were disorganized. Rarely shrunk, high-osmiophilic shapless profiles (irre-
versibly degenerated presynaptic terminals or necrotic neurons), partially envoloped
with astrocytic processes were observed. In parallel, the number of neurons with
numerous “active” organelles were also observed. Among synapses more altered
were axo-dendritic forms: in the central nucleus ∼15 %, in the lateral nucleus—
∼13 %. Thus, agglutination of synaptic vesicles (Fig. 31.1a), the damaged presynap-
tic mitochondria, myelin-like presynaptic or postsynaptic (rarely) inclusions and few
“dark”, shapeless presynaptic terminals partially engulfed with astrocyte processed
were observed. In other preterminals superfucial alterations—moderately destruc-
tive presynaptic mitochondriae or single small myelin-like/osmiophilic bodies—
were seen. In comparing with control more numerous were presynaptic terminals
with single synaptic vesicles located far from active zone, terminals with granular
vesicles (Fig. 31.1b), almost symmetrical axo-dendritic synapses and stubby spines.

31.2.2 Hypokinesia “Without Stress”

Despite the fact that motor activity remained significantly reduced during all experi-
ment, the situation was not stressful for animals from this group (due to high plasticity
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Fig. 31.1 Profiles of presynaptic terminals in rat brain after 90 days of hypokinetic stress; a open
arrows—active zone, filled arrows—vesicle agglutination, double head arrow—mitochondria with
moderately osmiophilic matrix, bar—1.0µm; b open arrows—active zone, filled arrows—granular
vesicles, arrowheads—mitochondria with osmiophilic matrix, bar—100 µm

and reparative abilities of the central nervous system of young animals and gradual
increase of cage size): the level of corticosterone in blood plasma of such rats corre-
sponded to blood plasma corticosterone level of control animals.

The brain ultrastructure of these rats was more preserved. Moderate (mostly)
alterations were observed in the nucleus caudatus, then in amygdala and hippocampus
while the cingular cortex and neocortex preserved alsmost normal structure. Among
alterations, dominated moderate changes of mitochondria/endoplasmic network, and
small cytoplasmic inclusions (myelin-like or small vacuoles). Moderately damaged
mitochondria and/or small osmiophilic inclusions were observed in some altered
presyanptic terminals also. Besides, like in the case of chronic restraint stress, the
presynaptic terminals with single synaptic vesicles located predominantly at distance
from active zone and almost symmetrical axo-dendritic (axo-spine) synapses were
relatively numerous.

Thus, the main results of our study are: (i) different forms of hypokinesia pro-
voke ultrastructural alterations in limbic and extrapyramidal regions of rat brain; (ii)
hypokinetic stress provokes more sgnificant and numerous alterations then “hypoki-
nesia without stress”; (iii) different forms of hypokinesia mostly affect different
regions of brain: in the case of chronic hypokinetic stress more altered were limbic
regions of the brain, in the case of hypokinesia “without stress”—extrapyramidal
region—nucleus caudatus.

The nuclei of amygdala are known to play a crucial role in the orchestration and
modulation of an organism’s response to stressful events [8–11]. Some of patho-
logical alterations observed in these regions as a result of hypokinetic stress could
be related with the development of stress reaction. Thus, granular vesicles usually
are considered as containing catecholamines. On the other hand, it is well-known
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that catecholaminergic systems are activated in different ways following exposure to
distinct stressful stimuli [12–14]. Therefore, the increased number of synaptic termi-
nals with granular vesicles could be provoked by stress response. Interestingly: such
preterminals were rare in the brain of rats with normal level of corticosterone. The
prevalence of stubby spines in comparing with other spine types could be one more
feature of stress response: for unkown reasons prevalence of stubby spines was also
described during other forms of stress [3, 15–17]. The “dark” neurons and presy-
naptic terminals, agglutination of synaptic vesicles or big myelin-, membrane- or
vacuole like inclusions in the cytoplasm of some neurons and/or presynaptic termi-
nals which are considered as irreversible, also could be the result of stress reaction:
they were absent in the case of hypokinesia “without stress”. Such pathological
changes of neurons and synapses can ultimately significantly alter the connection
profile for a neuron, providing the necessary anatomical foundation for changes in
information processing and behavioral output. On the other hand: the occurence
in some other neurons numerous and quite long nuclear membrane invaginations
(that indicate to activation of nuclear and cytoplam interaction) or the presence of
numerous “active” organelles, may be related with the development of some compen-
satory processes. It is notable that social partial isolation which often coexists with
restraint stress, typically provokes moderate alterations not in amygdala but mostly
in the hippocampus—brain region actively involved in the processes of learning and
memory [18].

In contrast to restraint stress, the hypokinesia “without stress” provokes structural
modifications mostly in extrapyramidal structure, which plays significant role in
the modulation of motor acitivity and not in limbic areas. The alterations that are
observed in these region (moderate changes of cytoplasmic organelles and some
synapses, the increase of the number of preterminals with single vesicles and almost
symmetrical axo-dendritic synapses) were common for both forms of hypokinesia.
Therefore, such kind of changes could be considered as provoked by restraint motor
activity.

In summary: according our results, the restraint motor activity does not pro-
voke significant alterations in the ultrastructure of brain. However considerable and
sometimes irreversible structural modifications could produce stress reaction, which
is often developed in the organism subjected to hypokinesia.
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Chapter 32
Diversity of Bacterial Spores from Brazilian
Cerrado’s Soil Strains by Transmission
Electron Microscopy

Danilo A. Cavalcante, Juliana C. Orem and Marlene T. De-Souza

Abstract Transmission electron microscopy (TEM) studies in the 1960s started
revealing a series of complex ultrastructural bacterial spore appendages that have,
since then, been used as instruments for bypassing obstacles in finding answers about
the appearance, distribution and possible function of spore structures. Our group’s
multi-phase taxonomy work, aims to obtain a consistent classification of diverse aero-
bic endospore-forming bacteria isolated from the Brazil’s Cerrado (tropical Savanna)
soil. In the present work, the spore’s morphology of nineteen selected strains was
resolved by TEM with the usage of two different staining techniques, a simple yet
effective methodology, in order to determine characteristic surface features that could
be used to distinguish and help to identify, also provide better understanding about
our soil strains.

32.1 Introduction

Bacteria have many strategies for surviving environmental challenges. Formed in
response to starvation, bacterial spores are the most resilient cell types known. Spores
are frequently reported as being able to withstand extreme stress conditions [1–3] and
as examples of long-term cell survival [4–6]. The spore formation, or sporulation, is
an example of cell differentiation where a cell replicates its DNA, places a copy of
its genome in a compartment called the forespore that further develops in a mature
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spore [7, 8]. Being released into the surrounding environment it can persist or quickly
convert back to actively growing cells, a process called germination.

Spore-forming bacteria exhibit a gigantic array of environmental niches and habi-
tats [9, 10], few of which have been explored in detail. A variety of spore-forming
bacteria are routinely found in soil samples [11]. Recognition of the extent of soil
bacterial diversity and environmental, clinical and industrial concerns has given rise
to numerous studies that emphasize the important role of efficient phylogenetic diver-
sity classification of soil spore forming bacteria. The diversity of soil bacteria is often
quantified using determined indices [12, 13] such as richness, evenness or comple-
mentarity, with reference to a predefined taxonomic group. The current challenge,
in bacterial taxonomy in general, is to find a systematic way to reconcile molecular
data with ecology for a valid and biologically meaningful classification [14–17].

Our group’s work aims to expand the fundamental knowledge of soil Bacillus spp.
and related genera isolated from Brazil’s Cerrado (tropical Savanna), the country’s
second-largest biome. We have previously generated a spore library containing 154
strains designated SDF001-154 presenting phenotypic diversity. This library consists
on a part of a multi-phase taxonomy project, involving phylogenetic, genotypic and
phenotypic characterization that seeks to obtain a consistent classification of diverse
aerobic spore-forming bacteria from the Cerrado’s soil.

32.2 Spore Layers and TEM

Spores are essentially constituted by concentrically arranged layers that can be built
in a large number of ways, some of which are way too different from those presented
on the model spore-forming Bacteria (Fig. 32.1). Most of these data are from elec-
tron microscopic analysis that reveals variations in the morphology of all classes of
external spore structure [2, 8, 18, 19].

Spore structure of the model genus Bacillus consists, starting from the center, of
an inner core, surrounded by a layer of peptidoglycan, the cortex, and a multilayered
protein shell called the coat. By thin section electron microscopy, the coat frequently
appears as a darkly staining layer, presenting or not, ridges and valleys that sometimes
can be used as a tool for species differentiation through atomic force microscopy
[20, 21]. Usually, two layers of the spore coat can be observed in thin section electron
microscopy: a lamellar inner coat and a coarsely layered outer coat [7]. A recently
identified outer-coat layer named crust can also be observed [22]. In some species, a
distinct glycoprotein outermost layer, called the exosporium, can be also identified
as a contiguous shell surrounding the coat and separated from it by a gap called the
interspace [7, 23].

In the present work, the spore morphologies of Bacillus spp. and related gen-
era were resolved by thin section transmission electron microscopy (Fig. 32.2), a
simple and yet effective methodology in order to determine characteristic surface
features that could be used to distinguish and help to identify, also provide better
understanding about our soil isolates.
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Fig. 32.1 Representative spore ultrastructure. Model of a typical Bacillus spp. spore the core (black)
in the center is surrounded be the contex (grey) and by the multi-layer spore coat, which consists of
the basement layer (blue), the inner coat (orange) and the outer coat (red) and sometimes presents
an external layer called the crust. Some species exhibit an outermost layer called the exosporium
(deep blue) that is separated from the rest of the spore by a large interspace

Fig. 32.2 Braxillian Cerrado’s spore diversity. Thin section electron micrographs of spores isolated
from Cerrado’s soil were selected after analysis of the first and the second staining technique. The
technique that provided better structure visualization was chosen as the representative strain model.
a SDF01 sporangium; b SDF02 spores; c SDF12 spores; d SDF07 spores; e SDF08 sporangium
presented a thick layer surrounding the coat; f SDF09 spore; g SDF29 spore presented a gap in the
core and a spiked exosporium; h SDF05 spores presented a very long exosporium and a star-like
structure surrounding the coat; i SDF15 spore; j SDF21 spore; k SDF24 spore; l SDF11 spore;
m SDF30 sporangium presented a huge cristal-like structure; n SDF42 sporangium; o SDF47
spore; p SDF49 spore; q FT9 spores with comparative staining revealing exosporium appendages
and fiber-like structure; r SDF51 spore; s SDF48 spore. *[Red] = Ruthenium red **[Blue] = Uranyl
acetate
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Nineteen different strains selected from our spore library (Fig. 32.2: a-s) for pre-
senting diverse phenotypic properties were submitted to osmium tetroxide and either
uranyl acetate or ruthenium tetroxide staining. Cultures of the strains were grown in
LB medium for 48 h at 28 ◦C and washed 2 times in water.

Samples selected for the first staining technique (Fig. 32.2: marked in blue) were
fixed for 4 h in Karnovsky (1 % paraformaldehyde; 3 % glutaraldehyde, and 0.07 M
sodium cacodylate). Samples were washed in 0.1 M sodium cacodylate and post-
fixed in 0.1 M potassium ferrocyanide and 1 % osmium tetroxide for 1 h followed
by washing in 0.1 M sodium cacodylate. Samples post-fixed were then stained in
0.5 % uranyl acetate for 12 h, dehydrated in acetone gradient, and slowly embedded
in Spurr resin at 60 ◦C for 48 h.

Samples selected for the second staining technique (Fig. 32.2: marked in red)
were processed in a primary fixative-1 mg ruthenium red and 69 % (0.1 M) sodium
cacodylate in 31 % (8 %) glutaraldehyde-at 37 ◦C for 1 h followed by washing in PBS
(150 mM NaCl; 10 mM NaHPO4; 0.005 % NaN2; pH 7.4). Samples were processed
in a secondary fixative-1 mg Ruthenium red and (0.05 M) sodium cacodylate in 50 %
(4 %) Osmium Tetroxide-for 3 h at room temperature followed by washing in PBS.
Samples stained were dehydrated in ethanol gradient and slowly embedded in Spurr
resin at 60 ◦C for 48 h.

32.3 Conclusion

The data analysis of the spore’s morphology, layers and external appendages rep-
resents an important first step towards understanding the assembly and function of
these structures as well as generate significant information regarding phenotypic tax-
onomy of these species. Beyond providing information to our group spore database
project, this work highlights the importance of the analysis of non-model systems
both to expand our understanding of bacterial diversity and to complement ongoing
work in traditional model systems.
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Chapter 33
DNA Feulgen Cytophotometry and Chromatin
Diminution

Irina G. Palchikova, Elena A. Ivankina, Valery F. Semeshin,
Leonid V. Omelyanchuk, Igor F. Zhimulev and Eugeny S. Smirnov

Abstract The essential conditions for image acquisition and processing in the DNA
image cytometry are revealed. To eliminate the specific cytometric errors we propose
the calibration procedure for camera. Special test objects with different absorption are
elaborated and made by photolithography. We first revealed chromatin diminution
in two endemic Baikal species of Cyclopoida: Acanthocyclops incolotaenia and
Diacyclops galbinus. We estimated the extent of chromatin diminution in Diacyclops
galbinus as 95.5–96.2 %.

33.1 Introduction

The method of DNA image cytometry is based on the Bouguer–Lambert–Beer law.
For this purpose the scanning technique [1] is accepted as correct and the most
appropriate method. However, densitometry method [1], combined with the use of a
Vickers M86 standard scanner, is very expensive and, therefore, its practical appli-
cation is limited. An alternative and prospective approach in this field could consist
of the use of digital equipment. Currently, the amount of DNA in the cell nucleus is
evaluated numerically by the total optical density of the digital image of the Feulgen
stained structures [2]. The obvious advantage of the image cytometry method is the
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possibility to assess groups with small numbers of cells detected in the preparation
in situ.

In this paper we represent how the accurate monitoring of the instrumentation
and calibration ones [2–4] allows getting the high validity and reproducibility of
measurements with help of the quantitative analysis of digital images. In our studies,
the presence of chromatin diminution in two Baikal Cyclops species—Acantocyclops
incolotaenia and Diacyclops galbinus—was established for the first.

33.2 Materials and Methods

Material fixation and treatment. We used blood cells (smears) from several species
(Gallus domesticus, Danio rerio, Homo sapiens, Rana arvalis) with the known DNA
content per haploid chromosome set (1C) [2, 5], which are commonly applied as the
standard for a comparative evaluation of the DNA content in other animal and plant
species. Blood smears were fixed in a mixture of 96 % ethanol with glacial acetic acid
(3:1) for 20 min, washed in three ethanol changes, and dried. DNA was hydrolyzed
in 5 N HCl for 5 min at room temperature [6, 7]. Samples were stained according
to Feulgen by the routine technique as follows: treated with Schiff’s reagent for 2 h,
washed with sulphur water for 15–40 min (three to eight changes), dehydrated with
alcohols, and mounted in Canadian balsam.

Instrumentation. The experimental data process implies the handling of speci-
men, micro image acquisition and its digital processing. The inaccuracies are inserted
into the measurement results at the each stage of the process.

Digital images [4] were registered with different cameras (AxioCam MRc, Canon
EOS 500D, Leica DFC420) and different microscopes (AXIOVERT-200 (Carl
Zeiss), DM-4000 (Leika), DIALUX 20 EB (Leitz) with objectives of 20×/0.40).
The interference filter with average of 80 % transmission in the wavelength band of
551 ± 10 nm is used in experiments.

To avoid the optic blurs which can significantly alter the measurements we design
[2] the special procedure for the nucleus image acquisition and processing. We pro-
duce the black control object which holds the China ink micro pieces. Intensity of
the digital control object image is subtracted from the intensity of the nucleus image
pixel by pixel. Then findings are normalized to the incident intensity. The resulting
digital matrix is composed of values that proportional to the light transmission coef-
ficient (τ) at the pixels of nuclear area. According to the Buger–Lambert–Ber law
the optical density D for each pixel in the elementary area is calculated by formula

D = − log10 τ.

The reverse summarized matrix logarithm of transmission coefficients was used to
determine the nuclear DNA content.

The validity and reproducibility of measurements in DNA image cytometry
depend mainly on the transfer linearity of the densitometry device. We characterized
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Fig. 33.1 Special test object

the properties of the photo matrix in the lighting mode applied in our densitometry
device, based on transmission microscope. For this purpose, samples were replaced
by a multistage spectrophotometric attenuator with a step transmission of 100, 70.79,
50.12, 31.62, 19.95, 14.8, 8.91, 6.31 and 100 %, respectively. The average pixel inten-
sity was estimated in the photomatrix region used for densitometric measurements
for each step images of the attenuator. In the areas of low transmission the diagram is
described with linear dependence. Linear deviation in the area of high transmission
is not exceeding 10 % from transmission value.

For purposes of both photogrammetric and densitometric calibration of camera
we elaborated and made special test objects in chromium films by photolithography.
The test object is shown in Fig. 33.1, it combines the operating characteristics of
stage micrometer, bright point-object and linear gratings. Transmission coefficients
of test objects vary within the limits of 0.1–0.9.

To perform the DNA calibration of our device, we carry out experiments on the
DNA staining of blood cells from four organisms with known genome DNA content
(Gallus domesticus, Danio rerio, Homo sapiens, Rana arvalis). The dependence
between the measured mean DNA values (relative units) and values (pg/cell) known
from the literature is linear. The calibration inclined line crosses the ordinate axis
in the point less than 10 relative units. This value approximately corresponds to the
signal variation in our samples and is the standard measurement error that arises due
to residual cytoplasm staining.

33.3 Experimental Results

The results of measuring the DNA content in the nuclei of Cyclops kolensis cells
are presented in Table 33.1. The most consistent calibration data on blood cells were
obtained in the first three experiments (Moscow population of Cyclopoida). In these
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Table 33.1 DNA content in C. kolensis and C. insignis cells [9]

Experiment number, Pre-diminution Post-diminution Eliminated
population development development DNA

Anaphase Metaphase Polar body Late Swimming
(2C) (4C) (1C) embryos legs,

(2C) female
(2C)

1. C. kolensis,
Moscow
population
(Axiovert-200)a

39.9
σ = 3.5;
n = 28

80.8
n = 1

21.2
σ = 1.27;
n = 23

– 1.82
σ = 0.24;
n = 18

95.4–95.7

2. C. kolensis,
Moscow
population
(Axiovert-200)

41.5
σ = 3;
n = 69

84.8
σ = 8.3;
n = 44

– – 1.98
σ = 0.18;
n = 14

95.2–95.3

3. C. kolensis,
Moscow
population
(DM-4000)

40.6
σ = 3.6;
n = 38

80.9
σ = 6.9;
n = 177

20.6
σ = 2.8;
n = 28

1.6
σ = 0.12;
n = 13

1.77
σ = 0.17;
n = 38

95.6–96.1

4. C. kolensis,
Baikal
population
(Axiovert-200)

40.7
σ = 3.4;
n = 3

85.6
σ = 10.8;
n = 49

– 1.66
σ = 0.36;
n = 24

1.52
σ = 0.28;
n = 50

96.1–96.4

5. C. kolensis,
Baikal
population
(Axiovert-200)

– 106.5
σ = 15.1;
n = 8

18.9
σ = 4.0;
n = 7

2.02
σ = 0.45;
n = 43

2.08
σ = 0.43;
n = 50

96.2

6. C. insignis,
Moscow
population
(DM-4000)

7.5
σ = 0.46;
n = 51

14.9
σ = 1.04;
n = 120

3.7
σ = 0.44;
n = 19

Anaphase 7.4
σ = 0.34;
n = 30
Metaphase
14.2
σ = 1.0;
n = 50

6.81
σ = 0.36;
n = 74

Absent

Microscope type is indicated in brackets; n is the number of nuclei in the sample, σ is standard
deviation of DNA content in the sample

experimental series 1 and 2 (Table 33.1), anaphases (A) and metaphases (M) were
found for C. kolensis and measured; their DNA content may serve as the inner
control of measurements. The results show that, in the first measurement series,
the M/A ratio (80.8/39.9) was 2.03, instead of the expected 2. Thus, the difference
between these two mean values of DNA content is (2.03 − 2)/2 × 100 = 1.5 %.
In the second experimental series M/A ratio was 84.8/41.5 = 2.04. The differ-
ence was (2.04 − 2)/2 × 100 = 2 %. The difference between the two experimen-
tal series in DNA content was (41.5 − 39.9)/40.7 × 100 = 4 % in anaphase and
(84.8 − 80.9)/82.8 × 100 = 5 % in metaphase. So, the measurements were quite
accurate. In the third experiment, the DNA content was measured under a DM-4000
microscope. The results are similar to those obtained in the previous two experiments
and imply that DNA measurements performed under various systems are highly
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Fig. 33.2 Embryos of A. incolotaenia (Feulgen staining). a CD in A. incolotaenia embryos; b A.
incolotaenia embryos at later stages of cleavage, after CD. The arrows indicate the granules of
discarded DNA (a) and presomatic cells after CD (b). 40× objective [10]

reproducible. The data obtained for Baikal Cyclopoida populations (experiments 4
and 5, Table 33.1) are comparable to those obtained for the Moscow population. The
results calculated relative to haploid DNA content (1C) for the cells of prediminution
development (anaphase, metaphase, and polar body) coincide well. In cells after CD,
the DNA content is more variable (from 0.83 to 1.04 pg). It cannot be excluded that
the cells were at various stages of mitosis; therefore, these results are considered to
be approximate values. The DNA content in two different populations of C. kolensis
proved to be higher than that reported previously [8]. Thus, the authors estimated that
the DNA content (1C) in C. kolensis was 2.3 ± 0.03 pg (n = 91) before CD and 0.14
± 0.01 pg (n = 70) after CD; this is 8.6–11.5 and 5.7–7.4 times less, respectively,
than the values presented in Table 33.1. On the other hand, our results are in a good
agreement with the relative values of eliminated DNA in this species. These values
vary in the range of 94.7–96.4 %, rather than the 93.5 % reported previously.

In our studies, the presence of chromatin diminution in two Baikal Cyclops
species—Acantocyclops incolotaenia and Diacyclops galbinus—was established for
the first. Cyclops A. incolotaenia at the stage of chromatin diminution (Fig. 33.2a)
and at the stage of late embryonic development (Fig. 33.2b). In Fig. 33.2a, Feulgen
positive granules of eliminated DNA can be observed, which serves as evidence of
CD in this species. Figure 33.2b shows A. incolotaenia embryos at the late stage of
embryonic development, probably after diminution. In the center of each embryo,
there are two or three large nuclei not undergoing diminution; they are surrounded
by smaller nuclei, in which some of the DNA has already been eliminated.
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Table 33.2 Amount of DNA (pg) in cells before and after chromatin diminution

Cyclops species Prediminution Postdiminution Eliminated
(population, development development DNA
microscope
used

Anaphase Metaphase; Late Swimming
(2C) Prophase (4C) embryos legs, female

(2C;4C) (2C)

Diacyclops
galbinus
(Baikal,
Axiolab)

16.53
σ = 2.02;
n = 33

31.6
σ = 3.22;
n = 19
(metaphase);
31.76
σ = 2.00;
n = 11
(prophase)

0.71
σ = 0.15;
n = 15;
–

0.63
σ = 0.09;
n = 36

95.51–
96.19

Mesocyclops
leuckarti,
(Baikal,
Axiolab)

1.73
σ = 0.13;
n = 4

3.62
σ = 0.26;
n = 5
(prophase)

1.55
σ = 0.14;
n = 73;
3.32
σ = 0.36;
n = 39

1.60
σ = 0.15;
n = 50

Absent

Mesocyclops
leuckarti, (lake
1, Axiolab)

1.72
σ = 0.11;
n = 34

3.72
σ = 0.19;
n = 5
(metaphase)

1.51
σ = 0.08;
n = 8;
3.38
σ = 0.11;
n = 3

1.62
σ = 0.07;
n = 47

Absent

Mesocyclops
leuckarti, (lake
3, Axiolab)

1.74
σ = 0.09;
n = 22

3.85
σ = 0.24;
n = 3
(metaphase)

1.60
σ = 0.14;
n = 7;
3.54
σ = 0.22;
n = 4

1.56
σ = 0.31;
n = 30

Absent

Arithmetic mean, σ (standard deviation) and number of measurements (n) are given

According to the results of cytophotometrical analysis, in D. galbinus the percent
of eliminated DNA amounts to around 95.5–96.2 %, whereas the size of the pre-
and post diminution genome differs significantly and amounts to 8.27±1.01 pg and
0.36 ± 0.08 pg, respectively (Table 33.2). As a result of analysis of the DNA content
in the M. leuckarti germ and somatic cells, we observed [9] an amount of DNA in
somatic cells that was reduced by 7–10 % compared with the germ ones.

Such a low level of differences allows it to be suggested that there is an absence
of CD in this species. Nevertheless, we cannot rule out as well the presence of a
small DNA elimination. The good reproducibility of results for the cyclops collected
in different habitats is a good corroboration of this (Table 33.2). At the same time,
the DNA content in this species in somatic cells (2C) amounts to 1.56–1.60 pg and
is almost twice the value (0.76 pg) established earlier [11, 12]. This discrepancy
may be due to population differences in the cyclops used for analysis: Rasch and
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Wyngaard used M. leuckarti of the European population (Germany). Elucidation of
this problem requires carrying out additional comparative analysis.
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Chapter 34
Comparison of Microstructural
and Mechanical Properties
of Hydroxyapatite-ZrO2 Composites
with Commercial Inert Glass Addition

Berrak Bulut, Nermin Demirkol, Ziya Engin Erkmen and Eyup Sabri Kayali

Abstract Hydroxyapatite(HA) is very popular bioceramic for hard tissue restora-
tions. But, bulk HAs are not suitable for load bearing applications. So, HA material
can be reinforced with a second phase (i.e polymers, metals and ceramics) to make a
stronger composite material. The aim of this study is to compare the microstructural
and mechanical properties of HA-ZrO2 composites with the addition of 5 and 10 wt%
commercial inert glass (CIG), separately. The green samples were produced accord-
ing to BS 7253 at 350 MPa. Then, they were sintered at between 1000 and 1300 ◦C for
4 h. Microstructural properties of the obtained composites were characterized using
SEM (Scanning electron microscopy) + EDS; phase analysis was done by X-ray
diffractometer (XRD), mechanical properties were measured by compression and
hardness tests. According to the results of ongoing bioactivity and biocompatibil-
ity studies, these two composites will possibly be good candidates for orthopedical
applications.
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34.1 Introduction

Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is one of the most widely used biomaterials
for reconstruction of the skeleton and dental tissues. HA is a nontoxic and biocom-
patible material. This material improves biocompatibility and bonds well to growing
bone [1, 2]. But it has poor mechanical properties especially in wet environments.
There have been many investigations aimed in improving mechanical properties. The
way is to improving mechanical properties to make composite materials. Addition
of second phase to the HA matrix in order to obtain products with improved strength
and toughness has been researched in recent years [3].

Zirconia has been one of the most important ceramic materials for well over a
century. Zirconia is a biomaterial that has a bright future because of its high mechan-
ical strength and fracture toughness. Zirconia ceramics have several advantages over
other ceramic materials due to the transformation toughening mechanisms operating
in their microstructure that can be manifested in components made out of them [4, 5].
Bioactive glasses and glass ceramics are highly bioactive biomaterials due to their
osteoconductive and osteoinductive properties which result in strong bonding with
the neighboring bone [5, 6]. The glass ceramic has superior mechanical properties,
good biocompatibility, bioactivity and no toxicity making it useful as a biomaterial
in artificial bone and dental implants [5].

There are few studies related to HA-ZrO2 composites. Erkmen et al. [7] had stud-
ied microstructural and mechanical properties of HA-ZrO2 composites. In this study,
enamel-derived HA (EHA) and commercial HA (CHA) were chosen as the matrix.
For EHA-PSZ (partially stabilized zirconia) composites, the density and mechanical
properties were generally enhanced by adding 5 wt% PSZ, especially after sintering
at 1200 ◦C, whereas CHA-PSZ composites showed lower strength values at sintering
temperatures of 1200 and 1300 ◦C with respect to EHA-PSZ composites. Evis [2]
had studied reactions in hydroxylapatite–zirconia composites. In this study, addition
of zirconia caused increased decomposition of the HA in composites, forming tri-
calcium phosphate phases (TCP). The porosity of the sintered composites increased
with increase in zirconia concentration in the composites, probably because of water
formed by the decomposition of the HA. Demirkol et al. [3] had studied influence
of commercial inert glass (CIG) addition (5 and 10 wt%) on the mechanical proper-
ties of commercial synthetic HA (CSHA). The mechanical properties of composites
decreased with increasing CIG content. The highest mechanical properties and the
highest density were obtained in CSHA-5 wt% CIG composites sintered at 1300 ◦C.

The aim of this study is to compare the microstructural and mechanical properties
of HA-ZrO2 composites with the addition of 5 and 10 wt% commercial inert glass
(CIG), separately.
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34.2 Materials and Methods

In this study, a commercial synthetic hydroxyapatite (Acros Org, BE) was used
as hydroxyapatite. The CIG obtained from conventional window glass has the same
chemical analysis with Demirkol et al.’s study [3]. Two batches were prepared: Batch
1 (B1) was composed of 90 wt% of HA, 10 wt% of ZrO2 and 5 wt% of CIG, whereas
Batch 2 (B2) was 90 wt% of HA, 10 wt% of ZrO2 and 10 wt% of CIG. The HA-ZrO2
powders were separately mixed with 5 and 10 wt% commercial inert glass (CIG)
powder for 4 h using ballmilling (Ozmak Comp, TR) which were then pressed at
350 MPa. Pressed samples were sintered between 1000 and 1300 ◦C (+5 ◦C min−1)

for 4 h. Density, Vickers microhardness, and compression strength tests were per-
formed consequently. Microstructural characterization was carried out by optical and
scanning electron microscopy (SEM-Joel JSM-5910 LV-Low Vacuum Scanning) and
energy dispersive spectroscopy (EDX-Oxford Inca Energy 200) and X-ray diffraction
(XRD-Brucker D8-Advanced X-ray diffractometer using Cu Kα radiation) analysis.
Microhardness values were determined under 200 g. loading. The compression tests
were done with an universial testing machine (Shimadzu, JP) at a crosshead speed
of 3 mm/min.

34.3 Results and Discussion

Table 34.1 summarizes density and porosity data of composites sintered at different
temperatures.

Table 34.2 summarizes product phases obtained in XRD diagrams for HA-ZrO2
with 5 and 10 wt% CIG addition composites sintered at 1000–1300 ◦C. Both com-
posites sintered at 1000 ◦C include hydroxyapatite (HA), zirconia (ZrO2), whitlock-
ite (beta-tricalcium phosphate) (W), calcium zirconate (CZ). HA-ZrO2-5 wt% CIG
composite sintered at 1300 ◦C includes hydroxyapatite (HA), zirconia (ZrO2), whit-
lockite (beta-tricalcium phosphate) (W), sodium calcium silicate (SC-Si) phases.
However, HA-ZrO2-10 wt% composite sintered at 1300 ◦C additionally showed cal-
cium silicate (C-Si) phase to these phases in addition.

The highest density was obtained in HA-ZrO2-5 wt% CIG composite sintered at
1300 ◦C.

Figures 34.1 and 34.2 present the micrographs of composites at 1000–1300 ◦C
temperature.

When Fig. 34.1a is compared with Fig. 34.1c, grain growth occured with increas-
ing sintering temperature. Increase of CIG content enhanced grain growth as clearly
seen in Fig. 34.1a–d. Comparing Fig. 34.2a, b, grain growth and glassy phase forma-
tion along with the cracks were observed.

Table 34.3 summarizes the experimental results of Vickers microhardness and
compression strength of the samples sintered at different temperatures.
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Table 34.1 Density and porosity values of HA-ZrO2 with 5 and 10 wt% CIG addition composites
sintered at different temperatures

Temperature (◦C) Density (gr/cm3) Porosity (%)
5 wt% 10 wt% 5 wt% 10 wt%

1000 1.95±0.036 2.02±0.14 35.86±0.66 42.48±10.04
1100 2.12±0.027 1.98±0.09 31.67±1.61 31.81±8
1200 2.53±0.095 2.34±0.041 18.29±3.56 22.71±1.67
1300 2.74±0.005 2.39±0.25 8.44±0.42 19.84±8.57

Table 34.2 Phases obtained in XRD diagrams of HA-ZrO2 with 5 and 10 wt% CIG addition
composites sintered at different temperature

1000 ◦C 1300 ◦C

HA-ZrO2-5 wt% CIG (1) Ca10(PO4)6(OH)2 (HA) (1) Ca10(PO4)6(OH)
(2) ZrO2(monoclinic) (2) ZrO2(tetragonal)
(3) Ca3(PO4)2(W) (3) Ca3(PO4)2

(4) CaZrO3(CZ) (4) Na2CaSiO4 (SC-Si)
HA-ZrO2-10 wt% CIG (1) Ca10(PO4)6(OH)2 (1) Ca10(PO4)6(OH)2

(2) ZrO2(monoclinic) (2) ZrO2 (tetragonal)
(3) Ca3(PO4)2 (3) Ca3(PO4)2

(4) CaZrO3 (4) Na2CaSiO4

(5) Ca2SiO4(C-Si)

Fig. 34.1 Microstructures of composites sintered at different temperatures. a HA-ZrO2-5 wt%
CIG at 1000 ◦C, b HA-ZrO2-10 wt% CIG at 1000◦C, c HA-ZrO2-5 wt% CIG at 1300 ◦C,
d HA-ZrO2-10 wt% CIG at 1300 ◦C
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Fig. 34.2 Microstructures of HA-ZrO2-10 wt% CIG composite sintered at 1300 ◦C temperature. a
HA-ZrO2-10 wt% CIG at 1300 ◦C backscattered image, b HA-ZrO2-10 wt% CIG at 1300 ◦C

Table 34.3 Mechanical properties of HA-ZrO2 with 5 and 10 wt% CIG addition composites sin-
tered at different temperature

Temperature (◦C) Compression strength (MPa) Vickers microhardness (HV)
5 wt% 10 wt% 5 wt% 10 wt%

1000 50.74±14.16 30.19±5.00 65,00±2.20 32.77±8.39
1100 50.31±6.07 29.13±9.20 57.82±9.18 46.56±5.55
1200 75.22±16.43 47.54±11.94 98.27±3.89 53.19±6.11
1300 46.08±10.07 16.42±1.68 382.49±7.1 39.66±3.93

The highest Vickers microhardness was obtained in HA-ZrO2-5 wt% CIG com-
posite sintered at 1300 ◦C. The highest compression strength was measured in HA-
ZrO2-5 wt% CIG composite sintered at 1200 ◦C.

HA-ZrO2 composites with 5 and 10 wt% CIG addition reached high density and
low porosity values with increasing sintering temperature. Grain size increased with
increasing sintering temperature, glassy phase formed above 1200 ◦C with CIG addi-
tion. The latter caused an increase in hardness and a decrease in strength because of
crack formation in HA-ZrO2 composites with 5 wt% CIG addition. When the sinter-
ing temperature increased, the monoclinic ZrO2 began to transform to tetragonal and
cubic ZrO2. At 1100 and 1170 ◦C sintering temperatures, calcium from HA diffused
into the zirconia phase, forming CZ and the HA phases which decomposed to trical-
cium phosphate and formed calcium zirconate phases. Addition of excess CIG (glass
powders) enhanced the HA decomposition to TCP (tricalcium phosphate). Clearly,
there were chemistry changes in the composites due to the addition of zirconia into
HA, which might have influenced microstructural and mechanical properties. Both
composites showed reduction in compression strength values at 1300 ◦C due to SCS
(Sodium Calcium Silicate) glassy phase in which crack propagations were enhanced.
Additionally, HA-ZrO2-10 wt% CIG composite showed the presence of CS phase.
In the latter, there was dramatically reduction of mechanical properties (16, 42 MPa;
39, 66 HV) due to brittle nature of CS and CSC phases.
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34.4 Conclusions

The findings of this study are summarized as follows:
The highest density and the lowest porosity were obtained in HA-ZrO2-5 wt%

CIG composites at 1300 ◦C. The highest Vickers microhardness data were obtained in
HA-ZrO2-5 wt% CIG composites at 1300 ◦C. The highest compression strength was
obtained in HA-ZrO2-5 wt% CIG composites at 1200 ◦C. The mechanical properties
of composites decreased with increasing CIG content. Biocompatibility studies are
continuing on and results will be presented in near future.
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Chapter 35
Superhelicity of Chiral Strings

Sergey V. Stovbun, Aleksey A. Skoblin and Iakov A. Litvin

Abstract A phenomenon of self-assembly of solitary rigid supramolecular strings
with lengths up to ◦0.1 cm and anisometry ratios ◦(102 − 104) was discov-
ered in dilute (◦10−3 M) solutions of homochiral trifluoroacetylated aminoalcohols
(TFAAA). Macroscopic chirality (helicity) of strings with diameters from ◦2 nm to
20μm and lengths from 102 nm to 0.1 cm was revealed as well as their chiral hier-
archy: thicker strings consist of intertwisted thinner ones (superhelicity), with helix
step lengths from ◦10 nm to several tens of μm. Empirical rule of switching of the
macroscopic chirality sign between superhelicity levels was established, which fits
the fundamental synergetic law of chirality sign switching between hierarchy levels
of complexity in biological systems. It was shown that molecular chirality act as a
macroscopic helicity structural factor.

The subject of investigation was a series of solutions of trifluoroacetylated aminoal-
cohols TFAAA-1–TFAAA-8 (Fig. 35.1) in different organic liquids (heptane, hexane,
cyclohexane, isopropanol, cumene, benzene, carbon tetrachloride, chloroform,
methanol, ethanol, acetone, dimethyl sulfoxide and others) and water [1–4]. Homochi-
ral solutions got cured at concentrations of (10−4 −10−2)M which is much less than
that of percolation threshold:

cp = (0.1 − 0.2) M (35.1)

corresponding to an infinite cluster on the molecular grid (independently of the
molecular design) [5]. Indeed, dispersive anisometric phase was observed on scales
of 10μm and more, establishing a visible connected grid (Fig. 35.2). The geometry
of such grid with small own volume per solution volume corresponds to an infinite
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Fig. 35.1 Structural formulae of the TFAAA-1—TFAAA-8 molecules

Fig. 35.2 Solution of TFAAA-4 in cyclohexane, 1 mg/ml. System of “ideal” strings

cluster with the percolation threshold less than that of isometric gels: c ∼ cp. Such
anisometric gel is isotropic and homogeneous on scales of �0.1 cm. Estimation
of the activation energy of reversible gelation based on the assumption of kinetic
equilibrium near the threshold gives [1, 6]:

W = kT ln(2 l∗/3 D np) = (0.2 − 0.5) eV (35.2)

(k is the Boltzmann constant, T—temperature, D—diffusion constant, l*—parameter
of the cell model of liquid, namely the size of the cell, np—gelation concentration),
which is a typical value for supramolecular low concentration gels.

In nonpolar solvents (cyclohexane, heptane, nonane, cumene, carbon tetrachlo-
ride) irregular grids of “ideal” strings are formed spontaneously. The lengths of
the strings obtained experimentally are up to l ◦ 10−1 cm and more, diameters
d ◦ 10−4 cm are constant along the lengths, and anisometry ratio is A = l/d ◦ 104
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Fig. 35.3 Xerogel of a solu-
tion of TFAAA-5 in ben-
zene, scalebar equals 100μm.
Breaks and branching

Fig. 35.4 Xerogel of
TFAAA-2 in heptane,
1 mg/ml, AFM image, phase
contrast. Isometric granules.
Image size is 50μm × 50μm

or more. Strings are rectilinear on scales of 10−2 cm and greater, which points their
mechanical elasticity (Fig. 35.2). In solvents which occupy the possibilities of creat-
ing weak intermolecular bonds more actively (benzene, methanol, ethanol, propanol,
chloroform, acetone, dimethyl sulfoxide, water), breaks and branching are observed
(Fig. 35.3), down to formations of dendrites, brushes etc, and anisometry ratio can
be considerably less, A ◦ 101 − 102.

Gels are not formed within this concentration range in solutions of achiral
TFAAA-2 which have electric dipole moment d = 4 D, their xerogels consist of
faintly anisometric structures A � 5 (Fig. 35.4). This means that no structures are
formed on macroscopic scales in solutions of achiral TFAAA-2. Thus, chirality of
the molecules is of principle importance for the growth of the strings in low concen-
tration solutions. Racemic mixtures of chiral TFAAA-1 in heptane remain liquid at
all concentrations, their xerogels consisting of isometric elements with A ◦ 1 − 3.
To sum up, in racemic (TFAAA-1) and achiral (TFAAA-2) solutions in heptane
strings are not formed at concentrations up to the TFAAA solubility limit, which is
accompanied by isometric condensation and precipitation of TFAAA.

The absence of sorbed water on the surface of homochiral strings which was
observed in xerogels (heptane) using AFM after a durational exposure to 10−4 Torr
vacuum indicates low polarity and packing of hydrogen bonds of the strings under
the surface, in contrast to the surface of racemic granules and granules of achiral
TFAAA which is partially covered with water (Fig. 35.4) [7].
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Fig. 35.5 Solution of TFAAA-4 in heptane, 1 mg/ml. Diameter of the field is 25μm. Untwisting
strings grade into disclinations

The phenomenon of solitary strings observed in capillaries indicates that a string
is a separate (discrete) physical entity which is independent of the gelation [3].

In solutions at different concentrations, distances between strings amount tens
of microns and more, i.e. there’s only negligible interaction between strings aside
the areas of direct mechanical contact. Thus, TFAAA solution curing is a trivial
consequence of the assembly of rigid strings with macroscopic lengths.

Strings in heptane, hexane, benzene, isopropanol and water are surrounded with
a mesophase which has a different optical density, while in cyclohexane and CCl4
visible mesophase is not observed [3, 4]. Mesophase wets strings and presumably
possesses orientational order, which is supported by the presence of Shlirren tex-
tures with characteristic lengths l ◦ 0.5 μm and multiple disclinations (l ◦ 1 μm)
observed in linearly polarized light. When untwisting in mesophase, thin strings con-
tinuously grade into disclinations (Fig. 35.5). Disclinations are one-dimensional and
are formed in the frustration areas [8].

Two principle features of string formation were ascertained [4, 9, 10]: chirality
in a form of spiral geometry of each string and hierarchy, or superhelicity, which
means that thicker strings consist of spirally intertwisted thinner ones which, in turn,
have their own spiral structure. Spiral structure of strings can be observed on scales
between diameters of d ◦ 2 nm and “gigantic” d ◦ 20 μm and helix steps from
◦10 nm to several tens of μm (Figs. 35.6, 35.7).

The sign of chirality (helicity) is switched between adjacent hierarchy levels
[4, 11].

Mutual attraction of strings is due to their Van der Waals interaction. Two parallel
strings with the radii R and lengths L on a distance D � R are attracted with a force
equal to [12]:

F = ALR1/2/16D5/2 (35.3)
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Fig. 35.6 Solution of
TFAAA-4 in heptane,
0.4 mg/ml. Spiral structure
of a thick string

Fig. 35.7 Xerogel of
TFAAA-5 in heptane,
1 mg/ml, AFM. A thin string
consisting of intertwisted
smaller ones

(A is the Hamaker constant of the interaction of strings). Characteristic time of the
mutual attraction of the strings can be estimated as:

T ≈ (128π/7)η D7/2/AR1/2 ln(740η2R/ρ A) (35.4)

(η is the viscosity of the solution, ρ—its density). Assuming R = 1 μm, D = 1 μm,
A = 0.5 · 10−13 erg, ρ = 0.8 g/cm3,η = 10−2 g/cm·s we deduce T ≈ 1 s.

The presence of the Van der Waals attraction can provide the spiral intertwisting
which explains the superhelicity phenomenon. Estimation of the requisite strain leads
to the following value of the helix step h when two strings get intertwisted:

h4 = ξER9/2D5/2/A (35.5)

(ξ ◦ 101 depends on the details of the string structure, E—elastic modulus of the
strings). Assuming E = 109 dyne/cm2 (this was estimated from other experimental
data) and D = 1 nm, h ≈ 0.5μm if R = 0.1 μm, h ≈ 10 μm if R = 1μm, which is
in a good agreement with experimental data.

The effect of chirality switching on transitions from one level of a hierarchy to
the next [13] is present in all significant biological systems and provides their strati-
fication [13–17]. The discovery of superhelicity of the strings opens up possibilities
to simulate general synergic regularities of chirality sign switching in discrete hier-
archical transitions.
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35.1 Conclusion

In the present work:

1. In dilute ◦10−3 M solutions of homochiral TFAAA, a phenomenon of self-
assembly of solitary supramolecular strings with lengths up to ◦0.1 cm and ani-
sometry ratios ◦(102 − 104) was discovered. It was shown that in racemic and
achiral solutions in heptane the strings are not formed at concentrations up to
the TFAAA solubility limit which is accompanied by isometric condensation and
precipitation.

2. Macroscopic chirality (helicity) of strings with diameters from ◦2 nm to 20μm
and lengths from 102 nm to 0.1 cm was revealed as well as their chiral hierarchy:
thicker strings consist of intertwisted thinner ones (superhelicity), with helix step
lengths from ◦10 nm to several tens of μm.

3. Empirical rule of switching of the macroscopic chirality sign between superhelic-
ity levels was established, which fits the fundamental synergetic law of chirality
sign switching between hierarchy levels of complexity in biological systems.

4. It was shown that molecular chirality act as a macroscopic helicity structural
factor.
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Chapter 36
Development of Bactericidal Ag/Chitosan
Nanobiocomposites for Active Food Packaging

Amir Zarei, Saeideh Ebrahimiasl and Saeed Jafarirad

Abstract The use of nanomaterials as active fillers in polymeric nanocomposite is an
innovative concept to prolong the shelf-life and safety of product for food packaging.
This concept is of special importance in the area of fresh and high quality products.
Recently new compounds based on the use of nanoparticles and biodegradable poly-
mers developed. Among this material the antimicrobial properties of AgNPs have
been exploited in consumer product. Also Chitosan (Cts) is a natural biopolymer
with excellent biodegradability and nontoxicity, as well as its solubility in aqueous
medium makes it good candidate for food packaging. In this research AgNPs were
incorporated in the biodegradable chitosan matrix for applications as food packaging
materials. The properties of Ag/Cts nanocomposites were studied as a function of
the AgNPs concentration. Mechanical analysis and water vapor barrier properties
of AgNPs/Cts nanocomposites were analyzed. It was observed that mechanical and
water vapor barrier properties of the films were improved by the ratio of AgNPs. The
antibacterial activity of AgNPs/Cts thin films were evaluated based on the diameter
of inhibition zone in a disk diffusion test against Gram positive bacteria i.e., Staphylo-
coccus aureus and Bacillus cereus and Gram-negative bacteria, i.e., Escherichia coli
and E. Faecalis using Mueller Hinton agar at different ratio of AgNPs. The results
revealed a greater bactericidal effectiveness for nanocomposite films containing 5 %
w/w of AgNPs.

36.1 Introduction

Globalization of food trade and distribution from centralized processing poses major
challenges for food safety and quality. One option is to use packaging to provide
an increased margin of safety and quality. The new generation of food packaging
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is including materials with antimicrobial properties. These packaging technologies
could play a role in extending shelf-life of foods and reduce the risk from pathogens.

Metal nanocomposites are a new generation of nano food packaging which is made
by incorporating metal nanoparticles into polymer films [3]. Cellulose-based natural
polymers are being widely used as they offer advantages including edibility, biocom-
patibility, barrier properties, attractive appearance, non-toxicity, non-polluting and
low cost [1]. Among the natural polymers, chitosan as a natural cationic biopolymer
(Cts) has been extensively investigated for many different applications due to its
excellent bioactivity, and multifunctional groups, as well as its solubility in aqueous
medium and excellent barrier to oxygen. Consequently, they have a variety of cur-
rent and potential applications in biomedical products [2] food packaging film, bone
substitutes, and artificial skin [3].

Silver nanoparticles have been long known to have microbial inhibition [4]. The
antimicrobial activity of these nanoparticles may be related to several mechanisms
including, induction of oxidative stress due to generation of reactive oxygen species
(ROS) which may cause the degradation of the membrane structure of the cell
[5–7], release of ions from the surface of nanoparticles that has been reported to
cause bacterial death due to binding to cell membrane [8, 9].

In this research, the spherical structure of AgNPs was synthesized incorporated
in the chitosan matrix in aqueous solution by using AgNO3, and NaBH4 as the silver
precursor, and the reduction agent, respectively, at room temperature. Then capability
of the prepared Ag/CHI NBCs film was evaluated for antibacterial active packaging.

36.2 Material and Methods

AgNO3 (99.98) used as the silver precursor, was obtained from Merck (Darmstadt,
Germany) and used without purification. Deionized water was used to prepare all
the solutions employed. NaBH4 (98.5 %), low-molecular-weight Cts, and glacial
acetic acid (99 %) used as a reduction agent, a stabilizer, and for solubilizing Cts,
respectively, were obtained from Sigma-Aldrich (St Louis, MO). Gram positive:
S. aureus (ATCC 25922), B. cereus (ATCC 11788), and Gram negative: E. coli
(ATCC 25923), E. faecalis (ATCC 29212), used for the antibacterial assay were
obtained from the BaharAfshan Ltd, Iran.

For the synthesis of Ag/Cts BNCs, soluble Cts (100 mL, 0.5 wt%) was prepared
by solubilization in 1.0 wt% of acetic acid solution (pH ∼ 3.53) under constant stir-
ring for 90 min, for each of the samples. Following the usual preparation method
for AgNPs, AgNO3 solutions were added to each soluble Cts sample under constant
stirring for synthesis of the AgNO3/Cts solutions. The aqueous Cts-acetic acid solu-
tion thickened after the addition of AgNO3 solution. The AgNO3 concentration of
the samples was 0.015, 0.03, 0.06 and 0.15 (mol/L). Freshly prepared NaBH4 (4 ×
10−2 M) solution, was then added to the suspensions under continuous stirring to
reach a constant AgNO3/NaBH4 molar ratio (1:4). After the addition of the reduc-
ing agent, stirring was continued for another hour. The suspensions of Ag/Cts BNCs
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obtained were then centrifuged, washed four times using double-distilled water to
remove the silver ion residue, and dried at 40 ◦C under vacuum overnight. All the
experiments were conducted at ambient temperature.

The in vitro antibacterial activity of the samples was evaluated by the well dif-
fusion method using Mueller Hinton agar with determination of diameter of the
inhibition zone formed around the well, which conformed to the recommended stan-
dards of the National Committee for Clinical Laboratory Standards (NCCLS 2000).
Petriplates containing 20 ml Muller Hinton medium were seeded with 24 h culture
of bacterial strains. Wells were cut and 20µl of the bionanocomposite solution were
added. The plates were then incubated at 37 ◦C for 24 h. Streptomycin antibiotic was
used as a positive control and Dimethyl sulfoxide was used as a negative control.

The mechanical properties of the composites were evaluated in rectangular pieces
of the film. An INSTRON INSTRUMENTS was used to determine the maximum
tensile strength (TS), elongation at break. Films were stretched up using a speed of
50 mm min−1. Tensile properties were calculated from the plot of stress versus strain.
The mechanical properties were analyzed as a function of nanoparticles concentration
in the film. The relative humidity (RH) at the film underside was determined using
a Labthink WVP System according to Angles et al. [10].

36.3 Results and Discussion

36.3.1 Mechanical Analysis

Figure 36.1 shows the tensile strength of the AgNPs/Cts nanocomposites. The incor-
poration of Ag nanoparticles increased the mechanical resistance, which is due to the
intermolecular bonding increase between chitosan and nanoparticles. The maximum
toughness was observed for the film with 0.15 % (mol/L) AgNPs.

36.3.2 Water Vapor Permeability

Water is one of the undesirable and detrimental factors in the environment. Higher
water activity in materials supports more microorganisms’ growth. Bacteria usually
require at least 0.91, and fungi at least 0.7 water activity. For many years, researchers
tried to prevent bacterial growth with moisture content control. Consequently, a need
developed for information on the water resistant characteristics of many packaging
material in use. The hydrophilic natures of polysaccharide films make them poor
water barriers.
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Fig. 36.1 Tensile strength
for neat Chitosan films, and
Chitosan films containing
AgNPs with different ratio

Fig. 36.2 Relative humid-
ity at film underside of
Cts/AgNPs BNCs film in
different ratio of AgNPs

The silver nanoparticles effect on the relative humidity at film underside is shown
in Fig. 36.2 for Cts films and Cts/AgNPs with different concentration of AgNO3.
Upon addition of nanoparticles in chitosan matrix, a decrease in relative humidity at
film underside was observed. The RH at film underside value was 70 % for the native
chitosan film. Addition of nanoparticles induced a decrease in RH at film underside.
The RH values varied from 68 ± 0.9 % for chitosan films containing 0.5 % w/w
AgNPs to 37 ± 0.9 % for films containing 5 % w/w nanoparticles respectively. The
presence of nanoparticles increases in cohesion structures and reduce the water vapor
permeability through of film.
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Table 36.1 Average inhibition zone for chitosan/silver bionanocomposites at different
concentration of AgNPs

Bacteria Inhibition zone (mm) Control positive (mm)
Cts/AgNPs (3 %) Cts/AgNPs (15 %) SM

S. aureus 4.21 15 21.2
B. cereus 6.42 14.5 21.2
E. coli 5.5 15.23 21.2
E. Faecalis 6.9 16.3 29.1

36.3.3 Antibacterial Activity

Inhibition zone values were obtained for the synthesized Cts/AgNPs BNCs tested
against Gram positive and Gram negative bacteria listed in Table 36.1. The tests
were repeated three times for each treated sample, are presented as average values
in Table 36.1. The result shows that the AgNPs in chitosan suspension had high
antibacterial activity against Gram-negative bacteria and did not show any antibac-
terial activity against and Gram positive bacteria.

Several mechanisms argue for the antibacterial activity of nanoparticles, including
generation of oxygen species to degradation of cell structure or release of ions from
the surface of nanoparticles to binding cell membrane [11–13]. With the regard to
the excessive antibacterial effect of Cts/AgNPs film against Gram positive bacteria
which is responsible to deterioration of foods and clinical infections, it can be used
as substitute for commercial chemical antibiotics.

36.4 Conclusion

AgNPs were successfully prepared from Cts/AgNO3 suspension at different AgNO3
concentrations by using NaBH4 as a chemical reduction agent without any heat
treatment or reducing agent. Tensile strength of the synthesized Cts/AgNPs BNCs
increased by the presence of AgNPs to 49.3 ± 1.0 MPa. The decrease observed
in the WVP values for the Cts/AgNPs system, in comparison to net Cts sys-
tems. The antibacterial activities of Cts/AgNPs BNCs at different ratio of AgNPs
showed strong antibacterial activity against and Gram negative bacteria. These results
indicate that Cts/AgNPs nanocomposites can be used in food packaging for certain
bacterial inactivation and control.
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Chapter 37
Image Preprocessing Pipeline for Bright-Field
Miniature Live Cell Microscopy Prototypes

S. Schöll, F. Mualla, B. Sommerfeldt, S. Steidl and A. Maier

Abstract One of the biggest technical challenges in live cell imaging is to keep the
cells in a healthy state while imaging them. In fact, being able to observe living cells
in their cultivation environment over time is a major step to understand and diagnose
diseases. For this purpose, we are using a novel microscopic system composed of
microscopy prototypes that can, in contrast to most available live cell microscopes,
operate in an incubator. Each prototype observes one well of a 24 well plate over
time. The in-incubator operability imposes manufacturing constraints on the size of
our microscopic system and consequently degrades the delivered image quality. In
order to get usable live cell images with the prototypes, a preprocessing pipeline
was introduced. First, the exposure time is increased until the circular illumination is
visible. Second, the illumination field is estimated using Gaussian smoothing and the
center of the circular illumination is detected. Third, based on the illumination center,
a 1 mm2 region is cropped. Fourth, using the resulting image’s standard deviation, a
suitable exposure time is found in order to avoid under- or over-exposure. Finally,
the illumination is corrected by subtracting the estimated illumination field and the
image contrast is stretched. The prototypes and the pipeline are currently in use at the
laboratory of our bioprocess engineering partners. The generated images and videos
enable them to analyse the behavior of cells over time.
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37.1 Introduction

To understand biological processes like diseases, it is essential to observe the inter-
actions of living cells in space and time [1]. The basic requirement for reliable
time-lapse imaging of cells is to keep the specimen in a healthy state while taking
hundreds or even thousands of images over a long time period ranging from minutes
to days [2].

A constant cultivation environment and a stable buffered medium are necessary for
healthy staying cells [3]. Usually an incubator is used to ensure constant temperature,
humidity, and carbon dioxide according to the cell needs. In contrast, for time-lapse
imaging most standard microscopes are used outside the incubator and the culti-
vation conditions are satisfied by using incubation chambers. Our project partners
are manufacturing novel miniature microscopy prototypes that are very small and
able to operate inside the incubator. In this paper, an image preprocessing pipeline is
presented that is able to deal with different prototypes and also with different stages
of prototype development to generate useful images of cells out of the incubator.

In Sect. 37.2, the prototype systems are described. The preprocessing pipeline is
presented in Sect. 37.3. Results and conclusions are presented in Sect. 37.4.

37.2 Miniature Bright-Field Microscope Prototypes

The illumination technique of the miniature prototype systems is bright-field. The
basic principle of a bright-field microscope is shown in Fig. 37.1. Light is transmitted
through the cells, collimated and focused by different lenses, and finally digitised by
an image sensor (e.g. a charge-coupled device).

Manufacturing constraints for the miniature prototypes were necessary to operate
inside the incubator. One feature is therefore that the prototypes are resistant to
corrosion. Another feature is that they are small enough to observe single wells of a
24 well plate next to each other. Therefore the space for the hardware is limited to a
square region of approximately 15 × 15 mm2.

The resulting image quality is decreased because of the aforementioned manu-
facturing constraints and also due to the fact that the hardware development is in
progress. Different prototypes and different development stages of them necessitate
flexible algorithms for image preprocessing. Those algorithms are shown in the next
section.

37.3 Preprocessing Pipeline

One characteristic of the prototype systems is a distinct circular illumination in the
acquired images. The position of the illumination center differs from prototype sys-
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Fig. 37.1 Basic principle of a
bright-field microscope. The
novel miniature prototypes are
using this principle to acquire
images

tem to prototype system. After the first three pipeline steps (Sects. 37.3.1, 37.3.2 and
37.3.3) an image is reduced to a region around the center of the circular illumination.

Suitable exposure time and focus position vary severely for different prototypes,
different cell cultures, and also for different well plates. In Sects. 37.3.4 and 37.3.5
the automatic adaption of exposure time and focus position is explained. The final
pipeline step is the image enhancement that is composed of illumination correction
and contrast enhancement.

37.3.1 Basic Illumination

The luminous exposure H is defined [4] as

H = E · t, (37.1)

where E is the illuminance in the image plane and t is the exposure time. In the
miniature prototype systems the light source is a light-emitting diode (LED). A
constant electrical power is assigned to the LED and therefore E is constant. The
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variable parameter for getting well illuminated images is the exposure time of the
camera. The result of the first pipeline step is an image where the circular illumination
is visible to enable the detection of the illumination center. The exposure time tbasic
for this image is either manually selected or detected automatically. The automatic
detection starts with an exposure time of 50 ms for taking an initial image. The
exposure time is then increased in steps of 50 ms until the standard deviation of the
image is greater than 15.

37.3.2 Center of Illumination

The first step to detect the center of the circular illumination is to estimate the
illumination field. For this purpose, cells in the image are removed by a convolution
with a Gaussian filter. The filter kernel is given by

G(x, y) = 1√
2πσ 2

e− x2+y2

2σ2 , (37.2)

where x and y are the horizontal and vertical distances to the origin of the kernel,
and σ is the standard deviation. The variable parameter σ is experimentally set to
40 pixels and the kernel size to 6σ + 1 = 241. In the estimated illumination field
all pixels with maximum intensity are selected. The center of gravity of these pixels
(xCenter, yCenter) is then calculated and considered as the illumination center.

37.3.3 Cropping

Images of the prototype systems have a resolution of 2592 × 1944 pixels. The hard-
ware is optimised for a square image region of 1 mm2 around the center of illumina-
tion. For the prototypes a region of 1 mm2 corresponds to approximately 1400×1400
pixels. The start coordinates of the region of interest (ROI) are determined using the
center of illumination (xCenter, yCenter):

xROIstart = xCenter − 700

yROIstart = yCenter − 700 (37.3)

The determined ROI is shifted into the image if a part of it is outside. This adapted
ROI is set at the camera and henceforward images are acquired with a reduced field
of view of 1 mm2.
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37.3.4 Adjustment of Exposure Time

In this pipeline step, the basic exposure time tbasic is increased in steps of 50 ms until
the standard deviation is maximised. Only the inner square of the image (700 × 700
pixels) is evaluated to consider the circular illumination and to avoid an overex-
posed image center. After this pipeline step, the camera takes images with a suitable
exposure.

37.3.5 Adjustment of Focus

The maximum of the Tenenbaum Gradient (Tenengrad) [5, 6] focus measure is used
to determine the focus position. The Tenengrad measure is given by the following
equation:

FTenengrad =
∑
x,y

((I(x, y) ∗ Sx)
2 + (I(x, y) ∗ Sy)

2) (37.4)

where I is the considered image, x and y are the spatial pixel coordinates, ∗ indicates
the 2D convolution operator and Sx and Sy are the Sobel filter kernels:

Sx =

⎛1 0 −1

2 0 −2
1 0 −1

⎜
⎝ ; Sy =


⎛ 1 2 1

0 0 0
−1 −2 −1

⎜
⎝ (37.5)

After this pipeline step, the camera takes sharp images with a suitable focus
position.

37.3.6 Image Enhancement

In the last preprocessing step, the image is enhanced. First, the illumination artifacts
in the image are corrected by subtracting the illumination field from the image. The
illumination field is calculated as described in Sect. 37.3.2.

Second, the contrast is stretched. The intensities of the image are therefore scaled
to the whole range of gray values [0, 255]. To reduce the influence of outliers and
noise, the lowest 1 % of intensity values are mapped to 0 and the highest 1 % are
mapped to 255.
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Fig. 37.2 An image from a prototype system (a) is used to estimate the illumination field (b). The
center of the circular illumination is determined to automatically find a ROI around it (c). This ROI
is cropped (d), the illumination artifacts are corrected (e) and the contrast is stretched for the final
image (f) of the pipeline

37.4 Results and Conclusions

Example images of the pipeline steps are shown in Fig. 37.2. The final image (f) shows
a considerable improvement in visual image quality compared to the input image (a).
The presented preprocessing pipeline was used for three major development stages
of the prototype systems and also for some minor stages. The preprocessed images
allowed to use those systems in a similar way and to evaluate their results. In the
meantime the pipeline was used for 51 systems. Currently 24 prototype systems are
in use at a laboratory of our bioprocess engineering partners. The generated images
and videos enable them to analyse the behavior of cells over time.

For the development of a novel hardware system a flexible and adapted preprocess-
ing pipeline can be used to support the development process itself and is the basis
for developing further image analyses tasks such as cell detection [7], pixel-wise
cell/background classification [8] cell segmentation [9].
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Chapter 38
Measurement and Analysis
of Three-Dimensional Shape Variations
of Microalgae Based on a Digital
Holographic Microscopy for Prediction
of the Spread Point of Red Tide

Byung-Mok Kim, Kwang-Beom Seo, Jung-Sik Koo, Eun-Soo Kim,
Eun-Seob Cho, Seok-Hyun Youn and Yung-Sang Seo

Abstract Thus far, a general approach to prevent the occurrence of the red tide
phenomena and to minimize its resultant damage is to predict the spread point of
the red tide. For that, conventionally a set of microalgae are periodically sampled
from several shore areas and their numbers of microalgae per unit area are simply
counted to predict the threshold level of the spread point of the red tide. However,
this approach cannot foresee a decisive symptom for spreading of the red tide in
advance. Accordingly, in this paper, we propose a novel approach for accurate predic-
tion of the spread point of red tide by measuring and analyzing the three-dimensional
(3-D) volume information of the microalgae with the digital holographic microscopy
(DHM). This volume information of the microalgae can be converted into the thick-
ness information through digital holographic reconstruction. With these thickness
data, the volume variations of microalgae in time can be finally measured and ana-
lyzed. Experiments with several samples of microalgae may confirm the feasibility
of the proposed method in the practical application.

38.1 Introduction

The red tide phenomena caused by the microalgae’s hyperplasia has been widely
occurred along the shores of many countries of the world. This occurrence of red
tide may cause a critical damage to the cultured fishes and aquatic organisms. The
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general reasons for the red tide phenomena seem to be the environmental factors
such as sunlight, high water temperature, and external factor such as the nutrient
salt flowed from the land and the geological factor. For that, in the conventional
approach, a set of microalgae are periodically sampled from several shore areas and
their numbers of microalgae per unit area are counted to predict the proliferation rate
and the threshold level of the spread point of the red tide [1]. However, here in this
method, only the population variations of the microalgae due to the change of several
environmental factors [2], and two-dimensional variations of the microalgae’s size
have been studied for prediction of the spread point of proliferation of the red tide [3].
Therefore, this approach cannot technically provide us a crucial clue for predicting the
right spreading time of the red tide in advance because the spreading phenomena of
the microalgae can be seen only after the population of the microalgae has reached to
a certain level. Accordingly, in this paper, we propose a novel approach to accurately
predict the spread point of the red tide in advance by measuring and analyzing the
biological three-dimensional (3-D) shape information of the microalgae by using the
digital holographic microscopy (DHM) implemented on a shearing interferometer.
That is, here in the proposed method, This volume information of the microalgae is
converted into the thickness information by digital reconstruction of the hologram
patterns. Then, with these data, the volume variations of microalgae in time can be
analyzed. With experiments with several samples of microalgae, the feasibility of
the proposed method in the practical application is to be discussed as well.

38.2 Theoretical Analysis of the Proposed System

(1) Optical setup of a shearing interferometer

The optical setup for the proposed system is described in Fig. 38.1. Here, a HeNe-
laser (α = 632.8 nm) is employed for a light source and the laser beam emitting
from it is headed for the sample and magnified by a microscope objective. Then,
two divided beams are made by passing the laser beam through a glass plate with
the thickness of 1 mm which is located at an angle of about 45◦ to the incident light
beam. Afterwards, an interference phenomenon may occur between the two beams
reflected from the front and the back surfaces of the glass plate. At this point, we can
obtain the interference pattern which may contain the 3-D information of the object,
which can be finally observed on the CCD camera.

(2) Numerical reconstruction

The numerical reconstruction procedure is based on the Fresnel diffraction theory
[4]. However, the Fresnel diffraction theory may require that the distance between the
object and the hologram must be sufficiently long compared to the size of the object or
the hologram, which is called the Fresnel approximation condition. Moreover, with
this Fresnel diffraction theory, object fields for very small and transparent objects
cannot be correctly reconstructed. Therefore, for correct reconstruction of them, an
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Fig. 38.1 Optical setup of a
shearing interferometer
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glass
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Mirror
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angular spectrum method seems to be useful because it can explain the wavefront
propagation at any distance [5].

Here, the complex amplitude U(x, y; 0) at the hologram plane, (x, y, 0) is obtained
by illuminating the hologram by the reference wave.

U1(x, y; 0) = h(x, y)R(x, y) (38.1)

where h(x, y) is the hologram transfer function and R(x, y) is the reference wave. Then,
(38.1) can be represented as the angular spectrum with the Fourier transform [6].

Û1( fx , fy, 0) =
∫ ∞∫

−∞
U1(x, y, 0) exp[−i2β( fx x + fy y)]dxdy (38.2)

where fx and fy are the spatial frequency in the x and y directions, respectively. By
applying a process of spatial filtering to the spectrum, the reference beam and the
conjugate image are removed and only the object spectrum can be selected by this
filtering process as follows.

Ū (x, y, 0) =
∫ ∞∫

−∞
filtering Û1( fx , fy, 0) exp[i2β( fx x + fy y)]d fx d fy (38.3)

In (38.3), inverse-Fourier transformation of the filtered angular spectrum provides
the complex amplitude at (x, y, 0) containing information about the object. Complex
amplitude at the image plane which is located at a distance d, calculated from the
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filtered angular spectrum is given by

U (x, y, d)

=
∫ ∞∫

−∞
Ū ( fx , fy, 0) exp[ik

√
1 − α2 f 2

x − α2 f 2
y d] exp[i2β( fx x + fy y)]d fx d fy

(38.4)

The phases of the wave fronts with and without the object are calculated from
the complex amplitudes of two reconstructed holograms Uwith object(x, y, d) and
Uwithout object(x, y, d), respectively. The phase difference between the holograms
with the object and without the object can provide only the 3-D information of
the object. Now, the phase of each hologram can be written as

θ(x, y) = arctan
Im[U (x, y, d)]
Re[U (x, y, d)] (38.5)

And the phase difference is written by subtraction

λθ(x, y) = θwith object(x, y) − θwithout object(x, y) (38.6)

This phase difference can be converted to the change of the optical path length of
the object according to

λθ(x, y) = 2β

α
λn(x, y)λL(x, y) (38.7)

where λn(x, y) and λL(x, y) represent the changes of the refractive index and the
thickness, respectively. These results mean that a change of the phase information
can provide the corresponding change of the physical thickness of the object. Accord-
ingly, in case the change of the refractive index and the phase information are known,
the corresponding thickness information of the object can be easily calculated.

38.3 Experimental Results

Reconstructed 3-D images and the numerical thickness information of the microalgae
can be obtained by using a shearing interferometer. Here, the isocrysis, which is
transparent and circular-shaped, is used as the test sample of the microalgae for
measuring its thickness information. Magnification of the objective lens has been
scaled from 20 to 40 and 60. Figure 38.2 shows the interference pattern detected
by using the CCD and the computationally reconstructed image. That is, Fig. 38.2a
shows the interference pattern for a number of spread isocrysis. The reconstructed
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Fig. 38.2 Experimental results with a magnification objective scale of 40. a Interference pattern
obtained with the CCD, b 1-D profile image of the isocrysis, c 2-D profile image of the isocrysis,
d 3-D modeled image of the isocrysis

Fig. 38.3 Experimental results with magnification objective scale of 60. a Interference pattern
obtained with the CCD, b 1-D profile image of the isocrysis, c 2-D profile image of the isocrysis,
d 3-D modeled image of the Isocrysis

images for one microalgae cell are shown in Fig. 38.2b–d by using the numerical
reconstruction method for conversion of the phase information into the thickness
information. Here, the thickness of the microalgae is estimated to be 1. 72µm.

Figure 38.3 also shows the interference pattern and its reconstructed images for
three isocrysis cells which are closely located together. Here, Fig. 38.3b–d represent
the numerically reconstructed images of three isocrysis cells, in which the thickness
of each isocrysis cell are calculated to be 3.55, 1.93 and 1.86µm respectively. In
addition, several isocrysis cells located in the detection area are reconstructed and
its quantitative thickness information is also obtained.

Figure 38.4 shows the reconstructed 3-D images of other microalgae with different
shape compared to the isocrysis. From the results of Fig. 38.4, it is found that with
thickness information of various types of microalgae, species of the microalgae can
be quantitatively classified.
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Fig. 38.4 Experimental results with the magnification objective scale of 20. a Interference pattern
obtained with the CCD, b 1-D profile image of the microalgae, c 2-D profile image of the microalgae,
d 3-D modeled image of the microalgae

38.4 Conclusions

In the proposed DHM system, 3-D images of the microalgae can be numerically
reconstructed from the interference patterns picked up with the optical shearing
interferometer-based on holographic microscopy, and from which quantitative thick-
ness and volume shape information of the microalgae could be obtained. Accordingly,
the proposed method expects to be used for accurate prediction of the spread point of
the red tide just by analyzing the volume and shape variations of the microalgae and
by recognizing 3-D patterns of various species of the microalgae in a near future.
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Chapter 39
Fruit Trees Physiology and Breeding
Programs Research Using Microscopic
Technology

Kazem Arzani

Abstract The flower bud differentiation in bearing pistachio trees was examined
using microtechnique and microscopic examination of samples for better pistachio
orchard management. In addition, the pollen viability test was carried out using
microscope technology in the controlled hybridization and breeding programs in
sour and sweet cherry, almond, European and Asian pears, apricot, citrus and olives.
This research was followed with the examination of pollen tube growth in the style
using UV and florescent microscope in sweet cherry, European and Asian pears. Also,
scanning electron microscopy (SEM) has provided a powerful technique in pomology
research such as studying pollen morphology at TMU. SEM was used in order to
investigate genotypic differences in pollen shape and exine structure in the species
such as olive, apricots, Asian pear and pomegranate. In addition, the importance
of stomatal density and its role in the pistachio trees gas exchange subjected to
drought was studied and followed by evaluation of the existence of trichomes around
the stomata in some pistachio rootstocks. Taken images were shown that stomata
are often sunken and covered by trichomes to prevent water loss in the pistachio
rootstocks subjected to drought. In the recent research the postharvest shelf life of
peach fruit was examined using microscope technology in order to test the effect of
some plant extracts in fruit quality attributes in the storage. Microscopic examination
of the samples in wide range of physiological and breeding programs showed an
essential part of research at TMU, lead to reliable and effective research results.
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Fig. 39.1 Florescent micro-
scope used for studying pollen
tube growth in the style as
well as pollen viability test
assays [2, 5, 9, 10]

39.1 Background Information

There are a wide range of using microscopic technology in horticultural science,
especially in fruit tree physiology and breeding research programs. This is essential
in the basic as well as practical point of view to use microscopic technology in
various stages of fruit tree growth and development. The objective is to review and
discuss data on selected research results on various fruit tree species and future
outlook of the research programs using microscopic technology at Tarbiat Modares
University (TMU) and collaboration with the other universities and research institutes
(Fig. 39.1).

39.2 Flower Bud Differentiation in Pistachio Trees and Pollen
Viability Tests

The flower bud differentiation in bearing pistachio trees was examined using
microtechnique and microscopic examination of samples for better pistachio orchard
management [1]. In addition, the pollen viability test was carried out using micro-
scope technology in the controlled hybridization and breeding programs in sour and
sweet cherry [2], almond [3], European and Asian pears [4, 5], apricot [6], citrus
[7] and olives [8]. This research was followed with the examination of pollen tube
growth in the style using UV and florescent microscope in sweet cherry [2], European
and Asian pears [5].

Results based on a microscopic examination of pollen tube growth showed that
pollen grains were alive after pollination and that the pollen tube grew within the
style after germination. Although pollen tube growth in the style was affected by
genotypes, KS9 (♀) showed the lowest, whereas pollination of KS8 (♀) by KS11
(♂) showed the highest pollen tube growth (Fig. 39.2). In fruit trees the fruit set is
affected by various factors, such as genetic and environmental conditions as well
as the physiological status of the trees. In the present research the percentage fruit
set in self pollinated cultivars was between 2.92 % in KS9 and 14.65 % in KS11,
suggesting the existence of partial self incompatibility in KS9 and KS13. In these
cultivars the percentage of fruit set was improved by cross pollination. Hence it is
important to plant cross compatible cultivars for the establishment of new Asian pear
orchards [9].
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Fig. 39.2 Asian pear pollen
tube growth in the KS8 style
(♀) pollinated with KS13 (♂)
(10 X) [9]

39.3 Pollen Morphology

39.3.1 Olives Pollen Morphology

Pollen grains of five olive cultivars (Olea europaea L.) were examined, using Scan-
ning Electron Microscopy (SEM) for identification purposes. Four measurements,
polar axis (P), equatorial diameter (E), P/E ratio and exine patterns were made. Forty
pollen grains of each cultivar were viewed before finally selecting a representative
pollen grain. Polar diameter ranged between 22.76µm for the ‘Mary’ and 28.58µm
for the ‘Shengeh’ ‘Zard’ and ‘Roghani’ cultivars exhibited incomplete closure of
the meshes. ‘Zard’ and ‘Shengeh’ cultivars had thick muri but ‘Roghani’, ‘Mary’
and ‘Fishomi’ possessed thinner muri. Scanning electron analysis of pollen grain
revealed that specific differences including variation in size and form of the meshes
are existing among cultivars. The differences in the exine pattern may help for the
identification of some olive cultivars [8].

39.3.2 Apricots Pollen Morphology

Pollen grains of eleven Iranian apricot (Prunus armeniaca L.) cultivars were exam-
ined, using SEM. Pollens were collected in 2002-growing season from mature apricot
trees grown in The Apricot Collection Orchard, Ismailabad Horticultural Research
Station, Qazvin, Iran. For SEM evaluation, pollen grains were observed and pho-
tographed at 1000 X for whole grain and at 10,000 X for sectioning of exine pattern
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(surface topography). The length (L) and the width (W) of grain, L/W ratio, distance
between two furrows and the width of ridges in elliptical pollen and the base, the
altitude and the width of grain and ridges in triangular pollen were measured. Sub-
stantial variability in the size, shape and exine patterns among pollen grains was
clearly distinguished. The apricot cultivars were easily separated into two groups
according to their pollen grain shapes: (1) elliptical trizonocolpate (5 cultivars), and
(2) obtuse-triangular (6 cultivars). The pollen grains of all studied apricot cultivars
were medium in size: 51.32 × 25.51µm (length × width) in elliptical shape, and
triangular in shape: 39.03 × 31.22µm (base × altitude). The resultant data of the
2-type pollens’ shape were analyzed, using completely randomized design (CRD)
with unequal replications. Moreover, multivariate statistical analysis was carried out
to distinguish morphometric information, coming from measured parameters of the
2-shaped pollen grains. The projections of the loadings defined by the first two prin-
cipal components allowed for the visualization of the position of apricot cultivars,
demonstrating between-cultivar-pollen shape variations. Hence, the differences in
both exine pattern and surface topography in particular ridges and pores character-
istics can potentially be utilized as a diagnostic tool to aid in the identification of
apricot cultivars (Fig. 39.3) [6].

39.3.3 Pomegranate Pollen Morphology

Pollen grains from 14 pomegranate (Punica granatum) cultivars were examined
using scanning electron microscopy. Pollen grains were observed and photographed
at 3,000× for whole grains and at 20,000× for exine patterns. The polar (P) and
equatorial axis (E) of grains, P/E ratios, distances between the two furrows, and
width of the pollen grain ridges were measured. The results indicated that the mean
polar axis ranged between 22.63–25.86 µm, while the mean equatorial axis ranged
between 12.69–14.47 µm.

Two groups were identified according to the polar axis and equatorial axis. Mean
values of the P/E ratio varied from 1.75–1.94. In addition, pollen grains were placed
in prolate (elliptical) shape group based on the P/E ratio. The studied cultivars were
classified into four groups according to distance between furrow edges and into two
groups according to width of ridges. All studied cultivars showed a similar foveolate
ornamentation pattern. Correlation coefficients calculated between different traits of
pomegranate pollen grains indicated that there were positive and significant corre-
lations between polar axis and equatorial axis (r = 0.675), polar axis and distance
between furrow edges (r = 0.908), P/E ratio and distance between furrow edges
(r = 0.671). Hence, pollen morphology characteristics can be used for pomegranate
cultivar identification (Fig. 39.4) [11].
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Fig. 39.3 Pollen shape and
exine pattern in four elliptical
trizonocolpate apricot cvs.
‘Shasti’ (a, b); ‘Hosseini-
Karimi’(c, d); ‘Shamsi’ (e, f);
‘Nakhjavan’ (g, h) and ‘Noori’
(i, g). Scale bars represent
20µm for left photomicro-
graphs (a, c, e, g and i), and
2µm for right ones (b, d, f, h
and j) [6]

39.4 Pistachio Rootstocks Stomatal Density

The importance of stomatal density and its role in the pistachio trees gas exchange
subjected to drought was studied and followed by evaluation of the existence of
trichomes around the stomata in some pistachio rootstocks. In this study epider-
mal cell in leaves of four Pistachio rootstocks (Pistacia vera, cv. ‘Badami Zarand’,
‘Sarakhs’, ‘Ghazvini’ and Pistacia mutica) grown under three irrigation levels (100,
65 and 30 % ETc) were evaluated. Stomata density and stomata dimension (length
and width) were determined by light microscope and scanning electron microscope
(SEM), respectively. The results showed that irrigation, rootstock and their interac-
tion had significant effects on stomata density and stomata length. Effect of irrigation
on stomata width was significant while rootstock and interaction of irrigation and
rootstock had no significant effects on stomata width. The highest stomata den-
sity and the lowest stomtal length and width were obtained in severe water stress.
The highest and the lowest stomata density on the abaxial surface was belonged
to P. mutica (530.30 no/mm2) and P. vera ‘Ghazvini (404.04 no/mm2), respec-
tively. The rootstocks P. mutica and P. vera ‘Ghazvini’ had the highest and P. vera
‘Badami’ and P. vera ‘Sarakhs’ the lowest stomata length of stomata. The rootstocks
showed no significant difference in case of stomata width. The shape of epidermal
cells also was different among studied rootstocks. All rootstocks had Anomocytic
stomata. Among studied rootstocks only P. mutica had trichomes on abaxial surface.
Presence of trichomes in this rootstock is a characteristic distinguishable. It was
found a negative correlation (−0.432) between stomata density and stomata width
(P ≤ 0.01). There were not found correlation between stomata density and stomata
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Fig. 39.4 Pollen shape
(3,000×, left panel) and
exine pattern (20,000×,
right panel) of pomegranate
cultivars. a ‘Alake Malase
Saveh’; b ‘Bihaste Ardestan’;
c ‘Nabati’; d ‘Agha Mohamad
Ali’ and e ‘Naderie Natanz’
[11]

Fig. 39.5 Non-glandular
trichomes on abaxial surface
of P. mutica observed by SEM
[12]

length, while in severe treatment of water stress was observed significant nega-
tive correlation between stomata density and stomata length (−0.675) at P ≤ 0.05.
P. vera ‘Ghazvini’ had the lowest number of stomata but wider stomata. Anatomical
differerences may be useful as an initial screening method for classifying pistachio
rootstocks of drought resistance (Fig. 39.5) [12].

In addition, in the recent research the postharvest shelf life of peach fruit was
examined using microscope technology in order to test the effect of some plant
extracts in fruit quality attributes in the storage [13]. In conclusion, microscopic
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examination of the samples in wide range of physiological and breeding programs
showed an essential part of research at TMU, lead to reliable and effective research
results.
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