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Preface

For more than 70 years since its invention, Scanning Electron Microscopes (SEMs)
have evolved from relatively simple devices with a resolution of 50 nm to
sophisticated computer — controlled systems with wide analytic potentialities and
resolutions of 1-2 nm to sub-nm in some particular cases.

At the present time, it is hard to conceive of a science field which would not employ
methods and instruments based on the use of fine focused e-beams. Well instrumented
and supplemented with advanced methods and techniques, SEMs provide possibilities
not only of imaging but quantitative measurement of object topologies, local
electrophysical characteristics of semiconductor structures and performing elemental
analysis. Moreover, a fine focused e-beam is widely used for the creation of micro and
nanostructures by e-beam lithography and Electron Beam Induced Deposition (EBID).

The book’s approach covers both theoretical and practical issues related to scanning
electron microscopy. The book has 41 chapters divided into six sections:
Instrumentation, Methodology, Biology, Medicine, Material Science, Nanostructured
materials for Electronic Industry, Thin Films, Membranes, Ceramic, Geoscience, and
Mineralogy. The first section considers method strategies and instrumentation aspects
of scanning electron microscopy, and the other five sections are devoted to SEM
application in different fields of present day science. Each chapter, written by different
authors, is a complete work which presupposes that readers have some background
knowledge on the subject.

We would like to thank all the authors for their generous contributions. On behalf of
the authors, we gratefully acknowledge the efforts of Daria Nahtigal on coordination
of this project, as well as of all who made this publication possible. It is our hope that
the book provides a deep insight into fields related to Scanning Electron Microscopy,
benefitting both beginners, experts, and prospective readers.

Viacheslav Kazmiruk

Head of Laboratory of Scanning Electron Microscopy,

Institute of Microelectronics Technology, Russian Academy of Sciences
Russia
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Gaseous Scanning Electron Microscope
(GSEM): Applications and Improvement

Lahcen Khouchaf
Université Lille - Nord de France, Ecole des Mines de Douai, Douai,
France

1. Introduction

The imaging and the microanalysis of hydrated and insulating materials using electron
beam probe methods (Conventional SEM, Auger Electron Microscopy,...) are very limited by
the necessity to keep the sample under high vacuum and the presence of the charge effect.
In this case the sample must be coated except when the experiment is performed at very low
energy in order to avoid the charge phenomenon. Studies of vegetable and biological
samples are almost impossible without degradation. In Conventional SEM (Pressure = 10-5
mbar in the specimen chamber) image quality and microanalysis results are strongly related
to the size of the electron beam, the accelerating voltage and the nature of the sample. A
large description of different aspects on SEM/EDS exists in the literature (Newbury et al,
1986; Goldstein et al, 1992).

In order to overcome the high vacuum in the specimen chamber different types of
microscopes with the possibility to introduce different gases inside the sample chamber are
now available (Danilatos, 1980, 2009, Carlton, 1997, Wight, 2001). Depending on the
pressure value in the specimen chamber different names are given in the literature such as
ESEM: Environmental Scanning Electron Microscope, LVSEM: Low Vacuum Scanning
Electron Microscope, HPSEM: High Pressure Scanning Electron Microscope, VPSEM:
Variable Pressure Scanning Electron Microscope, CPSEM: Controlled pressure Scanning
Electron Microscope and depending on the maximum pressure attainable in the specimen
chamber (Danilatos 1988, Khouchaf & Vertraete, 2002, 2004; Khouchaf et al., 2006, 2007,
2010, 2011; Kadoun et al, 2003; Gilpin, 1994; Carlton, 1997; Doehne, 1997; Newbury 2002;
Gauvin, 1999; Bolon, 1991; Wight, 2001). But all these microscopes differ from CSEM by the
capability to introduce the gas as an environment unlike High vacuum in CSEM and the use
of gaseous detection system such as Gaseous Secondary Electron Detector (GSED). Indeed,
all these microscopes may be called Gaseous Scanning Electron Microscope (GSEM).

Unlike CSEM, with GSEM image quality and microanalysis results are strongly related to
the size of the electron beam, the accelerating voltage, the nature of the sample and depend
on the pressure in the chamber and the kind of gas used. GSEM showed the enormous use
in several fields using materials. The electron beam scattering tends to decrease the
resolution. Different correction methods were developed (Bilde-Sorensen et al, 1996;
Doehne, 1996-1997; Le Berre et al, 1997; Gauvin et al, 1999) but weren't satisfactory for many
reasons such as the time and the difficulty of implementation.
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In this chapter different applications using GSEM will be given in the first part. In the
second part an introduction of some physical phenomena related to the scattering of the
primary electron beam with the gas and their consequence on the image quality and on the
microanalysis results is given. The focus here is to present the potential, the limitation and
some way to optimize the use of GSEM.

2. Applications of ESEM

GSEM allows imaging and analysis of many types of materials without any preparation
with the presence of a gaseous environment. Gas atoms or molecules interact with the
primary electron beam and produce positive ions. The presence of the positive ions allows
neutralization the negative charge on the surface of the insulating sample. Gas serves also
for detection (Danilatos, 1988).

Different types of gases may be introduced such as: Ny, O, Ar, He, HxO...... As an
illustration, we give two examples. By introduction of gases, vacuum incompatible
materials, and dynamic surface modification may be studied. At pressures in excess of 500
Pa, water can be condensed in situ enabling characterization of hydrated materials.

In this study, the experiments were performed in environmental ‘wet’ mode using an
Environmental Scanning Electron Microscope (ESEM) « ElectroScan 2020 » equipped with
EDS Microanalysis system « Oxford Linkisis ». The electron source is a tungsten filament.
The energy of the electron beam used was 20 kV with an emission current of 49 pA. The
condenser is also fixed at 43 % value and the diameter of the projection aperture is 50 um.
Secondary electrons were detected using a long gaseous secondary electron detector
(GESD)at a working distance of 19 mm is used in order to reduce the skirt beam
phenomena. The chamber pressure is varied by introducing gas.

The sample is embedded in epoxy resin and polished.

For the estimation of the unscattered fraction and the skirt radius an ESEM electron flight
simulator software was used (Electron Flight Simulation Software, version 3.1-E).

2.1 Observation of vegetable

Plant material is insulating and has a fragile structure. Its observation using an electron
beam is a delicate operation. Its structure is degraded under the electron beam. Some plants
contain Stomata (or epidermis) the structures deposited on the outer leaf skin layer. They
consist of two cells, called guard cells that surround a tiny pore called a stoma. Stomata
allow communication between the internal and external environments of the plant.

Figure 1a shows an image of a plant after the coating operation in order to neutralize the
negative charges. The image is obtained at 20 kV and high vacuum using the Gaseous
Secondary Electron Detector (GSED) detector. This specimen is formed by stomata which
are tiny openings or pores, found mostly on the underside of a plant leaf and used for gas
exchange. The image below shows an elongated and irregular structure.

The same observation is made without coating under a gaseous environment of water vapor
(Fig.2b). In this case, the morphological aspect and the structure of the plant are very
different compared to the image in Fig. 1a. The sample kept its structure. We can observe
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the stomata in their natural state. In order to study mechanism of exchange in the plant, it is
necessary to keep the sample in its natural state. This is possible by using GSEM. It is
interesting to underline that despite the scattering phenomena, the image kept its quality.
That will be explained below.

Fig. 1b. ESEM micrographs of a plant before the coating process.

2.2 Detection of calcium potassium inside SiO, Framework

Figure 2 shows an example of a flint aggregate subjected to attack by Alkali-Silica Reaction
(ASR). ASR is a physicochemical process which takes place during the degradation of
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concrete. Observation of the ASR effects using Scanning Electron Microscope (SEM) is
important because the attack of the aggregate is heterogeneous on the microscopic scale.
When using CSEM, sample preparation prior to imaging is required, which may lead to an
alteration of the true surface morphology or even the creation of artifacts.

The use of GSEM overcomes these problems and gives direct imaging of the samples in their
natural state. The image in Fig. 2 shows the presence of different degraded zones (1 to 8)
affected by chemical reaction. These zones have different micronic sizes and under the given
conditions, the effect of the beam skirt is not the same. If the volume of the generation of X-
rays is lower than the size of the zone then the effect of the skirt may be neglected. If the
volume of the generation of X-rays is higher than the size of the zone then the effect of the
skirt may be taken into account.

Fig. 2. ESEM micrographs of flint aggregate after reaction at (GSED, P=532 Pa).

The images below (Figures 3) show the effect of calcium cations during the degradation of
concrete. Figure 3a presents flint aggregate after 30 hours of reaction with the presence of
calcium and potassium and figure 3b without calcium. With the presence of calcium, it is
interesting to note that the reaction has not finished particularly in the center of the
aggregate (Fig. 3a).

However, when the calcium is removed, the grain is fragmented to small grain clearly
separated by showing that the mechanism is different when calcium is present (Fig. 3b).
Despite a high pressure (532 Pa) and high accelerating voltage 20 kV, again the resolution of
the image is not bad.
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Fig. 3. ESEM micrographs of (a) flint aggregate after reaction at (GSED, P=532 Pa) with the
presence of calcium, (b) flint aggregate after reaction (GSED, P=545.3 Pa) without calcium.

3. Description of the beam skirt

Experiments above were performed with insulating materials without any preparation and
without the coating procedure by introducing a gaseous environment into the specimen
chamber. A part of primary electron beam interacts with the atoms or molecules of the gas.

The average collision number with particle gas per electron is given by the equation below:



8 Scanning Electron Microscopy

m=otxnxL 1)
Where

oy scattering cross section is specific to each gas molecule

n: gas particle number/volume

L: Working distance (distance between the final aperture PLA1 and the surface of the
sample see Figure 4). The Gas Path Length GPL is introduced and corresponds to the
distance that electrons have to travel through the gas to reach the sample. m may be
expressed as below (Danilatos, 1988):

_or.LP

kT @

where o7 is the total cross section of the gas, L the gas path length, P the gas pressure, k the
Boltzmann constant and T the temperature.

Using the number m it is possible to define three different scattering regimes corresponding
to:

Minimal scattering: m < 0.05
Partial scattering: 0.05 <m <3
Plural scattering: m > 3

Electron
beam

S¢ @ «Skirty»

Fig. 4. An electron after PLA1 aperture of the ESEM, moves along the axis of PLAI,
undergoes a collision at a distance between z and z + dz in an angle of 6+ d6; it is then
scattered and arrives at the surface of the sample in an annulus between r and r + dr.

After interaction between electron and gas, the primary electron beam is divided into two
parts (Fig. 4) called “scattered fraction: S¢” which corresponds to the elastic scattering by the
gas atoms or molecules and a second part called "unscattered fraction: Uns". The



Gaseous Scanning Electron Microscope (GSEM): Applications and Improvement 9

"unscattered fraction" of the electron beam can be written by the equation below when a
simple mode of scattering is considered (Danilatos, 1988):

PxLxot

Uns; =exp(- o~

) ®)
P: Pressure in the specimen chamber

L: Working distance (WD, distance between the final aperture PLA1 (Fig. 1) and the surface
of the sample). In this study the Gas Path Length GPL is introduced and corresponds to the
distance that electrons have to travel through the gas to reach the sample.

o total scattering cross section is specific to each gas molecule

k: Boltzman constant

T: Temperature in Kelvin.

Elastic scattering leads to the enlargement of the primary electron beam to form a skirt
producing the generation of X-rays which are not representative of the zone of interest for
X-ray microanalysis. Different correction methods have been developed in order to take into
account the contribution of the skirt (Bilde-Sorensen et al, 1996; Doehne, 1996-1997; Le Berre
et al, 1997; Gauvin et al, 1999). Up to now these methods have not been successful.
Danilatos, 1988 ) introduced the radius rs which represents the radius containing 90% of the
incident beam) as below:

o g

= ﬂ(ﬁj .GpL 2 @
) E \T

where 15 is the skirt radius, Z the gas atomic number, E the incident beam energy, P the

pressure, T the temperature and GPL the gas path length.

Considering the condition used in $ 2.2, the simulations of the electron beam scattering were
performed using the Electron Flight Simulator software (Figure 5a). In this case the
unscattered fraction is about 85.7% with a rs of 26 pm. Worst case X-ray Gen radius means
the approximate region where X-ray signals will be generated and given just as indication.
Based on our previous sudy using helium gas (Khouchaf et al, 2004, 2007, 2011), the same
simulation under helium gas (Figl.b) leads to Uns¢ of 97.6%, rs < 1 um showing a good
improvement of the conditions with a gas having a low average atomic number.

Some authors (John F. Mansfield) have suggested that quantitative analysis is possible with
ESEM (with water vapour as the standard gas) only under very restrictive conditions such
as : short working distances between 6 mm and 7.2mm, gas path length between 1.2mm and
2.2mm in the 70 to 350Pa range at high accelerating voltage of 30 kV. From these conditions
it is easy to notice that the values of working distance, gas path length and pressure must be
very low when the accelerating voltage decreases. Using conditions close to that given by
Mansfield we perform a simulation by means of Electron Flight Simulator (Fig. 6a and 6b).

At P= 70 Pa and GPL=Imm, Unsf and 1 are close to 95.5% and <1 pm respectively. When
the pressure increases to 350 Pa and GPL to 2mm (Fig. 6b), Uns; decreases to 93.5% and rs
increases to 2 um.

Parameters suggested by Mansfield consider a high accelerating voltage of 30 kV which is
conform with excitation of heavy or metallic elements and which we can study by using
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CSEM. In addition, high voltage leads to large volume of interaction and a degradation of
the resolution by generation of unwanted x-rays. More applications in GSEM require a low

accelerating voltage which is possible by recent microscope with a FEG gun.

 Interaction ¥olume Simulation

PO oL~s =0 QI-F-oF

10 20 30 40 50

Microns

—Sample Conditions
kY¥: 20,0 Til:0
Mo. Trajectories: 32000

—E-SEM Conditions
Gas:Water

Pressure: 532 Pascal
Working Dist.: 2mm
Unscattered: 85.7%
10-90% Rad:26.0um

Worst Case X-Ray Gen.
Radius: 23um

— Comments

Fig. 5a. Monte Carlo simulation using Electron Flight Simulator of the electron beam

scattering under water vapor, V=20kV, P= 532 Pa, GPL = 2mm.

 Interaction Yolume Simulation

PODu~w -0 QI=F-0F

10 20 30 40 50

Microns

—5Sample Conditions
kY. 20.0 Tilt: 0
Mo. Trajectories: 32000

—E-SEM Conditions
Gas:Helium

Pressure: 532 Pascal
Working Dist.: 2mm
Unscattered: 97.6%
10-90% Rad:0.0um

Worst Case X-Ray Gen.
Radius: Tum

— Comments

Fig. 5b. Monte Carlo simulation using Electron Flight Simulator of the electron beam

scattering under helium, V=20kV, P= 532 Pa, GPL = 2mm.
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Fig. 6a. Monte Carlo simulation using Electron Flight Simulator of the electron beam

scattering under water vapor, V=30kV, P= 70 Pa, GPL = Imm.
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Fig. 6b. Monte Carlo simulation using Electron Flight Simulator of the electron beam

scattering under water vapor, V=30kV, P= 350 Pa, GPL = 2mm.

Let us consider the conditions above at low accelerating voltage of 5 kV under water vapor

(Fig7a and 7b). At P=
respectively, but at P=

70 Pa and GPL=1mm, Uns; and rs are close to 93.2% and 12 pum
350 Pa and GPL=2mm, Uns; and rs are close to 47% and 109.3 pym

respectively . It is easy to conclude that the quality of the results will be affected.
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Fig. 7a. Monte Carlo simulation using Electron Flight Simulator of the electron beam
scattering under water vapor, V=5kV, P=70 Pa, GPL = Imm.
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Fig. 7b. Monte Carlo simulation using Electron Flight Simulator of the electron beam
scattering under water vapor, V=5kV, P=350 Pa, GPL = 2mm.

As given by equation 4, the value of rs depends on the gas introduced, the incident energy,
the pressure, the temperature and the working distance. Indeed, the good way to minimize
the beam skirt phenomena is to optimize different parameters used during X-ray
microanalysis. With equation 3 this leads to choose a gas with a low average atomic number,
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to increase the incident beam energy, to reduce the pressure and the gas path length, to
increase the temperature. Unfortunately, these conditions lead to a significant limitation to
use GSEM. For example for ESEM, the standard gas is water vapor and the best results are
obtained by helium (ref Khouchaf). Increasing the incident beam leads to a minimization of
the beam skirt by decreasing the resolution and degrading the fragile materials.

Based on the conditions and parameters such as the bem energy, the pressure, the gas, the
GPL it’s not sufficient to define the limit of the use of GSEM. In order to obtain the best
results it is also necessary to take into account the value oft he average number of scattering
events per electron m. The best results will be obtained with a minimal scattering regime
corresponding to m<0.05. This suggests the use a gas with a low average atomic number
(Khouchaf et al, 2011).

Unfortunately most new microscopes use gases with a high average atomic number such as
(N2, air, H,O vapor). The improvement of the results can also be reached by increasing the
temperature. One way is to use a gas with a low average atomic number such as helium.
Figures (8a and 8b) below show the electron Flight Simulator spectra obtained under helium
environment. The results may be compared to those in figures 6a and 6b.

At P=70 Pa and GPL=1mm, Uns; and 15 are close to 99.8% and <1 um respectively and at P=
350 Pa and GPL=2mm, Uns; and r; are close to 99.1% and <1 um respectively. It is easy to
conclude that the quality of the results will be improved.
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Fig. 8a. Monte Carlo simulation using Electron Flight Simulator of the electron beam
scattering under helium, V=5kV, P=70 Pa, GPL = Imm.
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Fig. 8b. Monte Carlo simulation using Electron Flight Simulator of the electron beam
scattering under helium, V=5kV, P= 350 Pa, GPL = 2mm.

4. Conclusion

Different types of microscopes with the possibility to introduce different gases inside the
sample chamber are now available. Depending on the pressure value in the sample chamber
different names are given in the literature such as ESEM, LVSEM, HPSEM, VPSEM, CPSEM.
But all these microscopes differ from CSEM by the capability to introduce the gas as
environment unlike High vacuum in CSEM. Indeed, all these microscopes work under a
gaseous environment and introducing a gaseous detection system in this way may be called
gaseous Scanning Electron Microscope (GSEM). In this chapter we demonstrate and confirm
the possibility to perform interesting studies with the GSEM if some limitations due to the
beam skirt are taken into account. The different correction methods developed are not
satisfactory. The good way is to find the best parameters for each experiment in order to
obtain the best results based on the average number of collision m. Another way is to
develop new microscopes capable of avoiding (isolating) the travel of the electron beam
across gaseous environment.
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1. Introduction

In microscopy the question arises- Why employ electron beams instead of light beams to
produce magnified images and the answer has to do with resolution. When doing
microscopy to produce magnified image of objects, diffraction (bending of waves around
narrow openings and obstacles) limits the resolution and hence the quality of image in terms
of fine details one can see. The optical wavelengths from deep UV to IR are in range of
hundreds of nanometers while electron beam of energy in keV have wavelengths in
fractions of nanometers. The dependence of diffraction on the wavelength of the beam
makes electron beam more suitable than beams of wavelengths in the optical region. The
diffraction also depends on the size of the objects. A Scanning Electron Microscope (SEM)
with electron beams in the keV range allows one to produce image (Fig. 1) of objects in the
micro to nanometer range with relatively lower diffraction effects. Using a SEM to produce
proper image requires a judicious choice of beam energy, intensity, width and proper
preparation of the sample being studied. The electron beam in a SEM is nowadays
generated using a field emission filament that uses ideas of quantum tunneling. Other
methods are also available. The deflection of electron beam of certain energy E is
accomplished by means of electromagnetic lenses. Typical E values for conventional SEM
can range from as low as 2-5 keV to 20-40 keV.

A basic SEM consists of an electron gun (field emission type or others) that produces the
electron beams, electromagnetic optics guide the beam and focus it. The detectors collect the
electrons that come from the sample (either direct scattering or emitted from the sample )
and the energy of the detected electron together with their intensity (number density) and
location of emission is used to put together image. Present day SEM also offer energy
dispersive photon detectors that provide analysis of x-rays that are emitted from the
specimen due to the interactions of incident electrons with the atoms of the sample.

2. Interaction

Assume that an electron beam of energy E, with a circular cross-section A and a beam
current I is incident on a sample with atomic number Z. We will assume that the energy E is
typically much less than 100 keV in the following discussions. As the electron beam enters
the sample it interacts with the atoms of the samples. This interaction of the electrons is not
confided to the surface layers only but also with the atoms and molecules inside. The
electron interaction with the atom consists of coulomb attraction with the nuclear positive
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charge. The interaction of the electron beam with the electrons from the sample is of
repulsive nature as the electrons are deflected by the target electrons. The electrons can
undergo change in momentum and/or change in energy or both in these interactions. So an
entering electron beam can scatter elastically and/or inelastically.

Fig. 1. Biological sample showing kT pores imaged with 20 keV electron beam using a quad
backscattered detector. Scale shown by line of 100 pm.

2.1 Elastic scattering

If the scattering involves no loss of energy it is Rutherford scattering (Rutherford, 1911,1914)
which is peaked in the forward direction with the probability of scattering decreasing
dramatically with increase of angle of scattering and the electron trajectory is modified from
some small angle elastic scattering to large angle deviation. Some of the electrons can travel
laterally while others can even back scatter. After many of these events it is possible for
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some of the electrons to leave the sample and these backscattered electrons provide one way
of imaging the sample. Probability of elastic scattering depends on inverse square of energy
E which means a higher energy beam will start to spread out much later in its path than a
smaller energy beam. An electron can transfer energy to the conduction electrons or to a
single valence electron - but this will not be important in SEM imaging as the mean free
paths for both of these is large, the scattering angles are small and energy loss less than
aneV.

2.2 Inelastic scattering

An electron can interact with the solid as a whole generating vibrations (phonon scattering).
The energy of the electron goes into overall heating of the solid slightly. The overall energy
loss is less than 1 eV and this channel is probably more important near the end of the path of
the electron. The scattering results in electron being scattered by larger angle. This effect will
be important for image resolution and contrast. The energy loss from inelastic scattering is
related inversely with E therefore a higher energy incident electron will keep more of its
energy at a depth than a lower energy incident electron at the same depth. If the scattering
involves loss of energy then it cannot be described by Rutherford formula. There are many
channels by which an electron can lose energy in a sample but here we will look at some
that are more pertinent for SEM imaging.

The channels that are useful for imaging are the ones that results in radiative or non-
radiative transitions to occur in the sample atom. This is when the electron transfers energy
to one of the inner shell electrons and then this result in ionization or electronic
rearrangement. The atom that absorbs the energy this way will either give out a photon
(radiative process) or eject an electron from same or different shell (Auger process- non-
radiative). The radiative photon is generally in the x-ray region of electromagnetic spectrum.
The probability of radiative versus non-radiative process taking place defines the
fluorescence yield ®. In energy dispersive analysis of a sample using SEM- o plays an
important role in conversion of x-ray intensities (from x-ray spectrum) into absolute
numbers. These absolute numbers are related to sample elemental thicknesses and overall
compositions.

2.3 Energy loss

The energy loss of the electron in scattering is dependent in a complex way on the atomic
number Z of the sample atom, on their mass number A and the density p of those atoms.
The energy lost by the electron can be transferred to the sample atoms in inelastic scattering.
The rate of energy loss with the path length x, dE/dx, was described by Han Bethe (Bethe,
1930) mathematically. Calculations based on this formula suggest that dE/dx increases with
Z while increasing E lowers this rate. The dependence on E is much more dramatic than
with Z. Monte-Carlo type simulations (Metropolis & Ulam,1949; Newberrry & Myklebust,
1979; Rubinstein & Kroese, 2007) of trajectories of electrons (as they interact with the
sample) suggest visualization in terms of an interaction volume. The size and depth of the
volume is dependent on energy of the electron beam, their number density and the details
about the interacting atoms. volume The probabilities of the electron interactions drops off
by a large factor outside this volume.
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2.4 Radiative and non-radiative mechanisms

The interaction between the incident electrons and the sample target atoms provides rich
information about the chemical environment of the target atoms. This information is in the
form of radiative and non-radiative transitions and subsequent emissions that take place in the
atoms. The ion-atom collision results in transitions that involve energy transfer through the
mechanisms (both radiative and non-radiative type). The radiative transitions in the atoms can
lead to emission of photons mainly in the form of x-rays from K, L, M- shells. These x-rays are
characteristics of the elements they come from and the x-ray spectra has signature to that
effect. Recognizing these x-rays and then measuring them provides relative abundance of
elements in the sample. To get an absolute value (e.g. # of atoms of one type as a fraction of all
atoms) generally specified as parts per million ( ppm)) normalization of the emission yields
has to be done. This requires measuring the emission yields from the sample and from a
standard sample under identical conditions so that ratios can be formed.. The standard must
have been measured independently and sometimes with a different spectroscopic method (e.g.
mass spectroscopy or infrared spectroscopy) and for it ppm needs to be available. The non-
radiative transitions can result in emission of Auger electrons and Auger spectroscopy can
provide information about the intensities there. Normally the standard SEM may not have
capability of differentiating and measuring the auger electrons. What is done in that case is to
use the value of fluorescence yield w (which relates the radiative yilds to non-radiative yields)
and determine fraction of time an energy transfer to an atom will result in some form of
radiative emission. The fluorescence yield then allows one to convert cross section for
ionization into cross section for production of x-rays. The fluorescence yield factor F which is
related to the ratio of radiative to non-radiative transition has to be carefully used or
determined in the normalization procedure and plays a role in correction factors to get the
absolute numbers. The correction factors take into account the fact that ratios of intensities are
substantially different than the ratio of concentrations of elements in a sample. The atomic
number Z and the mass absorption of x-rays in the volume of the sample A are the other two
effects that go into the ZAF correction factor and they will be discussed in more detail later on..

2.5 Imaging

In usage the electron beam is incident on a target region from the specimen sample. The
energy of the electron E, the mass density of the target, and the atomic number Z of the
sample determines the relative intensities of various types of electron scattering. The
penetration depth of the electrons, the mean free path and the strengths of different
scattering (which are also dependent on both the Z and E) play a role in the information one
gets (in the form of images) about the sample. Primarily the back scattering electrons
provide an electronic signal that delineates the interaction volume and carries details about
the scattering. In addition the information about the specimen is also comes from the
production of secondary electrons from the sample.

3. X-ray imaging, analysis and other techniques
3.1 Elemental profile using SEM

Before one can do spectroscopy using a SEM, the sample has to be prepared correctly,
mounted on special sample holders and oriented properly. Metallic stubs with sticky carbon
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surface allows one to present the sample in a particular orientation to the beam. Samples
that are placed on a goniometer can even be rotated to image the sample from a different
direction. In a typical preparation of samples for SEM analysis: the sample has to be cleaned
to remove contamination, dried in most cases and the surface to be analyzed prepared so
that the analyzed surface is flat and electrically conducting. The cleaning starts with sample
placed in ethanol baths. Part of this fixes the sample and also replaces the water content. For
a biological sample -like a bone -first the bone has to be cleaned of most of soft tissues and
then the remaining soft tissues are removed by placing the sample with dermestid beetles.
The sample is observed under light microscope and if needed other techniques are used to
remove any more soft tissue in the area of interest. More ethanol baths for different lengths
of time and different concentration of ethanol may have be used. Cleaned samples are
sectioned using high speed Dremil and other cutting tools. The surface to be analyzed has to
be flat, smooth as possible and without any intruding parts in front of them. The samples
are dried using the critical point dryer, if needed, and then sputter coated with Au to make
them electrically conductive. For electron beam to be incident on the sample normally, the
sample is placed on the mounting stub (with a sticky carbon tape exposed in the normal
direction). The prepared flat cross section needs to be positioned correctly on the metal stub.
This then ensures the proper orientation of the sample in the beam. The conductive gold
layer allows the electrons a path to the local ground - absence of which will result in area of
the sample acting as non-conductors (insulator). Electron beam incident, on the non-
conductive area, will result in electrical charge getting collected. When seen in the SEM
image, the area that is non-conducting will show up as whitish region with very less details
to be seen. Over time the whitish area will get brighter losing even more details and also
may grow in size (Figure 2). A layer of conducting metal like gold (few atom layer thick)
will be sufficient to alleviate this charge clumping and in the SEM image the whitish
appearance will disappear. If the image continue to show incomplete charge conduction
from an area then a second layer of gold can help to minimize the charge clumping. In
extreme cases, one has to use a lower energy and intense electron beam. One of the affect of
an extra layer on a sample is to mask some of the features that are being imaged. Other
difficulty that arises from a thicker coating of metal is x-ray interference. The metal coating
(e.g. gold) emits characteristic x-rays from that metal. These x-rays can overlap partially the
x-ray spectra coming from the sample being studied.

Samples that are to be studied in their original conditions have to be handled differently.
Some of these are wet samples. Other samples that are not fixed and non- conductive create
imaging problems that are tackled differently. These samples generally outgas in vacuum of
the SEM chamber and have to be studied in a mode in SEM that allows for differential
pumping in different sections of the SEM. For these samples high vacuum (like ~10- Torr)
cannot be achieved and so resolution is not as good and images are not as crystallized as a
dry sample will do. But the SEM images will still provide details that are useful for the
researcher.

Once the sample is placed in the SEM chamber and the detector is chosen (between
secondary electron detector and/or backscattered electron detector) image is generated. The
image details including the resolution are dependent on the energy of the electron beam
type of sample, its geometry and atomic numbers of the atoms present. When the image
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shows the proper details and is magnified correctly one can open the energy dispersive
system to do x-ray spectroscopy. The Energy Dispersive Analysis (EDS) mode of the SEM
provides the x-ray spectra for elemental analysis. In order to quantify the elemental yield
one needs standard samples. For example in the study of bones, standards representing
Calcium Phosphate, are used. Also to get a good calibration of the detector’s response in the
energy region being studied, other standard elemental samples are employed. For example
a pure copper sample has L-shell x-rays around 1 keV and K-shell x-rays around 9 keV. A
pure gold or lead sample will give M-shell x-rays in 2-3 keV range and L-shell x-rays around
10 keV. It is essential that the range of x-ray energies being studied be understood in terms
of the response of the detector. This response also needs to be established for the range of
electron beam energies to be used. The x-ray spectra from standards and from the samples
are analyzed using software that is specially developed for analysis needed with corrections
built in for various effects that may be important at some energies and not at others. FLAME
(fuzzy logic software for spectral analysis and elemental ratio determination) is one of those
software. The software, with statistical capabilities provides identification of the elements,
atomic and weight percent of elements, intensities of the x-rays and other parameters that
are electron beam and elemental atomic number dependent. The software generates a table
showing the elemental ratios (weight and atomic) among the elements detected: e.g. oxygen,
phosphorus, and calcium in the bone samples.

Fig. 2. SEM image of a biological sample(cephalotes) using quad backscattered detector. The
sample was not sputter coated resulting in excessive charging(white area) on the sample.
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3.2 ZAF correction factors

Castaing (Castaing,1951,1966; Castaing & Henoc, 1966) showed that the k-ratio, which is the
ratio of sample x-ray intensity to standard sample x-ray intensities, is proportional to the
ratio of the mass fraction of the sample element to that for the standard sample. But
experimentation has shown that there are deviation of this k-ratio from the actual
concentration ratios. These differences arise from many parameters of the sample but
mainly density, electron backscattering, x-ray ionization and production cross section (these
are connected by the fluorescene yield) , energy loss of the electron beam and the absorption
in the sample matrix. In samples that contain many elements and the mixture is not very
homogeneous the measured intensity may vary by a large factor on variation in elastic ,
inelastic scatterings, and the absorption of the x-rays though the elements of the sample
before reaching the detector. In general these various effects coming from the sample matrix
on the measured intensity can be lumped into correction due to atomic number (the Z-
effect), the absorption of the x-rays in the sample (the A effect) and the F effect due to x-ray
fluorescence yield. In total the correction is called ZAF factor and in a simplified equation it
is given by eq. (1) as

Ci/Ci-stay = {ZAF Y. (I li-sta)) D

where C; and C(;_s:q) are the fractional sample weight of element i and for the same element
in the standard sample. Here (Il- |I(i_std)) are the intensities as measured for the same
element in sample and in the standard sample. In order to understand the Z,A and F factors,
one has to visually assimilate the various processes taking place as an electron beam
traverses the sample, loses energy by scattering processes and excitation of the host atoms of
the sample takes place.

Z-factor: When an electron beam is backscattered, the backscattering mechanism removes
part of beam of electrons which then reduces the number of interactions that can lead to
ionization and production of x-rays. In samples with many elements the kinematics of
scattering results in greater spread of the beam . The scattering results in greater spread in
the energy for the scattered electron. Kinematics suggests that a greater number of electrons
backscatter when atomic number Z is greater. The higher Z elements then remove a larger
fraction of electron energies. The energy loss from inelastic scattering tends to remove
electron energy due to thickness ( defined as a product of the thickness as measured along
the path and the density). The low atomic number remove this energy at a higher rate than
higher atomic number. A Monte Carlo simulation of the trajectory of electron suggests that
as the electron traverses a sample it is losing energy. The ionization of an atom and
subsequent production of x-rays is critically dependent on if the energy available is above
the excitation energy for the particular atom. So the energy may be enough to excite L-shell
x-rays but not excite higher K-shell x-rays or in the heavy elements like gold the energy may
excite M-shell x-rays but not L-shell x-rays and definitely not K-shell x-rays. During elastic
scattering, the kinetic energy conservation tends to scatter electrons at larger angles and
hence deviate from its path more. These scattered electron would be less likely to produce
ionization and x-rays then if it did not interact elastically. Thus the distribution of the
electron in the sample, their energies at a point in the sample and the x-ray production
depends strongly on the atomic number of sample atoms. This distribution can be defined in
terms of a function ¢ (pZ). An area under the plot of this function ¢ (pZ). versus pZ allows
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one to integrate for the intensities that would be generated. The atomic number effect (the Z-
factor) for each element is then the ratio of this function ¢ (pZ) for the sample versus for the
standard sample.

A-Factor: Inner shell ionization followed by x-ray production takes place over a range of
thickness in the sample. The volume from which x-rays come from increases with energy of
the incident electrons and scattered electrons can come from deeper region and overall a
larger volume. Ionization followed by a radiative transfer of energy leads to the production
of x-ray. The x-rays on their way to the detector gets absorbed by the matter they have to
pass through. This absorption can be defined in terms of an exponential function. This
exponential decrease is given as eq. (2)

[ =1IeHet ?)

where I and Iy are the intensity of the x-ray at the detector versus intensity when produced,
1 is the mass absorption coefficient, p is the density of matter the x-ray passes through and t
is the path length of this matter layer and pt gives the thickness in units of mass per unit
area. The exponential term representing the fraction by which incident intensity is reduced
is calculated for each of the layers the x-rays have to pass through. The direction in which a
generated x-ray has to travel to get to the detector defines the path length. This is related to
the takeoff angle, the angle between the incident electron beam and the direction of the x-
rays. The incident energy of the electron beam and the takeoff angle can affect the fraction
absorption by a large factor. X-ray absorption factor A generally is the largest factor in the
ZAF factor. Again the plot of ¢(pt) versus with pt is used to determine the A-factor from
difference in area under the curves of ¢ for generated x-rays and for emitted one. The
emitted x-ray intensity contains the absorption effect using the exponential law.

F-factor: In addition to x-rays being produced following ionization of the atoms by the
electron beam, the x-rays themselves can fluoresce more x-rays from the atoms of the
sample they pass near. The x-rays fluoresced have energies less than the energy of the x-
ray (Eo) that fluoresced them. This has to do with the threshold excitation energy E.
needed for fluorescence. The fluorescing becomes negligible if E is greater than E. by 5
keV or more.

3.3 Comparative techniques

The x-ray spectra obtained from an SEM is analyzed with special software to determine the
yield of x-rays. The spectra is generally shown as intensity versus the energy of the x-rays
(Figure 3 and 4). The detector normally ised in a SEM is a (Si(Li) detector with a resolution
of about 140 eV at 5.9 keV for 5sMn x-rays. This resolution is enough to resolve x-rays from
adjacent elements and also can differentiate some of the individual transitions within the x-
rays from the same element. Si(Li) detectors uses a Silicon crystal which is Lithium doped
( has to be cooled below liquid nitrogen temperatures for it to work). The response of the
crystal to photons in the 1- 100 keV region is generally depicted with an efficiency curve.
This curve shows the percent detection of the photons arriving in the active region of the
detector. Other than the geometry of the detection system, a typical efficiency may be 1 out
of 10000 (or 1% or less). The physical region between location where x-ray photons are
generated and their passage through the in-between matter before reaching the active
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silicon region of the detector determines the attenuation fraction of the original x-ray signal.
In a typical SEM, this attenuation takes place in the layers of air (in the high vacuum
chamber), beryllium window layer as the front window of the detector, the gold contact
layer and the dead layer of silicon. This absorption and attenuation depends on the energy
of the x-ray photon and also the thickness of each layer. For energies above 3-4 keV, the
efficiency is smoothly varying (fairly constant in the 5-20 keV range). There are many
calibrated photon sources available to measure the efficiency in this region. Experimentally
measured efficiencies, together with that predicted and calculated from models are
compared. The calculated efficiency includes the attenuation of photon intensities in the
layers described above. measured and calculated efficiencies are normalized to each other
using the measured energy point (Gallagher & Cipolla,1974; Lennard & Phillips, 1979; Papp,
2005; Maxwell & Campbell, 2005, Mehta etal., 2005)). This procedure results in normalized
efficiency curves. The efficiency in the 5-20 keV region can be determined to uncertainties of
few percent but for energies of x-rays in the 1-3 keV efficiency is lot more uncertain
especially below 1 keV and there lies the problem.
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Fig. 3. SEM Image (magnification x6670 and scale as shown) and x-ray spectrum showing L-
shell (~1 keV) and K-shell (~ 9 keV) x-rays from zinc in a zinc oxide Nanowire. Also chlorine
Ka and Kg can be seen as just resolved. The K-shell x-rays of zinc clearly show separated Kq
and Kp peak with a peak intensity ratio of 4:1. Right side table show relative percentages of
the elements in the sample (not corrected with k-ratio).
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Fig. 4. SEM Image( from a box < 2 pm on the side) and x-ray spectrum showing L-shell
(~1keV) and K-shell (~ 9 keV) x-rays from zinc in a zinc oxide nanowire. The k-shell x-rays
clearly show separated Kqand Kg peak with a ratio of 4:1. The image clearly shows the wires of
Zn0.
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The x-rays from K-shell of carbon, oxygen, up to sodium are all ~1 keV or less. L-shell x-rays
below 1 keV come from elements Calcium(Z=20) through Zinc (Z=30) while M_shell x-rays
are all less than 3.5 keV (highest M-shell x-rays for Uranium Z=92). For lanthanum (Z=57)
the M-shell x-rays are less than 1 keV. The x-rays generated in an SEM are limited by the
maximum energy the electrons can have. For a typical SEM that has a maximum voltage
available for accelerating of say 20 kV - the electron beam has maximum possible energy of
20 keV. The x-rays generated from samples by such beams can then only be up to 20 keV. So
depending upon the elements present in the sample, the x-ray data can give yields that are
uncertain by above uncertainties. Yields can be converted to absolute numbers if the number
of electrons involved in the generation of x-rays can be determined and standard samples
for the elements are available. This leads to the realization that any absolute numbers have
to be checked against absolute numbers from other comparable technique. Any
normalization procedure among the techniques have to find a unique common point.

3.3.1 X_ray fluorescence (XRF)

For large Z elements (Z> 45) XRF (Bundle et al., 1992) can provide information about x-rays
greater than 20 keV that the SEM cannot. XRF is used in that situation and again normalize K-
shell x-ray production using XRF with L- or M-shell x-ray production by the electron beam of
an SEM. Some of the analyzed samples are fluoresced using radioactive sources of Fe-55, Cm-
244 and Am-241 in the XRF. EDS analysis from SEM is energy limited by the electron beam
energy used, while XRF is not. XRF spectra is measured to provide x-ray measurements that
are outside of the energy range of the SEM measurements. In addition, the lower energy L and
M-shell x-rays are measured to provide another set of elemental ratio data. This allows for
comparison between elemental ratios determined using SEM and XRF.

3.3.2 Neutron activation analysis

A standard neutron source (Pu-Be in a Howitzer or a neutron generator) can be used to do
neutron activation work. The energy of the neutron beam and the flux coming from the
source may determine if this technique can allow one to analyze a sample also analyzed
with SEM. The incident energy of the neutrons from the source will determine if neutron-
atom interaction can lead to compound nucleus formation. In order to see any particular
decay mode from this compound nucleus, there has to be appropriate isotopes formed with
half lives of transitions in that isotope suitable for decay measurement. Also the yield of
these newly made isotopes will depend upon the cross section for absorption of the
neutrons in the sample. In order to do neutron activation analysis (NAA), the table of
isotopes is used to determine the isotopes that can be produced in activation of the samples.
The suitability of the radiation these isotopes produce for analysis has to be established too.
Once this is established the uncoated samples are prepared for neutron activation and
activated for an optimum length of time. The activated samples are analyzed using gamma
ray spectroscopy using a combination of Geiger counter , Sodium iodide detector and/or
germanium type high resolution gamma detectors. Intensities of photo peaks can be used to
form ratios in a particular photon energy range. This divides out any effect due to efficiency
variation. Next taking into account other parameters (like neutron cross section, atomic
number, branching ratio etcetera) and comparing the ratios of intensities from a standard
sample and from the measured sample, a normalized absolute intensities can be
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determined. For example standard samples can be used to provide a baseline for
radioactivity measurements and dose dependent measurement of other standards to be
used. This baseline can provide a scheme for normalizing the intensities from different
samples. Comparison among elemental ratios determined using SEM, XRF and NAA is
possible then.

3.3.3 Other comparative methods

Another technique that provides absolute weight and atomic percent of the elements in the
samples is Particle Induced X-ray Emission (PIXE) (Flewitt & Wild, 2003 ). This is performed
at an accelerator lab facility. PIXE analysis at an accelerator lab can be used to study
biological samples using microprobe beam. The samples and standards are mounted as
targets on special sample holders. Proton or alpha particle beams interacting with the targets
provides an absolute value for weight percent and atomic percent of the elements in the
samples. Again an elemental ratio from this technique can be compared to ratios from other
techniques described earlier. The goal is to determine a normalization procedure that can be
used to efficiently determine a normalized absolute weight or atomic percent of the
elements in the sample. The reliability of the results and efficiency of the technique allows
researchers to choose one of these techniques to produce reliable results using the
normalization procedure established. The goal of any normalization technique is to decrease
the uncertainties in the measurements including those done with SEM.

3.3.4 Statistical analysis

A crucial factor in coming to any conclusion in all these techniques is appropriate
application of Statistical analysis. It is imperative to the researcher that they analyze the data
using statistical packge (e.g. student t-test or ANOVA) after establishing normal distribution
of data and homogeneity of variances.

4. Conclusions

SEM is suitable to look at micro- and nano- structural characteristics of solid objects. Visual
images obtained from electron detectors combined with characteristic x-rays mapping allow
for detailed micro- and nano-compositional analysis. SEM combined with XRF,NAA and
PIXE provide a platform to quantify and produce absolute numbers related to compositional
elemental and molecular structures.

The sample that is to be investigated has to be specially prepared so as to provide images
and spectral information meaningful to the investigation. Many factors play a role here: the
type of sample (say biological sample versus a sample for material science study has to be
prepared differently at some stage of preparation), the appropriate energy of the beam,
angle of incidence, beam intensity (resolution will be affected greatly from this), the
counting time and statistics and others. SEM imaging is done differently for a wet cell
sample than a critically dried and sputter-coated solar cell slides.

The other crucial factor is the methodology or methodologies adopted for data analysis and
the subsequent results determination. Once the images and the spectra have been collected,
the data has to be sorted, analyzed and mathematical functionality recognized and
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established. Statistical analysis then provides the basis for the eventual conclusions and their
validity. For example topographical and/or compositional images can be used to generate
structural patterns leading to understanding of type of crystalline lattice underlying a bone.
This can then provide the basis for determining the strength of a bone or its elasticity or the
reason a bone under microgravity conditions leads to Osteoporosis. SEM spectra that can be
analyzed to determine the elemental composition of a certain bone have inherent
uncertainties. When studying changes in bone composition these uncertainties will affect the
determination of the conclusion.
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1. Introduction

Since the first scanning electron microscope by Knoll (1935) and theoretical developments
by von Ardenne (1938a, b) in the 30’s, this imaging technique has been widely used by
generations of searchers from all the scientific domains to characterize the inner structure of
matter. Even if the obtained information is essential for matter description or
comprehension of matter transformation, the main constraints associated with classical
electron microscopy, i.e. the necessity to work under vacuum and the necessity to prepare
the sample before imaging, have always limited the possibilities to “post mortem”
characterisation of samples and avoided observation of biological samples.

Electron microscopists early identified the necessity to undergo these limits. The development
of a SEM chamber that is capable of maintaining a relatively high pressure and that allows
imaging uncoated insulating samples began in the 70’s and has been “achieved” in the late 90's
- early 00’s (Stokes, 2008) with the commercialisation of the low-vacuum and environmental
SEM. The availability of new generations of electron guns (and more particularly the field
effect electron gun characterized by a very intense brightness), as well as the new generation of
electronic columns that are now commonly associated with the environmental scanning
electron microscopes opens new possibilities for material characterisation up to the nanometer
scale. The development of this generation of microscopes have opened the door for
performing real time experiments, using the electron microscope chamber as a microlab
allowing direct observation of reactions at the micrometer scale. Many SEM providers or
researchers have developed specific stages that can be used for the in situ experimentation in
the scanning electron microscope chamber. This field is one of the most interesting uses of the
ESEM that offers fantastic opportunities for matter properties characterisation. Even if
numerous recent articles and reviews are dedicated to in situ experimentation in the VP/ESEM
(Donald, 2003 ; Mendez-Vilas et al., 2008 ; Stokes, 2008 ; Stabentheiner et al., 2010 ; Gianola et
al., 2011 ; Torres & Ramirez, 2011), no one describes all the possibilities of this technique. The
present chapter will provide a large - and as exhaustive as possible - overview of the
possibilities offered by the new SEM and ESEM generation in terms of “in situ experiments”
focussing specifically on the more recent results (2000-2011).

This chapter will be split into five parts. We will first discuss the goals of in situ
experimentation. Then, specific parts will be devoted to in situ mechanical tests, experiments
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under wet conditions, and a forth part dedicated to high temperature experiments in the
SEM. Last, a specific part will be devoted to the “future” of in-SEM experiments. In each
part, the main limits of the technique as well as the detection modes will be reported. Each
part will be focussed on examples of the use of the technique for performing in situ
experiments.

2. Goals and implementation requirements of in situ experimentation

The main goal of in situ experimentation in the SEM (or ESEM) chamber is to determine
properties of matter through the study of its behaviour under constraint. This requires the
combination of data collection over a given duration (on a unique sample) and image
treatment for information extraction. The studied properties are generally related to
microscopic phenomena and hardly assessable by other techniques. In situ experiment in the
SEM chamber corresponds to both imaging systems in evolution under a constraint and
imaging systems stabilized under controlled conditions.

To achieve this goal, several requirements are necessary:

e The duration of the phenomenon to be observed must be suitable with the image
recording time. If the system evolution is too fast, it will be impossible to record several
images and observe this evolution. At the contrary, if the reaction kinetic is low, the
time necessary for image recording will be too long and incompatible with
experimentation. The high and low limits can be estimated ranging between 2 minutes
and 48 hours.

e The system must remain stable under the environmental conditions and/or irradiation
by the electron beam during the time necessary for image recording. In the case of
easily degradable samples, it is necessary to adjust the imaging conditions (high
voltage, beam current, aperture, working distance, detector bias...) constantly, as the
sample environmental conditions are modified during the experiment. Thus, the effect
of the electron beam on the sample morphology modifications must be verified. Some
authors report that it can act as an accelerator (Popma, 2002) or inhibitor (Courtois et al.,
2011) of the observed reactions.

e The image resolution must fit well with the size of details to be observed.
Improvements in the image resolution have been achieved in the last decade thanks to
the field effect emission guns. However, the presence of gas in the VP-SEM/ESEM
chamber contributes to the incident electron beam scattering and subsequent
degradation of the image resolution. Thus, the acquisition conditions must be adapted
to the sample to be studied depending on the higher magnification to be reached.

e The gaseous environmental conditions in which the studied system evolutes (or can be
stabilized) must be reproduced in the SEM/LV-SEM/ESEM chamber. The development
of the ESEM offers real new opportunities in term of composition of the atmosphere
surrounding the sample. The large field detector and the gaseous secondary electron
detector (Stokes, 2008) have been developed specifically for imaging under “high
pressure” conditions (up to 300Pa and 3000Pa respectively) whatever the gas
composition (air, water, He, He+H, mixtures, O,). Other detectors have been developed
for very specific applications (high temperature under vacuum (Nakamura et al., 2002),
EBSD at high temperature (Fielden, 2005)).
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e  The constraint in which the studied system evolutes (or can be stabilized) must also be
reproduced in the microscope chamber. Some devices are commercialized by official
sellers. Among them, we must report the Peltier stage for temperature control in the -10
to 60°C range, hot stages for temperature control up to 1500°C, stages for mechanical
tests (Figure 1). Some authors have developed their own specific stages adapted to the
problem to be treated (Fielden, 2005; Bogner et al., 2007). However, the development of
miniaturized stages that can be positioned in the SEM chamber without creating
perturbations on the incident electron beam can be really challenging. This will
probably be a key in the development of in situ experimentation in the next years
(Torres & Ramirez, 2011).

Exntansometer

Fig. 1. a) hot stage (FEI) b) Hot tension/compression stage integrated into an SEM
(Kammrath & Weiss Co.) (After Biallas & Maier, 2007 ; Gorkaya et al., 2010).

The basis of in situ experimentation in the SEM is the study of the morphological
modifications of the sample under constraint. Thus, this requires recording of numerous
high quality images for image post treatment and data extraction in order to characterize the
reaction or matter properties. The sample size can vary from 1pm to 50mm, and the image
resolution is in the 1-10nm range, depending on recording conditions. The images are SEM
images, i.e. with a large depth of field and with grey level contrasts. In-SEM
experimentation can be extended to a wide range of applications, corresponding to very
different materials (plants (Stabentheiner et al., 2010), food (Thiel et al., 2002 ; James, 2009),
paper (Manero et al., 1998), soft matter, polymers, metals, ceramics, solids, liquids...) or
problems (plant behaviour, chemical reactivity, properties characterization, sintering, grain
growth, corrosion...). In the literature, the main part of the data reported has been acquired
using an environmental scanning electron microscope.

3. In situ mechanical tests

Boehlert (2011) have recently underlined the interest of performing in situ mechanical tests
in the SEM and summarized it as follows. “In situ scanning electron microscopy is now
being routinely performed around the world to characterize the surface deformation
behavior of a wide variety of materials. The types of loading conditions include simple
tension, compression, bending, and creep as well as dynamic conditions including cyclic
fatigue with dwell times. These experiments can be performed at ambient and elevated
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temperatures and in different environments and pressures. Most modern SEMs allow for
the adaptation of heating and mechanical testing assemblies to the SEM stage, which allows
for tilting and rotation to optimal imaging conditions as well as energy dispersive
spectroscopy X-ray capture. Perhaps some of the most useful techniques involve acquisition
of electron backscatter diffraction (EBSD) Kikuchi patterns for the identification of
crystallographic orientations. Such information allows for the identification of phase
transformations and plastic deformation as they relate to the local and global textures and
other microstructural features. Understanding the microscale deformation mechanisms is
useful for modeling and simulations used to link the microscale to the mesoscale behavior.
In turn, simulations require verification through in situ microscale observations. Together
simulations and in situ experimental verification studies are setting the stage for the future
of material science, which undoubtedly involves accurate prediction of local and global
mechanical properties and deformation behavior given only the processed microstructural
condition”.

As a direct consequence of the great interest of the collected information, many different
works from several scientific domains have been published for long. Thiel & Donald (1998)
and Stabentheiner et al. (2010) describe the deformation of plants (carrots and leaves
respectively) during room temperature tensile tests performed in the ESEM chamber.
Similar tests are also reported with food (Stokes & Donald, 2000) and they are regularly
performed on polymers (Poelt et al., 2010; Lin et al., 2011), composites (SchofSig et al., 2011)
and metals (Boehlert et al., 2006; Gorkaya et al., 2007). Mechanical tests on metals, alloys and
ceramics can also be performed at high temperature (Biallas & Maier, 2007; Chen & Boehlert,
2010). High temperature EDSB, developed by Seward et al. (2002), offers the possibility to
observe phase transformations in materials as a function of temperature, as well as the direct
visualization of the associated microstructural modifications (Seward et al., 2004).
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Fig. 2. (a) & (b) Single cell surgery without cell bursting using Si-Ti nanoneedle , (c) Force-
cell deformation curve using Ti-Si and W2 nanoneedles at three different stages, i.e. (a)
before penetration, (b) after penetration and (c) touching the substrate. (Ahmad et al., 2010).
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Several recently developed techniques allow characterizing materials at the nanometer scale
through both technological miniaturization and advancements in imaging and small-scale
mechanical testing. Ahmad et al. (2010) have developed a coupled ESEM-atomic force
microscope to characterize single cells mechanical properties (Figure 2). This ESEM-
nanomanipulation system allowed determining effects of internal influences (cell size and
growth phases) and external influence (environmental conditions) on the cell strength.
Gianola et al. (2011) reports the development of a quantitative in sifu nanomechanical testing
approach adapted to a dualbeam focused ion beam and scanning electron microscope. In
situ tensile tests on 75 nm diameter Cu nanowhiskers as well as compression tests on
nanoporous Au micropillars fabricated using FIB annular milling are reported, the scientific
question being the mechanical behaviour of nanosize materials. Both examples probably
represent what will be the future of in situ mechanical tests using scanning electron
microscopes.

4. In situ experimentation under wet conditions
4.1 Conditions for experimentation

Combination of the use of the ESEM and a Peltier stage with the development of specific
detectors allows the possibility to control both specimen temperature and water pressure
around the sample (Leary & Brydson, 2010). Water can be condensed or evaporated on the
demand from the sample (Figure 3). This allows performing in situ experiments in a
temperature-pressure domain that is reported on Figure 3a (dot zone). An easy to perform
experiment, illustrated by a 6 images series, corresponding to the NaCl dissolution (during
the increasing of the water pressure in the ESEM chamber and consecutive water
condensation, at constant temperature) in water followed by the crystallization of NaCl
(decrease of the water pressure) is reported on Figure 3b. This example corresponds to an
“isothermal experiment”. Another ways to work are to perform isobar experiments or to
heat or cool a sample using a constant relative humidity (iso-RH experiments). These
techniques allow the characterization of structural transitions of hydrated samples as a
function of temperature (Bonnefond, 2011).

4.2 Biology and soft matter applications

This technique is particularly well adapted for the observation or experimentation on
biological samples (Muscariello et al., 2005). Images of small and highly hydrated samples
such as liposomes have been obtained by several authors (Perrie et al., 2007 ; Ruozi et al;,
2011) without any particular sample preparation. Perrie et al. (2007) have also been able to
dynamically follow the hydration of lipid films and changes in liposome suspensions as
water condenses onto, or evaporates from, the sample in real-time. The data obtained
provides an insight into the resistance of liposomes to coalescence during dehydration,
thereby providing an alternative assay for liposome formulation and stability (Perrie et al.,
2010). However, Kirk et al. (2009) report that ESEM imaging of biological samples must
remain combined with the classical techniques for sample preparation. Several works are
specifically dedicated to in situ experimentation. Stabentheiner et al. (2010) state that “one
unrivaled possibility of ESEM is the in situ investigation of dynamic processes that are
impossible to access with CSEM where samples have to be fixed and processed”. These
authors have studied the anther opening that is a highly dynamic process involving several
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tissue layers and controlled tissue desiccation. This phenomenon can be observed because
the sample is very stable under the ESEM conditions (Figure 4). Another recent study is
relative to the closure of stomatal pores by Mc Gregor & Donald (2010). Even if the
possibility for experimentation on biological samples is clearly demonstrated, the authors
outline the fact that the electron beam damages are important even at low accelerating
voltage (Zheng et al., 2009). Another surprising example that can be reported is the direct
observation of living acarids available online: in the movie, colonies of acarids are directly
observed in the ESEM chamber under several conditions (FEI movie).

F

Fig. 3. (a) Simplified phase diagram for water indicating the ESEM domain (dot zone) and
schemes to understand how isothermal or isobar experiments are performed.
(b) Solubilisation and crystallization of NaCl directly observed in the ESEM chamber.
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Fig. 4. In situ anther opening of C. angustifolia observed in LV-ESEM. 1) At the beginning,
the valves of the anther are closed; 2) opening starts at the end of the stomium; 3) polyads
are already seen; 4) opening proceeds till the valves are completely bent back and all eight
polyads are presented (scale bar = 100pm). Time span from 1) to 3) was 25 min; 4) imaged 1
h after the start of the opening process (after Stabentheiner et al., 2010)

4.3 Applications on cements

Several works have been performed in order to study the reactivity of cement materials
versus humidity. Hydration or dehydration (Sorgi & De Gennaro, 2007; Fonseca & Jennings,
2010; Camacho-Bragado et al., 2011) of phases have been followed and used to extract
kinetic parameters (Montes-Hernandez, 2002; Montes & Swelling, 2005 ; Maison et al.,
2009), as reported on Figure 5. In this work, the author uses ESEM image series to determine
a three-step mechanism for bentonite aggregates evolution with relative humidity
corresponding to an arrangement of particles followed by a particle swelling and a full
destructuration. In SEM experiments are also used to characterize chemical reactivity
(Camacho-Bragado et al., 2011). It has been recently used to characterize reaction of fly ash
activated by sodium silicate by Duchene et al. (2010). These authors have determined very
accurately the different steps of the reaction determining that the sodium silicate activator
dissolves rapidly and begins to bond fly ash particles. Open porosity was observed and it
was rapidly filled with gel as soon as the liquid phase is able to reach the ash particle. The
importance of the liquid phase is underlined as a fluid transport medium permitting the
activator to reach and react with the fly ash particles. The reaction products had a gel like
morphology and no crystallized phase was observed.

4.4 Hydration and dehydration experiments

As previously reported for liposomes, new opportunities for the study of polyelectrolyte
microcapsules versus their resistance to relative humidity and temperature modifications
are opened and under consideration. The image series reported on Figure 6 clearly illustrate
the possibility to image the native soft capsule at high relative humidity without any
deformation. When decreasing the water pressure near the capsule, the object is deformed
and do not shrink as observed when it is heated in water at temperature higher than 25°C
(Basset et al., 2010). Thus, the walls of the object do not rearrange but collapse when
submitted to a relative humidity decrease.

Similar tests have been performed on self-organized metal-organic framework compounds
(Bonnefond, 2011). According to the image series reported on Figure 7, when the water
pressure decreases, the size of sample remains constant up to a given water pressure (i.e.
relative humidity) and for a transition pressure, the sample size decreases regularly. This



38 Scanning Electron Microscopy

can be associated to a local reorganisation in the sample that corresponds to a water loss
associated to the sample collapsing The enthalpy of water ordering in the sample can be
derived from the recorded image series as reported by Sievers et al.
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Fig. 5. Swelling kinetics of raw bentonite aggregates scale using ESEM-digital image
analyses coupling (after Montes & Swelling, 2005).

Fig. 6. ESEM micrographs of polyelectrolyte microcapsules suspended in double distilled
water. Microcapsules were subjected to controlled dehydration in the ESEM sample
chamber at T=5°C. At an operating pressure of 800Pa, vesicles appeared as spherical
structures. (a) Gradual decrease of the operating pressure to 350 Pa showed regular
deformation of the microcaspsules (b to h)
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Fig. 7. Dehydration experiments performed on self-assembled organo-metallic compounds
at T=22°C and corresponding size modification versus water vapour pressure (Bonnefond,
2011).

The effect of dehydration on lamellar bones was also studied by in situ ESEM experiments
(Utku et al., 2008). The obtained results indicate that dehydration affects the dimensions of
lamellar bone in an anisotropic manner in longitudinal sections, whereas in transverse
sections the extent of contraction is almost the same in both the radial and tangential
directions.

An original work on the heterogeneous ice nucleation on synthetic silver iodide, natural
kaolinite and montmorillonite particles has been performed using the “increasing water
pressure at constant temperature” (Zimmermann et al., 2007) in the temperature range of
250-270 K. Ice formation was related to the chemical composition of the particles. The
obtained data are in very good agreement with previous ones obtained by diffusion
chamber measurements (Figure 8).

4.5 Characterization of surface wetting properties

Characterization of the wetting properties of surfaces through the formation of
microdroplets or nanodroplets is another important investigation field that can be explored
using the ESEM. A recent review by Mendez-Vilas et al. (2009) has highlighted the main
fundamental and applied results. Several strategies for the contact angle between water and
the surface determination are reported (Stelmashenko et al., 2001; Stokes, 2001; Lau et al.,
2003; Wei, 2004; Yu et al.,, 2006; Jung & Bhushan, 2008; Rykaczewski & Scott, 2011). The
investigation of the hydrophobicity and/or hydrophilicity of a catalyst layer have been
performed using ESEM for the first time by Yu et al. (2006). These authors have determined
the micro-contact angle distribution as a function of the catalyst microstructure.
Microdroplets growing and merging process was observed directly in the ESEM chamber by
Lau et al. (2003).
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Fig. 8. Supersaturation versus temperature diagram for silver iodide (After Zimmermann et
al., 2007).

Water droplets merge in (2) Water droplets growth

Fig. 9. Microdroplets growing and merging process under ESEM during increasing
condensation by decreasing temperature. (After Jung & Bhushan, 2008)

4.6 Using the Wet-STEM mode

The development of the Wet-STEM by Bogner et al. (2005, 2007) allows observing samples in
the transmission mode in the ESEM chamber, and more particularly, it offers the possibility
to image directly nanoparticles dispersed in a few micrometer thin water film (Bogner et al.,
2008), emulsions or vesicles (Maraloiu et al., 2010), without removing the liquid
surrounding the objects of interest. One must keep in mind that images with soft matter,
and more generally sample sensitive to the electron beam are very hard to obtain.
Nevertheless, this technique also opens new research fields using in situ experimentation
that only begin to be explored for wettability or deliquescence studies. By combining Wet-
STEM imaging with Monte-Carlo simulation (Figure 10), Barkay (2010) have studied the
initial stages of water nanodroplet condensation over a nonhomogeneous holey thin film.
This study has shown a preferred water droplet condensation over the residual water film
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areas in the holes and has provided corresponding droplet shape and contact angle. On a
similar way, Wise et al. (2008) have studied water uptake by NaCl particles prior to
deliquescence by varying the relative humidity in the Wet-STEM environment (Figure 11).
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Fig. 10. Bright field image of 100 nm polystyrene latex spheres. Insert is the calibrated
intensity corresponding to the dark line in the image (After Barkay (2010))

Fig. 11. ~40 nm NaCl particles as the RH was increased past the deliquescence point. Water
uptake [(a) = (b)] prior to full deliquescence (c) is clearly observed. (After Wise et al., 2008)

4.7 Development of specific materials for experimentation

Several specific devices have been developed to characterize specific properties or reactions.
Two of them will be shortly described below.

Chen et al. (2011) have developed an experimental platform that can be used to investigate
chemical reaction pathways, to monitor phase changes in electrodes or to investigate
degradation effects in batteries. They have performed in situ experiment runs inside a
scanning electron microscope (SEM) and tracked the morphology of an electrode including
active and passive materials in real time. This work has been used to observe SnO, during
lithium uptake and release inside a working battery electrode.
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Direct imaging of micro ink jets inside the ESEM chamber has been achieved using a specific
device developed by Deponte et al. (2009), using a two-fluid stream consisting of a water
inner core and a co-flowing outer gas sheath. ESEM images of water jets down to 700 nm
diameter have been recorded. Details of the jet structure (the point of jet breakup, size and
shape of the jet cone) can be measured. The authors conclude that ESEM imaging of liquid
jets offers a valuable research tool for the study of aerosol production, combustion
processes, ink-jet generation, and many other attributes of micro- and nanojet systems.

5. High temperature in the SEM
5.1 Application domains of HT-(E)SEM

Specific stages (and associated detectors) have been developed to heat samples up to 1500°C
directly in the microscope chamber (Knowles & Evans, 1997; Gregori et al., 2001). The
environmental scanning electron microscope (ESEM) equipped with this heating stage is an
excellent tool for the in situ and continuous observation of system modifications involved by
temperature. It allows recording image series of the morphological changes of a sample
during a heat treatment with both high magnification and high depth of focus. The
experiments can be carried out to observe the influence of all these parameters on the
studied phenomenon under various conditions (heating rates, atmosphere compositions,
variable pressure, final temperature and heating time). Images have been recorded up to
1400°C, with a decrease of the image resolution when the sample temperature increases
(Podor et al., 2012). It is possible to work under vacuum (classical SEM) or under controlled
atmosphere (HO, O,, He+H, Ny, air...). Different types of studies have been reported,
relative to corrosion of metals (Jonsson et al., 2011), oxidation of metals (Schmid et al., 2001a,
2001b ; Oquab & Monceau, 2001 ; Schmid et al., 2002 ; Abolhassani et al., 2003 ; Reichmann
et al., 2008 ; Jonsson et al., 2009 ; Mege-Revil et al., 2009 ; Quémarda et al., 2009 ; Delehouzé
et al., 2011), reactivity at high temperature (Maroni et al., 1999 ; Boucetta et al., 2010), phase
changes (Fischer et al., 2004 ; Hung et al.,, 2007 ; Beattie & McGrady, 2009), hydrogen
desorption (Beattie et al., 2009, 2011), redox reactions (Klemensg et al., 2006), microstructural
modifications (Bestmann et al., 2005 ; Fielden, 2005 ; Yang, 2010), magnetic properties
(Reichmann et al.,, 2011), sintering (Sample et al., 1996 ; Srinivasan, 2002 ; Marzagui &
Cutard, 2004 ; Smith et al., 2006 ; Subramaniam, 2006 ; Courtois et al., 2011 ; Joly-Pottuz et
al., 2011 ; Podor et al., 2012), thermal decomposition (Gualtieri et al., 2008 ; Claparede et al.,
2011 ; Goodrich & Lattimer, 2011 ; Hingant et al., 2011), crystallisation (Gomez et al., 2009) in
melts (Imaizumi et al., 2003 ; Hillers et al., 2007) and study of self-repairing - self-healing -
properties of materials (Wilson & Case, 1997 ; Coillot et al., 2010a, 2010b, 2011) ...

Even if numerous researchers are invested in HT-ESEM, only few of them have been
successful in pursuing dynamic experiments at temperatures higher than 1100°C. Two
recent studies report experiments performed at T=1350°C (Subramaniam, 2005) and 1450°C
(Gregori et al., 2002). However, the resolution of the images remains poor (more than 1pm)
mainly due to water cooling induced vibrations. Furthermore, the precision on the measure
of the sample temperature remains poor (temperature differences up to 150°C with the
expected temperature are sometimes measured). A recent device has been proposed by
Podor et al. (2011) to overcome this difficulty.

A complete review specifically dedicated to in sifu high temperature experimentation in the
ESEM will be available soon. Several examples of in situ studies performed at high



In Situ Experiments in the Scanning Electron Microscope Chamber 43

temperature in the ESEM chamber will be reported below, on the basis of original data
acquired in our laboratory.

5.2 Investigation of the crystallization behaviour in silicate melts

The crystal growth and morphology during isothermal heating of glass melts can be directly
observed using the hot stage associated with the ESEM. The image series reported on Figure
12 have been recorded during 10 minutes while heating the borosilicate melt sample
isothermally at T=740°C. The development of large crystals in the melt rapidly yields to the
complete crystallization of the melt. The crystal morphology presents cells filled with a
second phase and the crystal formation yields to the deformation of the sample surface.
Hillers et al. (2007) have used such data to quantify the variation of crystal length with time.
They have established that the growth is only linear during the first minutes; afterward the
growth rate decreases progressively with time.

This technique can also be used to determine the temperature of formation of the first
crystals at the melt surface and to observe their formation. In the case of glass-ceramics, the
density of nuclei as well as their size and shape development can be directly observed and
used for crystallization kinetic determination (Vigouroux et al., 2011, in prep).

Fig. 12. Growth of crystals in a borosilicate melt during 10 minutes isothermal heat
treatment at 740°C observed using the hot stage associated with the ESEM.

5.3 Decomposition of compounds

In situ thermal decomposition of composites, oxalates, oxides have been reported by several
authors. Images of the heat treatment of a mixed uranium-cerium oxalate grain from 25°C to
1235°C are gathered on Figure 13. Morphological changes with temperature are directly
linked with the oxalate decomposition as stated by Hingant et al. (2011) in the temperature
range 25-500°C. The sample shrinkage observed when T>500°C is probably related with the
first stage of the sintering process - i.e. beginning of bond formation between the
nanograins and with the oxide grain growth (that can not be directly observed at this stage
by HT-ESEM, but that is confirmed by X-Ray diffraction). Such a process has also been
recently reported by Claparede et al. (2011) and Joly-Pottuz et al. (2011).
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Fig. 13. Decomposition of a uranium-cerium mixed oxalate observed during in situ heating
in the ESEM chamber and relative size and shrinkage modifications.

5.4 Study of sintering and grain growth

Several studies are relative to the sintering and grain growth processes in metals and
ceramics. Depending on the system, the experiments have been performed in the
temperature range 300-1450°C. The main interest of these studies is the possibility of direct
observation of the individual grain behaviour during heat treatment. The example that is
reported on Figure 14a corresponds to the heat treatment of the grain decomposed in situ
(Figure 13). The image resolution is high enough to observe the nanograins growth inside
the square plate agglomerate. Consequently, relative shrinkage and average grain diameter
are extracted by image processing (Figure 14b). Assuming that the final density of the
agglomerate is 99%, the sintering map is directly derived from these experimental data
(Figure 14c). Thus, in situ sintering experiments can allow the establishment of the
trajectories of theoretical sintering. Such data have never been already reported in previous
studies, mainly due to the poor resolution of the recorded images.

The effect of the electron beam on sintering is controversy. Indeed, Popma (2002) noted that
a local sintering stop was achieved by focusing the electron beam at a certain position
during the in situ sintering experiments in the ESEM (performed on ZrO; nanolayers). On
the contrary, Courtois et al (2011) performed experiments on the sintering of a lead
phosphovanadate and concluded that the electric current induced by the electron beam was
found to reduce the effective temperature of sintering by 50 to 150°C as well as to accelerate
the kinetics of shrinkage of a cluster composed of sub-micrometric grains of material. Such
effects were not evidenced in our study: the local sintering on sample surface zones that
were not observed (i.e. exposed to the electron beam) was identical to the local sintering
determined on the observed zone.
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6. Conclusions and perspectives

In situ scanning electron microscopy experimentation, that is generally associated with the
use of the ESEM, allows the study of very different problems, the main limit being the
availability of specific devices. Torres & Ramirez (2011) have written the best conclusion
indicating that “the new generation of SEMs shows innovative hardware and software
solutions that result in improved performance. This progress has turned the SEM into an
extraordinary tool to develop more complex and realistic in sifu experiments, achieving even
at the subnanometer scale”. In the near future, new SEM imaging modes, nanomanipulation
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and nanofabrication technologies (Miller & Russell, 2007 ; Romano-Rodriguez &
Hernandez-Ramirez, 2007 ; Wich et al., 2011) will make possible to replicate more closely the
conditions as the ones associated to the problems to be treated. In situ ESEM will probably
be used to overcome technical and fundamental challenges in many scientific domains. The
recent developments of a high temperature stage in the FIB (Fielden, 2008), a new
tomography mode in the ESEM (Jornsanoh et al., 2011) and of the atmospheric scanning
electron microscope (Nishiyama et al, 2010 ; Suga et al, 2011) can be cited as examples for
this future.
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8. References for videos

Reactivity of a salt with silicate  http:/ /www.dailymotion.com/icsmweb#videold=xjknrt
melt at high temperature

Sintering of CeO, at T=1200°C  http:/ /www.youtube.com/watch?v=4ijlUdQe3M4
Self-healing of a metal-glass http:/ /www.dailymotion.com/icsmweb#videold=xjknpp
composite at high temperature

Deformation of vesicles during  http:/ /www.dailymotion.com/icsmweb#videold=xjk75u
dehydration

NaCl solubility and http:/ /www.dailymotion.com/icsmweb#videold=xk22i9
precipitation in water
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1. Introduction

Electron Back Scattering Diffraction (EBSD) is a technique based on the analysis of the
Kikuchi pattern by the excitation of the electron beam on the surface of the sample in a
scanning electron microscope (SEM). The crystal structure, orientation and correlative
information can be acquired by the technique. EBSD has a unique advantage in the
determination of the crystal orientation and microstructure compared with the traditional
analysis methods. It can observe the grain boundary types, misorientations, and the
distribution of them, and the statistical measurement and quantitative analysis also can be
carried out. Therefore, the quantitative relationship between grain boundary structure,
orientation, texture and material properties can be established. Consequently, it has been a
very important experimental technique in materials science and engineering.

This chapter presents a few examples of applying EBSD to characterize the microstructure of
different materials including steels and molybdenum sheets after rolling and heat treatment,
and casting aluminum alloys in order to reveal the formation mechanism of microstructure
during solidification.

2. Applications of EBSD in steel and molybdenum

In this section, we summarize the applications of EBSD in microstructure characterization,
including second phase identification, texture analysis of steel and molybdenum after
different heat treatments and rolling, in understanding the microstructure change during
the cold and hot work processing, and the properties of the materials. EBSD also has been
used to measure the Kurdjumov-Sachs orientation relationships between austenite and
ferrite in stainless steel. The orientation relationships between the particles and the matrix
show a spread around the Kurdjumov-Sachs relationship; the close packed planes in the
FCC and BCC phases are usually parallel to or nearly parallel to each other. A model has
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been proposed for the interfacial structure in a duplex stainless steel based on the
topological theory to explain the deviation angles. In order to verify the prediction of the
distribution of the orientation relationship between BCC/FCC structures, EBSD provides a
convenient approach for orientation relationship determination and fast data collection.

2.1 Microstructure characterization of steel after different heat treatments and rolling

Steel's mechanical properties and corrosion resistance are seriously affected by inclusions
and precipitates at grain boundaries and inside grains. For example, in ferritic stainless steel,
the precipitation of chromium carbides and nitrides at grain boundaries causes local
depletion of chromium in the surrounding material, resulting in a much-reduced corrosion
resistance [Kim et al., 2010; Park et al., 2006]. This will lead to a dramatic drop in the strength
and stiffness of the materials. In order to prevent the formation of chromium carbide and
nitride, stronger nitride and carbide formation elements are added to form more stable
precipitates.

It is shown that, in this research, a number of precipitates have been formed in a ferritic
stainless steel intended for a high temperature application during the steel making process.
The precipitates vary in size from 50pm down to a few 10s of nanometers. The larger
precipitates can be easily identified using a combination of EBSD and EDS chemical
analyses, but the smaller ones make any chemical analysis problematical. However the
superior resolution of the EBSD technique, coupled with a knowledge of the probable
composition of the precipitates, makes their identification using EBSD alone relatively
simple.

The sample was mechanical polished and the final polish with colloidal silica. Zeiss Supra
55 VP SEM was used for EBSD and EDS analysis with beam current around 1-2nA and
20kV. A combination of imaging and “point and click” phase identification (with an
integrated EDS-EBSD system) has been used to identify and then map the larger particles;
however, these are commonly intragranular particles and, as such, are less damaging to the
properties of the steel. The finest particles lie on the grain boundaries - these have the
potential to cause intergranular corrosion, and EBSD analysis alone was necessary for their
identification. Different mapping step size was used for mapping coarse inclusions in grains
and fine precipitates at grain boundaries, 0.5pm and 20nm respectively.

2.1.1 Phase identification of coarse precipitates

Imaging using the Nordlys forescatter system allows both orientation contrast images and
atomic number contrast images to be collected, shown in Fig.1, simply by switching from
the bottom to the top forescatter diodes. These clearly show 2 types of precipitates within
the grains - a large precipitate (type 1) and a number of smaller precipitates (type 2).

The integrated EBSD+EDS system allows 1-click phase identification. From a single point,
an EDS spectrum is collected along with the diffraction pattern (EBSP); the spectrum peaks
are identified and this chemistry is used to search a phase database (or several databases) to
find all matching phases. The EBSP is then indexed and the best matching phase is
determined, shown in Fig.2. Here was used to identify the 2 types of precipitate: type 1
precipitates are aluminum nitrides (AIN - hexagonal), and the type 2 precipitates are
chromium carbides (Cr3Cs - cubic).
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Fig. 1. Forescatter images. (a) orientation contrast image collected using the lower forescatter
diodes, showing grains and surface topography; (b) atomic number contrast image collected
using the top diodes, showing 2 types of precipitate in the ferrite matrix - types 1 and 2.

Type 1 - AIN

Fig. 2. Indexed EBSPs from the 2 types of precipitate. (a) type 1, indexed as hexagonal AIN;
(b) type 2, indexed as cubic CraCs.

With the identity of the precipitates now known, it is possible to map the area and to show
the distribution of the phases. The CHANNELS5 EBSD system can discriminate between the
2 precipitates and the ferrite matrix, on the basis of crystallography alone. The resulting
phase map is shown in Fig.3.

2.1.2 Identification of small grain boundary precipitates

A closer look at the microstructure shows that many of the grain boundaries have small,
elongated precipitates, less than 200 nm across. Unlike the coarse AIN and CrsCs
precipitates, their location at the boundaries could cause intergranular corrosion, and as
such it is important to identify them (see Fig. 4).

The size of these particles makes chemical analysis by EDS problematic, as the signal will
predominantly originate from the steel matrix. Therefore EBSD is the ideal technique to
identify such precipitates. It is expected that these precipitates are either carbides or nitrides,
and so matching phases that fit the chemistry (Fe, Cr)(N, C) were used to index the EBSPs.
In all cases the precipitates were identified as having a hexagonal M;C; structure -
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(Fe,Cr)7Cs. An automated EBSP map along one of these boundaries was collected, and this
showed that some of the precipitates have a distinct crystallographic relationship with one
of the neighbouring grains: (0001)carbide | | (111)serrite — @ basal orientation relationship.

Fig. 3. Phase map showing the same area imaged in Fig. 1. Blue = ferrite, Red = AIN and
Green = Cry3Cs. Black lines represent grain boundaries.

Fig. 4. (a) Forescatter orientation contrast map of grain boundary precipitates: white box
marks EBSD analysis area; (b) Phase and orientation map of the boundary zone. Ferrite is
shown in blue, with the (Fe,Cr),C; precipitates colored according to their orientation.
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2.2 Microtexture analysis in molybdenum sheets

EBSD is an ideal technique for microtexture analysis. With the development of the speed of
detectors, macro texture analysis is also possible. Comparison with XRD, in characterizing
texture EBSD provides not only the types and of percentages of textures, but also the
microstructure information. In this section, microtextures of a cross-rolled molybdenum
were analyzed using EBSD technique. Molybdenum and its alloys are used in a variety of
markets, including the electronics, materials processing and aerospace industries. There are
a number of different properties that make molybdenum so attractive, notably its strength at
high temperature, high stiffness, excellent thermal conductivity and low coefficient of
thermal expansion [Cockeram et al., 2005].

As with any metal, the physical characteristics of molybdenum can be tailored to suit
particular applications. This is done using specific machining or metalworking procedures.
One example of this is found in the aerospace industry, where molybdenum's strength and
stiffness at high temperatures make it the ideal material for space satellite components.
Sheets of molybdenum are cross-rolled in order to further enhance its properties [Oertel et
al., 2008]. Cross-rolling involves rolling the original sheet both parallel and perpendicular to
its length, producing a specific texture (defined as the {001}<110> texture).

This research looks at a specific case in which, during the production of a molybdenum dish,
undesirable surface ripples were observed. Obviously these ripples would have a damaging
effect on the dish's performance, and therefore it was decided that the microstructural and
crystallographic textural characteristics of the molybdenum sheet should be investigated in
order to deduce the cause of the ripple formation. Samples were mechanically polished; final
electro-polishing with 10% sulphuric acid/methanol electrolyte at -25°C, 55V applied voltage.

The microstructure of the sample is shown in Fig.5, a low magnification backscattered
electron micrograph. It is clear that the sample has partially recrystallized, producing large,
strain free grains. The recrystallized and unrecrystallized (i.e. deformed) fractions are
arranged in alternate bands parallel to the final rolling direction (RD). The scale bar
represents 50 pm.

Fig. 5. Forescatter orientation contrast image
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The results of the EBSD analysis are shown in this orientation map, Fig.6. The color scheme
reflects the orientation (see the inverse pole figure, inset), with green color showing points
with the crystallographic <110> direction aligned with the rolling direction. Grain
boundaries (>10°) are marked in black, with subgrain boundaries (2-10°) in grey. Note that
in this and all other maps, the final rolling direction is horizontal and the scale bar
represents 300 pm.

There are many ways that the CHANNEL 5 data processing software can be used to
characterize the extent of deformation and recrystallization in a sample such as this.

Fig. 6. Orientation map showing the orientation of each grain

In average misorientation map of Fig. 7(a) the misorientation between all the points in each
grain has been calculated, and assigned a color (as defined in the legend, inset). The blue
color indicates where grains have very little internal misorientation - these typically have
been recrystallized. The green, yellow and red colors represent progressively increasing
levels of internal misorientation, indicating no recrystallization. The software can also
determine the recrystallized fraction automatically, as shown in Fig.7(b). Here the
recrystallized grains are marked in blue and make up 54% of the total area. Unrecrystallized
grains are colored red. It is clear from the orientation map (Fig.6) that this sample has a
strong texture. This can be represented in pole figures or in orientation distribution
functions (ODFs) in Fig.8.

In Fig. 8(a) the contoured pole figures show the complex nature of this texture. As observed
in the orientation map, there is a strong alignment of the <110> axes with the rolling
direction. However, there are also significant {100} and {111} textures. In Fig. 8(b) plotting
the texture in an ODF clearly illustrates the texture characteristics. There is a strong fibre
texture that splits into 2 branches, as well as other less important texture components. The
colors are the same as in Fig. 7(b), showing that there is little difference between the
orientation of recrystallized (blue) and non-recrystallized grains (red).

With a complex texture such as this, there are many individual "texture components" that
can be used to describe parts of the overall texture. There are 2 main texture components
that account for most of the texture in this sample, but if this sample has been fully cross-
rolled, then a strong {001}<110> texture would be expected. In Fig.9, the inset shows the
color scheme (up to a maximum 20° deviation) and the background grains are colored
according to the pattern quality.
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Fig. 7. (a) The average misorientation map and (b) recrystallised fraction map.

{111}

Fig. 8. (a) The contoured pole figures and (b) ODF showing texture characterisitics.

Cross-rolling should produce a dominant {001}<110> texture in BCC-metals (such as
molybdenum). However this texture accounts for less than 25% of the area in this sample, with
{110} and {111}-fibre textures more dominant. This indicates that the sheet has not been fully
cross-rolled, and this would explain the formation of undesired ripples on the sheet surface.

2.3 Measuring the Kurdjumov-Sachs orientation relationships between austenite and
ferrite in stainless steel

The interface between FCC and BCC crystals can be found in many important metallic
alloys. The orientation relationships between these two phases show a spread around the
Kurdjumov-Sachs relationship (K-S OR), Nishiyama-Wassermann relationship or other
relationship; the close packed planes in the FCC and BCC phases are usually parallel to or
nearly parallel to each other.
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Fig. 9. (a) {110}-fibre texture (<110> parallel to RD) - 77% of the area; (b) {111}-fibre texture

(<111> parallel to normal direction) - 44% of the area; (c) {001}<110> texture (a subset of the
{110}-fibre texture) - 24.7% of the area.

In order to understand the morphology and structure of such interphase boundaries,
different theoretical models have been proposed, for example, the O-lattice theory
[Bollmann,1970], Invariant line model [Dahmen, 1982], CSL/DSC model [Balluffi, 1982], and
the structural ledge model [Hall ef al., 1972]. However, these models can only explain or
predict interfacial structure in part; in particular, interfacial defects have not always been
accurately characterized in previous studies. Recently, by considering the symmetry of the
bicrystals, the topological theory was developed for characterizing the parameters of
interfacial defects [Pond, 1989]. A model has been proposed for the interfacial structure in a
duplex stainless steel based on the topological theory [Jiao et al., 2003]. The FCC/BCC
interfaces have been characterized as arrays of interfacial defects superimposed on reference
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bicrystal structures. This model predicted deviation angle ranged from 0.3° to 4.97° from the
ideal K-S OR. In order to verify the prediction of the distribution of the orientation
relationship between BCC/FCC structures, EBSD has been used for orientation relationship
determination and fast data collection.

In this research, a sample of Zeron-100 duplex stainless steel was heat treated at 1400°C for
30 minutes and followed by water quenching, and 10 seconds at 1000°C for precipitating.
Sample was electropolished with a solution of 10 wt% oxalic acid in H,O with a voltage of
10~15V at room temperature for 1~3 minutes.

Fig. 10 shows the forescatter orientation contrast image of the duplex stainless steel. The
EBSD data was collected from the center area of the image. In Fig.11, it can be seen there are
two phases, FCC y phase is in red and BCC a matrix is in blue. For the y phase we can see
that there are three types: small particles, large particles in a grain and at grain boundaries.
From the pole figures in Fig.12 the orientation relationship (OR) between FCC and BCC
phases was determined as K-S OR. In Fig.11(b) the K-S OR interface boundaries are plotted
in white. If the deviation from K-S OR over 7° the interface boundaries are in black. From
the map we can see that the most of particles shows a K-S OR to matrix. However, the
particles at the grain boundaries only show K-S OR with one side, which is because of the
particle is nucleated from one grain. The large particles inside the a grain show non K-S OR
with the matrix; that because these particles are retained during homogenization.

Fig. 10. Forescatter orientation contrast image of the duplex stainless steel. The EBSD data
was collected from the center area of the image.

Although these two phases show a good consistent with K-S OR, there is always a small
deviation from the ideal OR; that means the {111} plane in y phase is not exactly parallel to
{110} plane in BCC matrix. From the above distribution, it is found that most the particles
show a 1.5° away the K-S OR and with a range of 0.2° to 5.4°, as shown in Fig. 13, which is in
a good agreement with the prediction from the topological interfacial model.
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Fig. 11. (a) Phase map and (b) orientation map of the sample.
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Fig. 12. Pole figures from one a grain (a) and y particles in this grain (b). From these pole
figures it is found that these two phases fall into K-S OR.



Some Applications of Electron Back Scattering Diffraction (EBSD) in Materials Research 65

[ Orientation Relationship Boundaries

rel. frequency
=)

0.z

0.15

0.1

0.05

Deviation [deq]

Fig. 13. The distribution of the deviation angle from K-S OR.

3. EBSD analysis in the field of solidification
3.1 Preparation of EBSD samples by ion etching

Both electrolytic polishing and ion etching can be used to prepare EBSD samples, however,
the electrolyte for Al-Si alloy is relatively difficult to be prepared. On the other hand, for
A357 alloy, electrolytic polishing of a-Al dendrites is faster than that of the eutectic Si due to
the difference in electrochemical property, and then the prominency of eutectic Si phase is
visible, which influences the surface roughness awfully. As a result, the reflection of the
backscatter electron can not be received by the screen, inducing a low calibration rate,
consequently the sample could not be analyzed [Nogita & Dahle, 2001]. Ion etching, as a
new technique for EBSD sample preparation, is suitable for eliminating the surface stress
layer of most materials, and the etching speed could be selected according to the etching
voltage, ion beam current, geometrical shape and materials of the samples. Therefore, ion
etching is chosen for EBSD sample preparation of particular materials which contain some
hard brittle phases in microstructure.

Fig.14 shows the Kikuchi pattern of A357 alloy sample prepared by mechanical buffing and
ion etching respectively. The difference between these two pictures is obvious. Rheology on
the surface of the sample took place due to mechanical buffing, therefore no Kikuchi pattern
could be observed, as shown in Fig. 14(a). Since the electron beam effects only 1-2um deep
on the surface of the sample, so ion etching must be performed to remove the surface stress
layer in order that Kikuchi pattern could be observed. Fig.14(b) shows clear Kikuchi pattern.

3.2 Misorientation of secondary eutectic phase with primary phase in modification
alloys

A357 aluminum alloy is casting alloy with the coarse a-Al dendrites and plate-like eutectic
silicon in cast microstructure, of which the volume fraction of the eutectic silicon phase is
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more than 50% [Heiberg & Arnberg, 2001] and influences its mechanical properties. The
coarse primary a-Al dendrite could be refined and equiaxed by adding proper quantities of
Ti and B into the alloy [Easton & St John, 2001; Shabestari & Malekan, 2010], while Sr is a
good modificator, which improves the mechanical properties of Al-Si alloy by changing the
morphology of the eutectic Si [Chen & Zhang, 2010; Martinez et al., 2005]. In the section,
EBSD investigation of A357 alloy has been used to analyze the misorientation of eutectic
phase with primary phase in A357 aluminum alloy with and without Sr modification and to
study the nucleation and growth mechanism of the eutectic solidification by Sr modification.

Fig. 14. Kikuchi pattern of unmodified A357 alloy samples prepared by (a) mechanical
polishing and (b) ion etching.

For EBSD samples of the cast A357 alloys, the ion etching was carried out for the EBSD
sample preparation by Gatan 682 ion etching equipment. EBSD tests were performed on
ZEISS SUPRADSS field emission gun scanning electron microscope (FEG-SEM) with HKL
channel 5 backscattered electron diffraction camera. The parameter of FEG-SEM is set as
following: acceleration voltage of 20kV, working distance of 21.0 mm.

Fig.15 shows the microstructure of the unmodified and modified A357 alloy. The coarse a-
Al dendrites and the plate-like Al-Si eutectic both can be observed clearly, as shown in
Fig.15 (a). The coarse plate-like eutectic Si phases were transformed to fine fibrous eutectic
by Sr modification, as shown in Fig.15 (b). It is concluded that there are approximately 480
grains in a visual field of the unmodified A357 sample, of which the average grain size is
21.0pm, while about 1362 grains can be found in the same scanning region of the sample
which was modified and the average grain size is 7.4pm, according to the EBSD statistical
results. The average grain size of the sample decreases by nearly two times, indicating that
the microstructure can be refined by Sr modification.

Fig.16 shows the crystal misorientation and its distribution with and without Sr
modification. Low-angle grain boundaries (LAGBs) are dominate in the unmodified sample
and few high-angle grain boundaries (HAGBs) can be observed, while both of them in the
modified sample can be found that they distribute evenly and occupy certain proportion
respectively, as shown in Fig.16(d). Fig.17 shows the polar figures of the samples with and
without Sr modification. Crystal orientation of the sample without Sr modification is
relatively concentrated, which basically tends to be two kinds of crystal orientation,
represented as red and purple respectively, as shown in Fig.17 (a), while crystal orientation
in the modified sample is changed and tends to be scattered, as shown in Fig.17 (b).
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Fig. 17. Pole figure maps of samples. (a) unmodified and (b) modified.

A357 alloy is hypoeutectic Al-Si alloy, and heterogeneous nucleation takes place during the
solidification process of the primary a-Al dendrites and then the nuclei grows up. For A357
alloy, recent work has indicated that there are three different possible eutectic nucleating
and growth modes depending on the solidification conditions [Dahle et al., 1997]: (1)
nucleates on the casting wall and grows up in the opposite direction of thermal gradients,
(2) nucleates on the primary a-Al dendrites and grows up, (3) nucleates on the
heterogeneous nuclei located in the region between primary a-Al dendrites and grows up.
As shown in Fig.16, with the low-angle grain boundary being responsible for the nucleation
of the eutectic Si on the primary a-Al dendrites, the high-angle grain boundary is
responsible for the nucleation of the eutectic Si on the heterogeneous nuclei located in the
region between primary a-Al dendrites. It is obvious that the eutectic Si in the sample
without Sr modification nucleates and grows up in mechanism (2) and those in the sample
modified nucleates and grows up in mechanism (3). The results indicate that nucleation
mechanism of the eutectic Si phase changes due to the modification, leading to the change of
the growth patterns. Therefore, misorientation of secondary eutectic phase with primary
phase in casting alloys can be detected by EBSD and used to study the nucleation and
growth mechanism of modification.

3.3 Agglomeration of primary crystals during solidification

In suction casting, the extra force is provided by the differential pressure between the
melting chamber and the suction chamber. Thus, suction casting is successful in preventing
casting defects by means of suction force, and a high cooling rate in suction casting is
generated due to the use of the Cu-mold. Although the primary solidification under the
intensive force has been comprehensively understood [Chen ef al., 2009], not much attention
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has been paid to the solidification of the remaining liquid in the die-casting mould.
However, the secondary solidification of the remaining liquid plays an important role in
determining the final microstructure and corresponding mechanical properties [Stangleland
et al., 2004; Vernede et al., 2006]. The secondary solidification was also found in rheo-
diecasting (RDC) process of semi-solid metal (SSM) technology [Fan et al., 2005; Hitchcock et
al., 2007]. Therefore, it is necessary to understand the secondary solidification behavior of
the remaining liquid in relation to the final microstructure.

Agglomeration of primary crystals in the mushy zone during solidification is an important
phenomenon influencing many aspects of casting processes and often affects the rheology of
partially solid alloys and the microstructure of the as-cast component. Microstructural
characterization of AlFeSi specimens produced by suction casting and die casting has been
performed using EBSD. EBSD is used to study the agglomeration of equiaxed crystals in
suction casting by analyzing the grain misorientation.

Typical as-cast microstructures produced by the two casting techniques are shown in Figs.
18(a) and 18(b). The primary grains have quasi-equiaxed morphology in two cases. From
Fig. 18(b), it can be seen that in located region of the relatively large primary a-Al dendrites,
there are fine a-Al particles, contributed by the solidification of the remaining liquid in the
located region of al dendrites, which is referred to as “secondary solidification”.

Fig. 18. Optical metallographs of AA8011 alloy. (a) die casting sample and (b) central region
in 2 mm diameter sample in suction casting.

Similar to previous research [Otarawanna et al., 2010], low-angle grain boundaries (LAGBs)
and high-angle GBs (HAGBs) are defined here as boundaries with a misorientation between
5° and 15° and more than 15°, respectively. Three types of GBs — LAGBs, HAGBs and
coincidence-site-lattice GBs (CSL-GBs) — were determined after result extrapolation in each
EBSD map. Fig. 19 shows extrapolated EBSD maps by LAGBs and HAGBs in each of the
samples investigated. It shows that the fraction of low-energy GBs (LAGBs) is higher in the
suction casting sample than in the die casting sample.

By producing samples with different casting methods where the solidifying alloy
experiences different levels of external mechanical stresses, the effects of mechanical stresses
applied during solidification can be assessed. The length percent of low-energy GBs shown
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in Fig. 19 is associated with crystal agglomeration during solidification. The high pressure
applied on the solidifying alloy during suction casting is likely to promote crystal collisions
and result in a strong degree of crystal agglomeration.

When two growing primary crystals impinge with one another, GB formation depends on the
interfacial energy of the potential new GB. Coalescence or bridging is the transformation of
two impinging solidification fronts into a solid bridge [Rappaz ef al., 2003] and in this case a
new agglomerate can form. Therefore, coalescence can be considered as the disappearance of
two solid-liquid interfaces, each with interfacial energy vy, and the formation of a GB with
interfacial energy Y, [Mathier et al., 2004]. When two solidifying crystals impinge on one
another, bridging occurs readily if Ys < 2yy [Rappaz ef al., 2003]. On the other hand, some
energy is required to form a new boundary if Y > 2y Ve is a function of the misorientation
between the two impinging crystals. Y, < 2yy occurs if the misorientation is less than 15°
(LAGBs) [Mathier et al., 2004]. In this case, there is an attractive force to bring the two crystals
together and coalescence occurs as soon as the two interfaces are close enough. Only GBs with
Yeb < 2Ys1 are thought to form after a collision of two crystals [Sannes et al., 1996]. If not, a liquid
film is stable and the colliding crystals bounce back. In suction casting samples, the fraction of
low-energy GBs among in-cavity solidified grains is significantly higher than in diecasting
specimens. This is attributed to the increased number of crystal collisions during suction
casting, which promotes agglomeration of favorably oriented crystals.

Fig. 19. EBSD micrographs by GB lines in color. White — HAGBs, Yellow — LAGBs, other
color-- CSL-GBs. (a) die casting sample, (b) central region in 2 mm diameter sample in
suction casting

4. Conclusions

Some examples of applications of EBSD to materials processing are presented in the chapter.
It is shown that combined with SEM imaging and EDS composition analyzing, EBSD is very
powerful for materials research. Phase identification, microtexture characterization and
crystallographic orientation relationship determination are carried out in different steels and
molybdenum sheet after heat treating and rolling in order to understand the microstructure
evolution during the hot processing. It is also shown that EBSD analysis on casting
aluminum alloys provides invaluable insight into mechanisms of nucleation and growth in
modification during solidification, and agglomeration of equiaxed crystals in secondary
solidification.
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1. Introduction

The scanning electron microscope (SEM) can be used for far more than just obtaining
images. It has a long tradition of being used to directly manipulate a sample to create
various surface structures. The scanning coils within the microscope can be utilized for
directing the electron beam in a controlled manner rather than simply raster across the
surface as is used in imaging. By focusing the electron beam on a given area of the sample, it
can be used to induce various localized changes to the surface of a material with a high
degree of precision. There are several established techniques by which an electron beam can
be used to create patterned structures upon a surface, the most common of which is electron
beam lithography. Electron beam lithography is a multi-step process in which a sacrificial
polymer layer is first deposited onto the sample that can achieve feature sizes down to ten
nanometer length scales (Broers et al. 1996; Liu et al. 2002). The electron beam can also be
used to locally induce or break bonds to pattern nanostructures (Mendes et al. 2004) or
simply burn material away from selected areas of the sample (Egerton et al. 2004). In
essentially every case, the electron beam interacts with the surface to locally alter or break
chemical bonds to form patterned surface structures with very high precision.

In the present study, we have developed a new method by which the electron beam can be
used to create patterned surfaces (Kidd et al. 2011). The discovery was quite by accident,
occurring during some standard studies of layered dichalcogenide crystals. These highly
two dimensional materials have intriguing electronic and chemical bonding characteristics
which have made them of great interest for the study of novel electronic phase transitions
(Wilson et al. 1975; Sipos et al. 2008) and potential use in a variety of alternative energy
applications (Whittingham 1976; Kline et al. 1981; Chen et al. 2003). The systems we had
chosen for study were doped crystals, as doping these materials can be used to induce
dramatic changes in their electronic and chemical behaviors (Levy 1979; Friend and Yoffe
1987). The particular sample of interest at the time was Cu,TiSe;, owing to a recent
discovery of a superconducting phase in the system in competition with the charge density
wave ground state of pure TiSe, (Morosan et al. 2006).

The SEM was being used to examine the microstructure of single crystal samples while
energy dispersive x-ray spectrometry (EDX), via a spectrometer attached to our microscope,
was used for measuring the chemical composition of the sample. These measurements were
meant to do nothing more than determine the homogeneity of our samples and how much
copper was successfully incorporated as a dopant. Interesting anomalies were quickly
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discovered, however. The samples had an inhomogeneous appearance in the SEM even after
surface layers were removed, although EDX measurements showed the chemical
composition was essentially homogenous. The EDX measurements were then taken over
longer time periods, to try to detect any subtle inhomogeneity in the sample stoichiometry.
These longer measurements induced further changes in the appearance of the sample, and
there were signs that the copper concentration might actually be varying with the duration
of the EDX measurement itself. After some time, we hypothesized that perhaps the samples
were contaminated in some way, so we attempted to drive off any contamination by heating
the measured crystals in a vacuum oven. This resulted in the creation of a multitude of sub-
micron and nanoscale copper iodide crystallites upon the sample surface, except for where
the EDX measurements were performed. In areas of the sample that had been exposed for
long durations to the electron beam, the surface was unchanged.

Through further experimentation, the process was refined so that the size and density of the
crystallites could be controlled by varying exposure dosages and the temperature at which
samples were heated after exposure. The iodine was found to come from within the sample
itself. Iodine is used as a catalyst for growing large single crystals of TiSe, and other
dichalcogenides, and some remains trapped in various nooks or cracks long after the
samples are grown. This iodine is then released during heating and draws copper ions from
within the bulk of the TiSe; to its surface to react and form the Cul crystallites (Jaegermann
et al. 1996). The electron beam radiation serves to reduce the amount of copper arriving at
the surface in the exposed portions of the surface, allowing one to devise a patterned array
of sub-micron structures. Unlike traditional electron beam lithography, with its required
sacrificial polymer coating, no intermediate processing is required. The sample is simply
exposed to the electron beam in a controlled fashion and then reacted with some quantity of
a halogen gas like iodine in a simple two-step process. This lithographic technique is
essentially one derived solely from controlling the mobility of the dopant ions stored within
the sample to reach the surface for reaction.

2. Experimental methods

The Cu,TiSe; samples used in this study were synthesized using a technique proven for
growing large single crystals of pure TiSe; (Balchin 1976; Kidd et al. 2002). The basic process is
to heat the starting elemental powders (Alfa Aesar, >99.5% purity) with iodine as a catalyst in
a sealed and evacuated silica ampoule. The original intent for these samples was to study the
superconducting ground state which emerges upon doping with copper (Morosan,
Zandbergen et al. 2006). In an attempt to dope the samples with a higher concentration of Cu
than was found in the literature, the copper was included with the initial growth of Ti, Se, and
I powders in a single step growth process rather than the standard multi-step method of first
growing TiSe, powders and then later incorporating the copper dopants.

To put it mildly, high doping concentrations were not achieved using this modified single-
step method. Instead, the copper reacted strongly with iodine in the growth ampoule to
form a Cul film which coated the surfaces of very lightly doped TiSe, (Figure 1). The
samples had a stoichiometry of Cugo4TiSe;, with copper concentrations varying by +0.01 as
determined by EDX. This was much less than the goal of doping concentrations greater than
10%, and in fact our samples showed no signs of superconductivity down to 3K.
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Fig. 1. SEM image of the Cul film coating as a grown Cu,TiSe; single crystal. Most of the
surface is covered with a Cul film, which appears much brighter in the SEM image than
surrounding TiSe>. The lower panel reveals triangular structures typical of the Cul coating.
The darkened rectangular regions are areas in which higher magnification imaging was
attempted. The focused beam burned away the Cul to reveal the underlying TiSe; surface.

The Cul surface layer was not a completely uniform coating, with portions seemingly
chipped away during sample handling. It appeared much brighter than uncovered areas,
and typically was composed of triangular features aligned over a local area of the sample.
This Cul overlayer was very sensitive to electron beam exposure. High magnification
imaging would often burn away a portion or all of the Cul layer within less than a minute of
imaging. Rectangular areas in which the Cul layer was thus burned away can be seen in the
lower panel of Figure 1.

The SEM measurements were performed using a TESCAN Vega II microscope with an
attached Bruker Quantax EDX spectrometer. SEM images and EDX data shown here were
taken using 20kV beam voltages. The samples were manipulated in air for short periods and
stored long term in a dry box. The inert TiSe; crystals showed almost no signs of chemical
decomposition months after they were grown. To expose clean portions of the samples and
remove the Cul films, samples were exfoliated with Scotch tape to remove the uppermost
surface layers. This process had to be repeated several times in some cases, as Cul inclusions
could be found within some crystals. These inclusions, which were typically very thin Cul



76 Scanning Electron Microscopy

films, grew as the crystals were formed creating weak points within the crystals where
exfoliation would occur but not provide a clean dichalcogenide surface.

3. Metastable surface inhomogeneity

SEM and EDX measurements were performed primarily on exfoliated Cu,TiSe; single
crystals. Interestingly, even in samples which showed no evidence of Cul via EDX after this
process, the crystals appeared inhomogeneous in SEM images as in Figure 2. The apparent
brightness of the surface varied in different locations. This was quite unexpected as pure
TiSe; samples never showed any such inhomogeneity, and x-ray diffraction measurements
indicated the samples were of a single phase. EDX measurements were then taken over
different sections of the sample to try to correlate the apparent differences in brightness to
differences in the local chemical composition. According to EDX measurements, the samples
were essentially homogenous. Furthermore, high magnification SEM measurements did not
reveal any substantial differences between the brighter and darker areas of the sample.

S .

Fig. 2. SEM image taken from the inhomogeneous appearing surface of a freshly exfoliated
single crystal of Cup4TiSe;. Various areas of the surface appeared more or less bright in the
SEM. The colored boxes outline two areas exposed to relatively high electron beam radiation
during long duration EDX measurements. The green square outlines an area from the
brighter appearing portion of the surface that became darker after exposure. The blue
square outlines a section from the darker area of the surface that became brighter after
electron beam exposure.

To obtain more precise stoichiometry values, EDX measurements were made over longer
exposure times than usual. Measurements were taken for half an hour or more, in which a
relatively small portion of the surface was continuously exposed to electron beam radiation.
While these measurements did not provide any conclusive results regarding the local
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stoichiometry, they did have a significant impact on the appearance of the sample surface
(Figure 2). Essentially, long term electron beam exposure caused areas which initially
appeared brighter to become darker and areas which were initially darker to become
brighter.

The process could even be reversed to some extent in that an area could be switched back to
its original appearance by a second exposure as seen in Figure 3. In this image, the sample
areas appeared relatively dark until the portion in the upper half of the picture was exposed
to long term electron beam radiation and became brighter. After this, a smaller portion of
the sample was re-exposed to the beam. At this time, the brighter section reverted to its
original appearance and the bottom half of the surface, which was not initially exposed to
the beam for a long duration, was not changed at all. The edge of this second exposure is
visible in the image, however. In general, it was often possible to effectively burn away a
region made brighter by the beam, but we were not able to make a darkened area return to a
more bright state by a second exposure.

Fig. 3. SEM images of an area exposed to long term electron beam radiation multiple times.
This area of the sample was originally one of the less bright regions of the surface. After long
term EDX measurements, the top half of this image became brighter. A second long term EDX
measurement was taken at the border between the original surface and the brightened area, as
highlighted by the colored rectangle. Within this region, the area that became brighter in the
initial exposure reverted to its original darker appearance after the second exposure.

These results indicate that the apparent brightness of the sample is most likely related to a
phenomenon confined to the immediate surface of the sample. EDX measurements include
x-rays generated by inelastically scattered electrons which can easily penetrate several
hundred nanometers into the sample. Therefore, stoichiometry variations confined to a few
surface layers are essentially undetectable by EDX. Furthermore, it is obvious that electron
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beam radiation can alter the apparent brightness of the sample as viewed in the SEM. When
the beam is focused on a small area of the sample in high magnification measurements, this
area would receive a relatively high dose of radiation even for short duration
measurements. Therefore it is not surprising that significant differences could not be found
when comparing different portions of the sample as the surface is likely changing during the
measurement process itself.

These measurements in themselves show that the variation in brightness is a surface
phenomenon sensitive to electron beam exposure, but do not reveal the source of the surface
inhomogeneity. The apparent brightness in an SEM image can be influenced by many
factors. The relative height, density, and conductivity of a given sample region can all play a
role in determining how bright a particular area appears in an SEM image.

In this case, it appears that the brightness could be due to local changes in the sample
density or surface conductivity. Copper ions have significant mobility within the TiSe; solid
(Gunst et al. 2000), so that any local heating or other beam interactions could potentially
cause the copper ions to migrate and/or aggregate to alter the local electron density in
response to beam exposure. On the other hand, insulating copper iodide films appear not
only on the surface of as-grown crystals, but could also be found after exfoliations
interspersed within the crystal bulk. Even though EDX measurements did not detect
significant iodine levels, the brighter areas could arise from an extremely thin Cul layer.
This appears to be the more likely explanation. Copper ions assume a positive oxidation
state as dopants within the layers of TiSe,. If the beam caused them to migrate and cluster
together in some manner, this would not be a stable configuration as the positive ions would
repulse each other through Coulomb interactions to return to their equilibrium positions.
The changes induced by beam exposure were stable for days if not weeks indicating
equilibrium must be attained soon after the beam exposure is ended.

If the apparent changes in brightness arise to a thin Cul layer, there must be a source of
iodine somewhere throughout the sample. In fact, a small concentration of iodine does
remain interspersed throughout the sample from the growth process, where iodine is used
to catalyze the growth of large single crystals. Also, iodine was found in significant amounts
within cracks or at the edges of the crystals. These areas also tended to contain larger
concentrations of copper, making them a mix of copper iodide and pure iodide in areas of
the sample less affected by exfoliation. Due to charging effects in these insulating materials,
the iodine rich particles appear much brighter than the surrounding dichalcogenide surface.

The presence of microscale iodide crystals was unexpected given the element’s volatility.
The samples used in this study were grown several weeks prior to the SEM measurements,
making it likely that any surface iodine should have already sublimated. Therefore, the
iodine seen here must have been stable while trapped inside various sample defects. This
iodine would then be exposed after the exfoliation process to become more reactive.

Assuming the bright areas appear so due to a thin coating of Cul, they would become
darker as this insulating material is burned away during the electron beam exposure. At the
same time, the radiation from the electron beam would enhance the mobility of copper ions
to flow towards the surface through local heating and/or the accumulation of negative
charge. Another effect of the electron beam exposure would be to volatilize any exposed
iodine. Any copper ions migrating to the surface would react with this iodine to become
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trapped as a very thin Cul layer, creating a region appearing more bright after exposure.
This hypothesis is consistent with the fact that the surface was mostly stabilized within a
day or so after exfoliation. While it was still possible to burn away brighter regions, it was
no longer possible to reverse this process or induce darker regions to become bright on the
aged samples. This is exactly what one would expect as the iodine available for reaction
immediately after exfoliation would simply sublimate away so that there would be nothing
left for copper ions to react with to form apparently bright regions as seen by SEM.

4. Formation of Cul crystals

The initial EDX measurements indicated that there could be variation in the copper
concentration related to electron beam exposure, although these variations were not very
significant given the precision of the measurement. If this were true, it could mean that the
electron beam exposure could be used to create localized areas of superconductivity within
the Cu,TiSe; surface and induce interesting interfacial properties between charge density
wave and superconducting regions of the sample. (Morosan, Zandbergen et al. 2006; Barath
et al. 2008). To better attain information about the copper distribution, it was deemed
important to first remove the iodine. Copper reacts strongly with any iodine present in the
system, making iodine a contaminant that can strongly affect the distribution of the dopant
copper ions within the TiSe; layers. Given the volatility of iodine, the decision was made to
gently heat one of our exfoliated samples in a vacuum oven. For convenience and
consistency, a sample in which EDX measurements had been performed was chosen. A low
temperature, only 60°C, was used as this should be sufficient to vaporize any exposed
iodine and it was not so high as to damage the carbon tape used to mount the sample.

The results were quite surprising, as seen in Figure 4. Not all of the iodine exposed by
exfoliation sublimed from the sample during heating. In fact, it appeared as if the majority
reacted with dopant copper ions to form a surface covered in Cul. That copper and iodine
reacted was not completely unexpected. Halogen gas exposure has been shown to draw out
high mobility dopants like copper or silver (Jaegermann, Pettenkofer et al. 1996). However,
the relatively small amount of iodine seen in our measurements of the exfoliated surface did
not lead us to expect the near totality with which the surface was covered after heating.

There are additional oddities concerning the copper iodine reaction of this surface. The region
shown in Figure 4 is the same area as shown in Figure 3 after heat treatment. The portions of
the sample that had turned relatively bright after e-beam exposure were almost completely
free of Cul after heating. Other exposed areas can be seen as rectangular features in the image.
The smaller region formed by the secondary exposure also had less Cul formation. However,
some rectangular regions appear to have a more uniform Cul coverage than unexposed areas
of the sample. These regions received a relatively small dose of electron beam radiation during
the time in which images were taken, such as that shown in Figure 3.

The truly novel discovery was that rectangular portions of the surface remained Cul free.
These rectangular areas could be identified as the regions on the sample which received
very high electron beam exposure levels during the EDX studies. This discovery led to a
more systematic series of measurements designed to illuminate whether controlled electron
beam exposure could be used to create a patterned array of Cul features in a process similar
to, but simpler than, standard electron beam lithography.
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Fig. 4. SEM images taken from the area shown in Figure 3 after the sample was heated in a
vacuum oven at 60°C for 24 hours. lodine released from the sample during heating reacted
with copper from within the sample to form Cul crystallites over the majority of the sample
surface. The formation of Cul was reduced or eliminated in areas of the sample in which
long term EDX measurements were taken.

5. Dopant driven lithography

To determine the effects of electron beam exposure, comparisons were made between a
series of different exposure levels made upon a single Cu,TiSe; crystal. After the exposures
were performed, the samples were transferred to the vacuum oven and heated to
temperatures between 60-100°C. The iodine exposure levels were varied by including
various amounts of iodine in the vicinity of the sample when it was loaded into the vacuum
oven.

Within a given sample, the results were very consistent. Figure 5 shows SEM images
taken from a Cu,TiSe; crystal that had been exposed to four different electron radiation
doses before being heated in a vacuum oven. The surface was exposed to three ring
patterns with dosages of 2.5, 5, and 10 mC/cm2 Near the center of each ring a small
circular area was also exposed to a dosage of roughly 50mC/cm?2. This surface was
exfoliated multiple times to attain a mostly homogenous surface to minimize any effects
from a potential pre-existing Cul film upon the surface. These efforts were successful in
that no significant changes were induced by the electron beam exposure itself. However,
the radiation exposure patterns were still easily identifiable after the heat treatment. Even
at low magnification levels, it can be seen that the Cul coverage is significantly reduced
by the electron beam exposure.



Dopant Driven Electron Beam Lithography 81

The influence of the electron beam exposure is more obvious at higher magnification as seen
in the area exposed with a 5 mC/cm? dose in Figure 6. After heating, the surface is coated
with small Cul crystallites, which are reduced in size and density in areas exposed to higher

levels of electron radiation. Significant changes were difficult to detect in doses less than
ImC/cm2.

2
10 mC/cm

Fig. 5. SEM images before and after an irradiated sample was heated to 60°C in a vacuum
oven for 24 hours. The top panel was taken immediately after selected areas of the surface
were exposed to electron beam radiation. The surface showed no signs of damage from the
electron beam exposure. The image in the bottom panel was taken after the heat treatment
induced Cul formation. The blue rectangle indicates the area initially imaged in the upper
panel, and the radiation exposure levels for each pattern are indicated on the image. Near
the center of each ring, small circular areas were exposed to approximately 50 mC/cm? of
electron beam radiation.
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Fig. 6. SEM images taken after irradiation and vacuum heat treatment at 60°C. The left panel
is an overview of an area exposed to 10mC/cm? of radiation in a ring pattern. The right
panel is a magnified view of the exterior ring edge. Cul crystallites are smaller and fewer in
number in the irradiated area. The boundary region of the exposed area received a larger
dose of electron radiation, resulting in even less Cul crystallites at the edge of the pattern.

The edges of the exposed ring were relatively dark in the SEM images, with much less Cul
crystallites. This is attributed to systematic errors in the coil control program which cause
the beam to linger longer at edges in the prescribed pattern. The small circle offset from the
center of the ring was exposed to a much higher dosage of electron beam radiation. Through
additional measurements concerning multiple samples and treatment temperatures, it was
found that a dosage of 50mC/cm? was consistently sufficient to completely suppress Cul
formation.

It was difficult to determine how the chemical composition of the surface was altered by
various exposure doses or iodine reaction temperatures. The signal for iodine was small and
copper consistently measured between three and four percent of the overall composition.
Iodine could not be detected at all in areas exposed to high enough doses to completely
suppress Cul formation, but even in these areas the copper concentration was not
significantly different from the rest of the sample. These results indicate the Cul formation
was confined to the surface and that the overall copper doping concentration was not
substantially altered within the exposed areas.

As shown in Figure 7, the Cul crystallites are typically sub-micron structures. The size and
density of these crystallites are inversely proportional to the amount of electron radiation
exposure. These results show that not only can the exposure process be used to direct where
the Cul crystallites are formed, but also to control their size and average spacing.

Depending on the radiation dosage and iodine reaction temperature, crystallite sizes ranged
from ten nanometers to a few microns. While not particularly uniform, the size of most
crystallites within a given exposure region did not deviate by more than a factor of two. The
crystallite size was dependent on both the exposure level and temperature at which the
iodine exposure occurred within the vacuum oven. Higher processing temperatures led to
the formation of larger crystallites (Figure 8). While the smaller crystallites appeared more
rounded and randomly shaped, larger structures often showed clear symmetry respective of
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an underlying crystal structure. The variation in appearance is a size-effect related
phenomenon. As the size of the crystallite decreases, atoms residing at the surface represent
a larger and larger percentage of the material. Surface atoms have a relatively high energy
state, and when the crystallite becomes small enough, minimizing the total number of
surface atoms by attaining a more rounded structure becomes more energetically favorable
than maintaining the proper bonding angles representing the crystal symmetry found in
larger features.
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Fig. 7. SEM images comparing the effects of radiation exposure on the form of Cul
crystallites formed after heating at 60°C. Each panel is shown at the same scale and was
taken from different areas of the same sample with the indicated radiation exposure dose.

The lateral resolution of the process is theoretically expected to be on the order of the
electron beam spot used during the exposure process. However, in practice the beam spot
can be made to be much smaller than the average Cul crystallite size. Thus the lateral
resolution of this technique is defined more by the size of the crystallites to be obtained
rather than intrinsic exposure parameters.

There were significant variations found in the size and density of crystallites formed on
different TiSe, crystals. This is attributed to variations in the amount of iodine available for
reaction. It was found that including excess iodine seemed to have a much smaller effect
than variations seen from sample to sample, indicating that the Cul reaction is dominated
by iodine emerging from the TiSe, sample itself. While iodine is a volatile element in
ambient conditions, it can remain present for years trapped between layers of inside defects
of a TiSe; crystal. When the sample is exfoliated, trapped iodine becomes available for
reaction, especially when the sample is heated, even at temperatures below 100°C. Iodine
loaded in proximity to the crystal likely becomes volatile and spreads quickly throughout
the vacuum oven, minimizing its effectiveness in forming Cul. Iodine trapped in the nooks
and crannies of the sample will take more time to fully volatilize, and be in closer proximity
to the surface, giving it more time to react with the copper dopant ions before it dissipates
away from the sample. This hypothesis also supports the relationship between crystallite
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size and reaction temperature. At higher temperatures, the copper ions have a higher
mobility which allows a larger number to reach the surface in a given time. As there is likely
a limit to how long the chemical reaction takes place, heating to a higher temperature would
allow more copper ions to take part in the reaction to form larger structures.

Fig. 8. SEM images comparing the effects of reaction temperature on the size of Cul
crystallites. The top panel was heated in the vacuum oven at 100°C. The bottom panel was
heated to 60°C. The bare area on the left of the bottom panel was initially dosed with about
50 mC/cm? of electron beam radiation, completely suppressing the formation of Cul.

It was also found that Cul formation was inhibited for samples which had been exfoliated
for many days prior to beam exposure. Even though the samples looked almost identical to
fresh surfaces in the SEM, including the presence of trapped iodine, Cul crystallites would
rarely grow upon these aged samples. These results were reminiscent of an AFM study in
which the copper ions could be drawn to the surface of a dichalcogenide crystal, but only for
freshly exfoliated surfaces (Gunst, Klein et al. 2000).
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6. Conclusions and future directions

The experimental results show that it is possible to use electron beam exposure to control
the formation of Cul crystallites on the surface of a TiSe; crystal. This is a two-step process
in which a fresh surface is first exposed to electron beam radiation in a controlled fashion,
and then heated in the presence of iodine. Due to inconsistencies between samples, exact
empirical parameters concerning the size and density of Cul formation have not been
determined as yet, although qualitative relationships have been established. The size and
density of Cul crystallites formed in this process are inversely proportional to the amount of
electron beam radiation. The formation of crystallites can be completely eliminated in areas
receiving relatively high exposure levels. It is evident this process can be used to create an
array of Cul crystallites with diameters sufficiently small to be considered nanoparticles at
certain processing conditions. The lateral resolution is essentially limited by the size of the
crystallites, making this technique suitable for forming a pattern array of nanocrystallites
with nanoscale precision.

In itself, this if of interest as Cul nanoparticles show some promise for applications in dye-
sensitized solar cells (Perera and Tennakone 2003) or gas sensing applications for CO and
NO (Wolpert et al. 2009). The process might also be useful for controlling the local copper
dopant concentration, important for exploring competition between superconducting and
charge density wave ground states in the material. However, the technique would be of far
greater importance if it could be extended to other dopants and/or dichalcogenide crystals.
For this to occur, one must have a better understanding of the process itself. While a
complete quantitative understanding remains elusive given inconsistencies between
samples, a qualitative explanation is forthcoming from our observations.

The second step of the process is relatively straightforward. Copper ions have a high
mobility within dichalcogenides and can be reversibly incorporated into their structure
using electrical or chemical gradients.(Gunst, Klein et al. 2000) lodine present at the sample
surface will react with surface copper ions, leading to a concentration gradient near the
surface. Copper ions from deeper within the sample will be driven to the surface layers by
this depletion, and thus in turn react themselves. This process will continue until the iodine
is depleted, the concentration gradient is reduced below some threshold value depending
on the overall percentage of copper ions in the sample, or the surface is completely coated
with Cul. The increased size of the Cul crystallites at higher reaction temperatures could be
due to the increased mobility of Cu ions at higher temperatures or the fact that more iodine
is released from the sample. Either process could lead to the formation of more Cul at the
surface before the iodine dissipates away from the sample.

The first step of the process is perhaps not as intuitive. It was not initially clear why
exposure of the sample could be used to influence the reaction of copper and iodine at the
sample surface. The exposure must in some way be inhibiting the copper ions from
traveling to the surface during the iodine reaction. This is most likely due to the electron
beam radiation inducing a localized surface chemical reaction. When TiSe; is exposed to wet
or humid environments it will oxidize at the surface. Titanium diselenide is composed of
molecular TiSe; layers as shown in Figure 8. Hydrogen from the water will react with Se to
form gaseous HoSe leaving the exposed titanium atoms to react with the remaining oxygen
to form titanium oxide. Owing to the inert nature of the material and its layered structure, it
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can take days or even weeks for a visible oxide layer to be seen. However, it would not be
surprising for the uppermost molecular layer to oxidize within even a few hours of
exposure to ambient conditions. A surface layer of titanium oxide would be an effective
barrier to Cu ion migration to the surface, which would explain why Cul would not form on
the surface of samples that had been exfoliated for several days before electron beam
exposure was initiated.

Within the SEM, the sample resides in a vacuum. However, the samples are exfoliated in air
before being inserted into the microscope. This means that there will be a residual water
layer of some thickness on the sample even after the measurement chamber is evacuated. In
truth, such a water layer coats the entire interior surface of this and any other SEM that is
not heated to at least 100°C before measurement. This minor amount of water would
normally react very slowly with the TiSe; surface. However, the energy provided by the
electron beam radiation could easily break up the water molecules into various radical ions
that would be much more reactive. This would in turn create a titanium oxide surface layer
to inhibit copper ion migration. The uniformity and thickness of such an oxide layer would
depend on the radiation exposure level, making it possible to fine tune how much copper
ions migrate to the surface during the time in which the sample reacts with iodine in the
second step of the process. It is true that other chemical reactions could occur on the surface,
such as with remnant gas molecules within the SEM, however the low pressure (<102 Pa)
makes this unlikely.

These results make it apparent which systems could be best utilized with this technique. A
wide range of ions and molecules can be reversibly stored within various dichalcogenides
(Levy 1979). This makes a wide range of surface features possible, given the proper method
by which materials could be induced to leave the sample. The most straightforward
extension of this technique would be to utilize silver rather than copper ions. Silver and
copper both have similar mobility within a given dichalcogenide and silver also is highly
reactive with halogen gasses. Thus it should not be difficult to create a patterned array of
silver iodide crystallites on the surface of TiSe,. Agl has been used in photographic and
other optical applications for decades, and an array of Agl nanocrystallites could easily be
reduced to form silver nanoparticles which are of high interest for their antibacterial
properties.

Current research is being directed towards refining this technique to enable the formation of
various copper and silver halide nanoparticle arrays. Titanium diselenide is used as the
principle host, but Ta based dichalcogenides are also of interest for their similar chemical
characteristics. It is hoped that this technique can be coupled with traditional electron beam
and/or scanning probe lithographic techniques to enable to the fabrication of prototype
device structures.
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1. Introduction

We have been developping palmtop electron probe X-ray microanalyzers (EPMA) for these
several years [1-4] and succeeded to make such an instrument recently [3], and in the
present chapter, we describe how to make an instrument in detail. The EPMA is an
instrument to perform microanalysis (micrometer area elemental analysis) of any kinds of
samples, such as metals, alloys, minerals, environmental and biological samples, by using an
electron beam. Usually 10-30 keV kinetic energy electron beam is focused less than 1 um in
order to irradiate a sample, and consequently to excite characteristic X-rays such as Ko (2p
— 1s) or La (3d — 2p) lines. From the energy and intensity of the characteristic X-ray lines,
the kind (qualitative analysis) and concentration (quantitative analysis) of the elements in
the specimen can be analyzed. Commercially available EPMA instruments are usually large
(need a room of at least 3 m x 5 m to install) and expensive instruments (a few 105> USD).
The palmtop EPMA we describe in the present chapter has features as follows and different
from the conventional EPMA.

1. Small size. The size of the main part (sample holder, X-ray emission part, and the
electron gun) is palmtop size. Typically less than 3 cm diameter and 5 cm length (Fig.1),
but can be smaller than this size. The limitation of the size is due to the high voltage
discharge distance.

2. Electric battery driven. The electron gun is driven by two 1.5 V electric D-batteries (Fig.
2), ie. 3 V is enough for high energy (>10 keV) electron beam in order to excite
characteristic X-rays.

3. The X-ray detector is Amptek Si-PIN detector (Fig. 3). Thus the size of the detector is
also small. We use analog type X-ray detector amplifier. The size of the detector pre-
amplifier is typically around 7 cm X 4 cm x 3 cm. The temperature control of the
detector unit and bias power supply from the Amptek Co. is needed (Fig.3). Thus we
need power supply for the Si-PIN controller to cool down the detector and bias voltage.
However usually low voltage (5-12 V) DC is enough.

4. The pulse height analyzer (PHA) commercially available is not used, but we use a
musician's amplifier and Windows computer as an alternative to the commercially
available PHA [5-8]. This part is usually called DSP (digital signal processor). Usually a
DSP is an expensive device which costs between 5000 and 10000 USD. However the
musician's amplifier (Fig. 4) is typically less than 500 USD.
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Vacuum in the sample chamber is of the order of 10-2 Torr (or ~1 Pa). This vacuum level
is equivalent to the vacuum reached by a small rotary pump. Higher the vacuum than
102 Torr, in other words, too good or too high vacuum is not effective for high intensity
X-ray emission. Too high vacuum down to 10¢ Torr needs expensive turbo molecular
pump or oil diffusion pump, however, the residual gas is an electron source for the
electron gun, thus such a high vacuum reduces the intensity of X-rays emitted. Too low
vacuum up to 101 Torr will make electric discharge and 10-2 Torr is suitable for the
present instrument. This vacuum level is suitable for oil sealed rotary pump (Fig. 5).
The sample exchange is easy because the vacuum seal is usually rubber O-ring (Fig. 6)
and can be easily opened after air leaked.

The electron beam size is not micrometer, but as wide as the vacuum vessel diameter. It
irradiates whole part of the sample and thus sample holder as well as vacuum vessel
materials are excited. However the sample size can be as small as possible depending
on the signal intensity. A typical size of the specimen is 50 um diameter x 5 mm length
metal wire. Thus single sand particle can be measured.

The palmtop EPMA can be made in laboratory, even by students without special
experience.

Fig. 1. Various kinds of palmtop EPMA made in our laboratory. (a) NW25 nipple is used for

vacuum chamber, a hole is sealed by Kapton tape. (b) Glass type vessel is on the palm. (c)
The whole system of the palmtop EPMA. (d) Another type of palmtop EPMA, with Pirani
vacuum gauge.
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Fig. 4. Musician’s amplifier for DSP.
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2. The parts prepared before to build a palm-top EPMA

The following mechanical or electronic parts should be prepared to build up the instrument.

1.

Rotary pump. Oil sealed rotary pump to reach to the vacuum level of the order of 102
Torr or around 1 Pa is needed. The smaller size rotary pump is preferable. Single phase
100 V power supply is enough. A typical rotary pump used in the present work is
shown in Fig. 5.

=l

Fig. 5. A small rotary vacuum pump.

2.

Si-PIN X-ray detector. Amptek X-ray detector (Fig. 3) is needed. It costs usually less
than 4000 USD including the preamplifier. The controller of Peltier device inside the Si-
PIN detector to cool the Si-PIN device is needed. Usually the power supply associated
with the Si-PIN detector is preferable. If Si-PIN X-ray detector is not available, Geiger-
Miiller counter is alternatively used for check the X-ray emission. The Geiger-Miiller
counter is available less than 500 USD (Fig. 7).

Notebook size computer. Windows computer to control the Amptek Si-PIN detector, to
display the X-ray spectra, and to control and analyze the digital X-ray signal is needed
as is shown in Fig. 4. Several USB devices are connectable at the same time.

LiTaOs single crystal (one piece). The size is around 3 mm (x) x 3mm (y) x 5 mm (z) (Fig.
8). The z direction should be known. From Shin-Etsu Chemical Co. Ltd., Japan, this
single crystal is available by less than 200 USD. Several other companies treat LiTaO;
single crystal of the size of 10 mm length and 3 mm diameter with similar price. Other
alternative is LiNbOs. These materials are called pyroelectric crystals. If these single
crystals are not available, at the first stage, you can use PZT stone used in the cigarette
lighter to ignite.

Peltier device. The size of Peltier device in Fig. 9 is 8 mm x 8 mm. To drive this Peltier
device, 3 V electric D-batteries are needed. (Fig. 2)

Glass vessel or steel nipple. Single crystal, peltier device, and sample should be inside
of the vessel or nipple to evacuate by the vacuum pump (Fig. 1).

If possible, Pirani vacuum gauge is helpful to build up the instrument.
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Fig. 6. O-ring, with brass specimen holder. Graphite is better than brass.

Fig. 7. Geiger-Miiller counter

Fig. 8. LiTaOs single crystals in plastic bags.
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Fig. 9. Peltier device of size 8 mm X 8 mm.

3. Principle

The pyroelectric crystal is a material usually called as ferroelectric material. A mineral
named tourmaline has similar characteristics. This is because the center of gravity of the
plus charge and minus charge ions are not the same place in the crystal, but has a distance
along z direction. Thus the extension or compression of these materials will produce electric
high voltage. If a single crystal of the thickness of 1 mm in z direction of LiTaOs changes the
temperature (usually the heating will expand, and cooling will compression) from room
temperature (25 °C) to say 50 or 100 °C, then 10 kV high voltage will be produced. Thus
when the crystal with thickness of 5 mm will produce 50 kV and 10 mm will produce 100
kV. When this single crystal is put into low vacuum such as 10-2 Torr, the electrons in the
residual gas will be accelerated by this high voltage to hit the surface of the pyroelectric
crystal or counter electrode of the pyroelectric crystal [9-19], as shown in Fig. 12 below. If a
specimen is attached on the counter electrode, the electrons accelerated by the high voltage
between the pyroelectric (-HV) and counter electrode (0 V, grounded to earth) will hit the
specimen. Consequently the X-rays are excited by the ionization of electrons by the
bombardment of the accelerated electrons. Then the ionized electrons will contribute next
instance to be accelerated to hit the specimen again and again, until the surface charge is
neutralized. The vacuum should be not too good. Usually better side of 102 Torr is the
suitable vacuum for this experiment. The heating and cooling of the pyroelectric crystal
should be performed by a Peltier device. The temperature control of 50 °C from the room
temperature (25 °C) is possible. The polarity of the surface changes when heated and cooled.
Thus the electrons are moved inversely when heated and cooled. Usually it is heated for a
few minutes, then next few minutes the pyroelectric crystal should be cooled. When the
electron hits the pyroelectric surface, the X-rays are not from the specimen but Ta X-rays are
observable from LiTaOs.

4. How to build the main part of the palmtop EPMA

The Peltier device and the pyroelectric crystal are on the copper rod as shown in Fig. 10.
They are glued by silver paste. The reason using the copper rod is its good heat conductivity
as well as the electric conductivity. The one side of pyroelectric crystal glued to the Peltier
device should be grounded to the earth. The heat created by the Peltier device should be
diffused through the copper rod. Thus both silver paste and copper rod are suitable for this
purpose.
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Fig. 10. Pyroelectric crystal, Peltier device, and copper rod, glued by silver paste.

The anode is graphite rod as shown in Fig. 11. The specimen will be put on the graphite rod
by double sided carbon adhesive tape. This is also because of the electric conductivity. The
graphite rod and copper rod should be electrically connected to make the same ground
potential. The X-ray intensity becomes weak if the electric connection between the copper
and graphite rods is removed. Here the graphite is used as the specimen holder. The reason
we use graphite and carbon adhesive tape is because the specimen and holder are hit by the
electron beam from the pyroelectric crystal, and the carbon Ka X-rays from graphite as well
as carbon adhesive tape are negligible because the C Ko energy is about 300 eV and thus
such a low energy soft X-rays are strongly absorbed by the air and window of the vessel
(Kapton), resulting the X-rays from graphite rod and carbon adhesive tape are not
detectable.

Fig. 11. Graphite anode as specimen holder.

The lead wire from the Peltier device is inside of the vacuum vessel, and should go through
the vacuum boundary to the outside of the vessel without the leak of the vacuum by using



96 Scanning Electron Microscopy

epoxy glue. If possible addition of thermocouple is helpful to measure the temperature of
the Pettier device.

Both of the electrodes are sealed inside the glass or stainless pipe by rubber O-ring. Viton
rubber O-ring is preferable. If NW-25 type quick coupling flange is directly used, this is
quite easy to seal the vacuum. The stainless steel nipple of NW-25 or glass pipe should have
ca 5 mm diameter through-hole to go through the X-rays, and this through-hole should be
sealed by thin Kapton film. Adhesive type Kapton tape is commercially available. Polyester,
PET (polyethylene terephthalate), or Mylar films glued by epoxy resin adhesives are
alternative to the Kapton tape. The structure of the palmtop part is illustrated in Fig. 12.

Kapton film

Thermo couple
Peltier devicé |

- - |

50mm

Fig. 12. [llustration of the palmtop EPMA.

5. How to operate

Putting stainless steel small plate, the size of which is typically 5 mm x 5 mm, on the
graphite rod, by double sided carbon adhesive tape, then the vacuum vessel should be
evacuated by the rotary pump. The connection between the vessel and the pump should be
thick rubber tube. At the first experiment, the stainless steel as the specimen should be as
large as possible to get enough X-ray intensity. The stainless steel is usually composed of 18
% Cr, 8 % Ni, and the rest Fe. Thus we can observe Cr, Fe, and Ni Ko and K lines. After one
or two minutes evacuation by the rotary pump, the vacuum reached to better than 2 x 102
Torr. Then the Peltier lead wires should be connected to 3 V D-batteries. Waiting for 10-20
seconds, the Geiger-Miiller counter reacts the X-rays, and the intensity is not very strong but
we can hear the X-ray counts sounds from the Geiger-Miiller counter as almost continuous
sounds from the counter. It is more than a few tens of cps (counts per seconds). The polarity
of D-battery is no problem. If the polarity is for the pyroelectric crystal being +HV, the end
of crystal is hit by the electron and X-rays of Ta are emitted.
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If you confirm the emission of X-rays from the vessel, the next step is to measure the spectra
by the Si-PIN detector. It is better to become accustomed to use the Si-PIN detector to
measure the X-ray spectra by using other method, such as weak radio isotopes. Then the Si-
PIN detector should be close to the Kapton window of the palmtop EPMA to measure the
spectra. Usually the time interval to change the polarity of the D-battery from heat to cool
the crystal is 1 or 2 minutes. A typical temperature change and X-ray intensity decay are
shown in Fig. 13.

The spectra measured by the Si-PIN detector is shown in Fig. 14, where the peak intensity is
several thousands of counts for a few minutes one cycle. The X-ray intensity is not very
strong, but it is better to protect the exposure to the X-rays. Usually lead containing acrylic
plate is good for protecting from the X-rays, but steel plate of the thickness of 1 or 2 mm is
enough. The Geiger-Miiller counter is not saturated during this experiment, but if the X-ray
intensity is too strong when Geiger-Miiller counter is directly irradiated by an 1 watt X-ray
tube, then the Geiger-Miiller counter will be saturated, and we cannot see the difference
between no X-rays. Thus the present experiment should be performed with an expert of X-
ray experiments.
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Fig. 13. Time dependent temperature and X-ray intensity after the crystal became to be
cooled.

6. Digital signal processor

The X-ray signal from the Si-PIN X-ray detector is voltage signal. If the energy of X-rays is
high, the voltage increase step-like according to the energy of the X-rays. Thus when the X-
ray energy is high, the step height is larger. If the X-ray intensity is strong, then the step
frequency in unit time increases. The step height increases again and again, and finally the
voltage is larger than the voltage of the power source, then the step signal is reset and starts
again. Thus if the time dependent voltage increase is recorded as voice signal in the memory
of a computer as the voice recorder, we can plot the X-ray spectra by differentiating the step-
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like voltage signal and plotting the frequency of the pulses against the height of the peak.
This is the X-tray spectra. One of the X-ray spectra obtained in such a way is shown in Fig.
14. The X-ray intensity of our palmtop EPMA is not very strong (less than 10000 counts per
minute), thus the response of analog/digital (A/D) converter for music purpose is enough
(Fig. 15). The important points to use the music A/D convertor, or musician’s amplifier are
as follows.

1. The input of music amplifier is usually biased by a DC voltage to drive a microphone,
and thus direct DC connection between X-ray pre-amplifier and music A/D converter
will cause to destroy the pre-amplifier, and thus AC coupling should be used.

2. Impedance should be matched.

3. Any kind of notebook computer has microphone input, and can be used for the similar
purpose, but the notebook computer inside is full of digital noises. Consequently too
high level of digital noises makes it impossible to measure the X-ray spectra. This is the
reason we use separate musician’s amplifier.

The above function is identical to the digital oscilloscope and if you have a digital
oscilloscope, you can connect your oscilloscope to the computer by a USB and import the X-
ray signal into your computer. After recording or during the recording, you can differentiate
the X-ray signal numerically, and plot the X-ray spectra on the computer display. When you
record the X-ray spectra, the peaks are not assigned at all, and the peaks should be assigned
using linear relation between the voltage and X-ray energy, and the energy of the spectra of
elements contained in the specimen should be assigned by an X-ray database. The resulted
X-ray spectrum is shown in Fig. 14. An example of the software is provided from X-ray
Precision Co. Ltd. Kyoto by the price of around 200 USD by CD-ROM, but you can make
such a program by yourself.
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Fig. 14. X-ray spectra of steel and Ti (about 1 minute measurement).
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Fig. 15. Musician’s amplifier connected to X-ray detector and computer.

7. Maintenance and safety

The surface of the pyroelectric crystal becomes dark because of the sputtered particles by the
high voltage discharge will be deposited on the surface. These black fine particles are
electric conductive, and thus the high voltage is not accumulated in the pyroelectric crystal.
In such a case, the pyroelectric surface should be cleaned by cotton stick with ethanol to
remove the dark sputtered particles. Then the X-rays will come back again.

The earth electric line is important to avoid the electric shock. Also the electric connection
between the two electrodes is important to emit strong X-rays, as mentioned in the text. The
X-ray is dangerous to be exposed even it is very weak. Thus monitoring of the X-ray
intensity and shielding the X-rays are important for experiments.

After the experiment, the rotary pump should be leaked to the atmospheric pressure. If one
forgets to leak the air into the vacuum system, the oil in the rotary pump will rise up to the
vacuum vessel of the palmtop EPMA to fill the vessel, and consequently the experiment is
not possible any more because of the contamination by the oil. To avoid this, auto-leak valve
is preferable to attach just above the rotary pump. Since the auto-leak valve, manual air leak
valve, and Pirani gauge are attached to the vacuum system, the instrument shown in Fig. 1d
is not a simple one but complicated by vacuum parts. All these vacuum parts are connected
to the vacuum system by the NW-25 flanges.
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Adhesive Properties
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1. Introduction

Adhesive joints function in multiple branches of technical engineering in which the
phenomenon of adhesion appears: creating adhesive joints, sealing, applying protective or
decorative coating (paint or varnish), printing, decorating and many others. Among
adhesive bonding techniques these are adhesive joints which are used most often in various
machine structure joints.

Surface phenomena, such as adhesion, cohesion and wettability, play an exceptionally
important role in creating adhesive joints, as they influence the possibility of creating such a
joint and its quality. Adhesive properties are fundamental in processes in which the
phenomenon of adhesion appears. These properties are referred to as the whole of physical-
chemical properties heavily influencing adhesion. Adhesive properties are a crucial
indicator determining, for instance, whether the surface layer is properly prepared for
permanent or temporary adhesive joints to be formed. The surface layer is the external layer
of the material, limited by the real surface of the object, including this surface and the outer
part of the material together with its real surface. It demonstrates different physical and
chemical properties or qualities when compared with the core of the material.

When analysing the issue of constituting adhesive properties, exceptional importance is
ascribed to the first two groups of technological operations aimed at preparing and
obtaining specific properties of the surface and the surface layer of the material, as well as a
special improvement (modification) of the aforementioned. They allow, for instance,
obtaining proper energy and geometric properties of the surface layer of joined materials,
which positively influence adhesion.

These operations are considered crucial in terms of constituting these properties in reference
to forming and the quality of hybrid adhesive joints, as they are composed of materials of
different physical, mechanical and chemical properties.

Surface preparation, conducted according to the requirements, is one of the methods of
constituting adhesive properties of a surface. Depending on the characteristics and required
properties of adhesive joints it is possible to increase or decrease adhesion, i.e. to improve or
lower adhesive properties.

The selection of a surface preparation method (including appropriate technological
operations allowing to achieve desired structure and energy properties) depends on many
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factors, among which the most important ones is the type of materials creating the adhesive
joint.

2. Surface layer

In geometry, the surface is a two-dimensional geometric figure that limits the space filled
with matter, i.e. surface in a theoretical sense. In mechanics, the surface is defined as the
edge of a material body, which may be analysed in a molecular scale, micro- and macrosize,
at the same time distinguishing different surfaces: material, nominal, real, observed, under
machining, machined (Burakowski & Wierzchon, 1995; Sikora,1997). The real surface may
be defined as the surface separating the object from the surrounding environment.
However, from the point of view of adhesion, the most important concept of surface is
presented in the physical-chemical sense, as it involves the phases. In physical chemistry,
surface is a boundary of two touching phases, i.e. interfacial surface or an interface, where
an abrupt change of properties occurs together with the phase transition. Interfacial surfaces
are surfaces between bodies of different states of aggregation (Hebda & Wachal, 1980).
Surface in physical-chemical sense is analysed in three dimensions, despite the difficulties in
determining the thickness/depth of the interface due to its small dimensions.

The physical space is not a homogenous area between two phases. Atomically clean surface
is extremely active physically and chemically, therefore, each contact with another body
results in the adsorption of the substances. Newly adsorbed substances may initiate
formation a new phase. Another aspect is that under a physically clean surface there may be
various deformations and defects resulting from surface formation. Consequently, different
properties may be observed in the physically clean surface compared to the core of the
object. As a result, different layers constituting the surface layer may occur: below the
surface, surface and above the surface.

2.1 The surface layer structure

At present a number of definitions of the surface layer exist (Sikora, 1996,1997;
Rozniatowski, Kurzydlowski, & Wierzchnon,1994). One of the alternatives states that the
surface layer is the external layer of the material, limited by the real surface of the object,
including this surface and the outer part of the material under its real surface, which
demonstrates different physical and, occasionally, chemical properties when compared with
the core of the material. The articles (Kuczmaszewski, 2006; Sikora, 1996,1997) contain the
description and the model of the surface layer of the material resulting from the adhesive
failure. The surface layer has zonal structure. The proportions and the thickness of different
zones vary, in addition the zones may interpenetrate, changing into one another or
occupying the same space.

The structure and properties of the surface layer depend on the type and course of multiple
phenomena and processes, including physical-chemical phenomena, such as adhesion.
2.2 The non-saturated surface force field

The surface of any body consists of atoms, particles or ions, which are in different conditions
than the ones inside the body. In the volume phase the particles are subject to equal forces of
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interaction. In the interface, however, the particles come into contact with their own phase
as well as another one, which leads to the occurrence of asymmetric forces of interaction
(Fig. 1, Burakowski & Wierzchnor, 1995). The particles on the surface are more forcefully
drawn into the volume phase, and as a result the surface has higher energy than the inside
of the body. Such a surface is active and is able to adsorb other atoms or particles in its
vicinity (Burakowski & Wierzchnor, 1995; Dutkiewicz 1998).
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Fig. 1. A model of forces interacting with particles inside the solid and on its surface

What is equally important is the degree to which the surface particles are surrounded by
other particles, i.e. whether the surface is flat or porous (Fig. 2, Dutkiewicz, 1998). The
degree of non-saturation of forces is higher for a porous surface than for a flat one, therefore,
the former is more active physically and chemically.
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Fig. 2. The influence of porosity on the force field of various surfaces

It is the surface free energy, characteristic of solids, which is the measure of the interactions
between the particles on the surface and inside the body.

3. Adhesion
3.1 Adhesion and adhesive properties definitions

The literature on the analysed subject is to some extent inconsistent in terms of contradicting
terminology defining adhesion. Etymologically, ‘adhesion” is derived from Latin adhaesio
and stands for clinging or linkage. The adhesion is defined as a surface phenomenon,
consisting in binding bodies in close contact as a result of force field interactions (Harding &
Berg, 1997; Kuczmaszewski, 2006; Mittal, 1978, 1980; Zenkiewicz, 2000). The force field,
induced by the charges of atoms constituting the surface layer (particles, ions), decreases
exponentially with the distance to the surface (van der Waals interaction forces are
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negligible for the gap over 1-2 nm). Therefore for the adhesion to take place, the close
contact of surfaces is required.

Knowledge of the adhesive propriety plays important role in processes in which appears the
occurrence of the adhesion. To such processes we can number the bonding, the painting, the
decoration, the printing, the lacquer finish, etc. The adhesive properties characterise the
surface of the materials taking into account their applicability in the adhesive processes.
Good adhesive properties have a positive influence on the strength of the adhesive joint
obtained, low properties significantly lower this strength or even prevent the bonding.
Knowing the properties allows as well to constitute them properly by means of required
surface preparation treatment of the analysed materials (Rudawska, 2010).

3.2 Geometric structure and SEM technique

Ggeometric structure and adhesive properties are extremely important in the technology of
creating adhesive joints. The geometrical structure of the material surface has an influence
on the adhesive joints strength obtained, and that is the reason why it should be carefully
analysed before bonding. Surface roughness is important in view of the part the mechanical
adhesion plays in general adhesion; consequently, it is beneficial to know the structure of
the material surface layer that will be used in the adhesion process.

A scanning electron microscope (SEM) is a type of electron microscope that images a sample
by scanning it with a high-energy beam of electrons in a raster scan pattern. The electrons
interact with the atoms that make up the sample producing signals that contain information
about the sample's surface topography, composition, and other properties such as electrical
conductivity. Due to the very narrow electron beam, SEM micrographs have a large depth of
field yielding a characteristic three-dimensional appearance useful for understanding the
surface structure of a sample (http://en.wikipedia.org/wiki/Scanning electron_
microscope). Scanning electron microscopy (SEM) is generally considered micro-analytical
techniques which are able to image or analyze materials we can not generally observe with
the resolution offered by visible techniques. By image we mean photograph an object much
smaller than we can see, even with the aid of an optical microscope
(http:/ /epmalab.uoregon.edu/epmatext.htm). SEM technique is very useful to analysis
geometric structure of material for which is described adhesive properties (for example
wettability or surface free energy).

Below there are some of example of materials for which it was determined the geometric
structure (Rudawska, 2009 b, 2010).

The tests were conducted on aramide-epoxy composite samples. The composite consisted of
two layers (2 x 0.3 mm) of aramide material marked KV-EP 285 199-46-003. The materials
were arranged at 90 degree angle and subjected to the polymerisation process.

The geometric structure of the analysed composite was defined by means of SEM images.
The results are shown in Fig. 3.

SEM images of the surface of analysed composite, show distinct differences in the surface
structure, that are the result of specific character of the surface of the measures composites.
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The pleat and the direction of the materials arranged at 90 degrees angle can be easily
noticed.

The next tests were conducted on CP1 and CP3 titanium sheets samples. The samples of
titanium sheets are made from:

1. CP1 (Grade 1- ASTM B265) and thickness 0.4 mm,
2. CP3 (Grade 3 - ASTM B265) and thickness 0.8 mm.

The results of SEM images of titanium sheets geometric structure are shown in Fig. 4 and
Fig. 5.

200 prn

Fig. 3. Example of a surface topography SEM of the aramid/epoxy composite, magnification
x250, a) spatial view, b) surface view (Rudawska, 2010)
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Fig. 4. Example of a surface topography SEM of CP1 titanium sheets surface, magnification
x500, a) spatial view, b) surface view (Rudawska, 2009 b)
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a) b)
Fig. 5. Example of a surface topography SEM of CP3 titanium sheets surface, magnification
x500, a) spatial view, b) surface view (Rudawska, 2009 b)

SEM images of the titanium sheets surface show differences in the surface structure of
analysed titanium sheets.

The following samples are concern the SEM images of aluminium sheets surface. The
samples used were aluminium clad (plated) sheets type 2024-T3 (sheet thickness: 0.64 mm)
The results of SEM images of aluminium sheets geometric structure are shown in Fig. 6
(own research).

]
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Fig. 6. Example of a surface topography SEM of aluminium 2024-T3 sheets surface,
magnification x750, a) spatial view, b) surface view

The analysis of geometric structure of the analysed sheets considered in relation to adhesion
technology is extremely important since these factors influence the obtained the adhesive
joints strength.
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4. Wetting phenomenon and contact angle
4.1 Wettability

The wetting phenomenon is a significant issue in various technological processes (Birdi &
Vu, 1993; Norton, 1992; Parsons, Buckton & Chacham, 1993; Sommers & Jacobi, 2008; Qin
&Chang, 1996) . Wetting is a surface phenomenon consisting in substituting the surface of
the solid and the liquid with a boundary surface, characterised by certain tension (c), which
results from the difference in the surface tension between the solid and liquid in the gaseous
medium (Fig. 7), (Hay, Dragila & Liburdy 2008; Zenkiewicz, 2000).

=Y

Fig. 7. Wetting a solid by a liquid

Wetting is a procedure that determines the diffusion of a liquid (adhesive) over a solid
surface (substrate), creating an intimate contact between them. The air displacement caused
by this physical attraction minimises the interfacial flaws. Good wettability of a surface is a
prerequisite for a good adhesive bonding. Wettability is a crucial issue in the case of forming
adhesive joints, because it directly affects the phenomenon of adhesion, increasing or
decreasing adhesion forces.

4.2 Contact angle

The contact angle © provides the measure of wettability. This is the angle formed between
the wetted solid surface and the tangent to the wetting liquid surface (to the meniscus of the
wetting liquid), at the contact point of the liquid and the solid surface (Comyn, 1992; Hebda
& Wachal 1980; Lee, 1993; McCarthy, 1998; Zenkiewicz, 2000).

When wetting the surface of a solid, the contact angle value will be lower than 90° (Fig. 8).
The case when the contact angle ® = 09, indicates that the liquid spreads over the surface
evenly and, furthermore, represents complete wetting of a solid surface by a liquid. If the
contact angle © = 1809, then the result is absolute non-wetting (McCarthy, 1998).

The literature offers various tips on surface wetting, which account for the differences in size
and interdependencies (as for the contact angle). In order for the liquid to wet the surface of
the solid favourably, its surface tension should be lower than the surface tension of the liquid.

The contact angle can provide the measure of wettability of solids by liquids, it can
determine critical surface tension, moreover, it can be used for determining surface free
energy, as well as for the analysis of surface layer changes occurring when the surface is
modified (Zenkiewicz, 2000).
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b)

Fig. 8. Wetting of a solid surface by the liquid in the case of: a) favourable wettability © < 900
and insufficient wettability © > 900

There are a number of factors significantly influencing the value of contact angle and the
correctness of the angle measuring process, which include: the longitudinal modulus of
elasticity (surface rigidity), surface porosity, chemical and physical homogeneity of the
surface (and the surface layer), surface contaminants, the type of a measuring liquid, drop
volume or humidity.

The aforementioned factors contribute to disturbing the measuring of the contact angle,
hinder the interpretation of results and are the cause of various metastable states of the drop
itself. What is more, these phenomena result in the contact angle hysteresis (Chibowski &
Gonzélez-Caballero, 1993; Diaz, M. Fuentes, Cerro & Savage, 2010; Zenkiewicz, 2000).

The hysteresis is assumed to consist of two basic components: thermodynamic and dynamic.
The sources of the former can be found in porosity and heterogeneity of the surface and the
surface layer of the analysed material. This component of the hysteresis is independent of
the surface age of the drop, provided the volume of the drop remains unchanged
throughout. The other component, the dynamic hysteresis, results from the wetting liquid -
test material chemical interaction, as well as from penetration of the gaps in the material by
the measuring liquid. The dynamic hysteresis depends on the surface age of the drop
(Zenkiewicz, 2000).

There are a number of methods for measuring the contact angle, and the most common
include such techniques as: the bubble measure method, geometric method (where the
contact angle is measured from the dimensions of the drop), the capillary rise method (such
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as Wilhelmy plate method) or the direct measurement method (Ahadian, Mohseni &
Morawian, 2009; Shang, Flury, Harsh & Zollars, 2008; Mangipudi, Tirrell &Pocius, 1994;
Volpe& Siboni, 1998; Zenkiewicz, 2000).

At present, this is the direct measurement of the contact angle which is a commonly applied
method, and the measurement is conducted by means of specialised instruments called
goniometers or contact angle analysers (Zenkiewicz, 2000).

4.3 Factors influencing the contact angle

There is a number of factors substantially affecting the contact angle and the correctness of
its measurements, which include: the longitudinal modulus of elasticity (surface rigidity),
surface porosity, surface (and surface layer) physical and chemical homogeneity, surface
contamination, the type of measuring liquid, drop volume, humidity, etc (Ajaev,
Gambaryan-Roisman & Stephan 2010; Brown, 1994; Chibowski & Gonzélez-Caballero, 1993;
Extrand, 1998; Thompson, Brinckerhoff & Robbins, 1993; Zenkiewicz, 2000).

One of the factors influencing the contact angle is the drop volume. The impact of this factor is
by no means certain, since there are no prevailing conclusions, due to the fact that the
contact angle measurement methods and calculating models applied in tests were different.
In his work (Zenkiewicz, 2000) M. Zenkiewicz included a lot of information both on the
measuring drop volumes as well as contact angle measuring methods. M. Zielecka
(Zielecka, 2004) observed the influence of the size of the drop on the contact angle
measurement, and arrived at a drop volume range of 2-6 mm, within which the size of the
drop bears no influence on the measurement of the contact angle. X. Tang, J. Dong, X. Li
(Tang, Dong & Li, 2008). conducted contact angle measurements for distilled water drops in
the volume range of 3-6 pl. In their tests, K. B. Borisenko and others (Borisenko, Evangelou,
Zhao & Abel, 2008). used the diiodomethane drop volume of 5 ul. Although, in the tests
conducted by M. Zenkiewicz (Zenkiewicz, 2005), Q. Bénard, M. Fois and M. Grisel (Bernard,
Fois, & Grisel, 2005). the measuring liquids applied were different (distilled water, glycerol,
formamide, dilodomethane, a-bromonaphthalene), the volume of the drop was identical - 3
pl. In the case of many works (Hotysz, 2000; Serro, Colaco & Saramago, 2008; Zenkiewicz,
2000) the measuring drop volume ranges from 2-5 pul (2 pl, 4 pl), e.g. J. Shang and others
(Shang, Flury, Harsh & Zollars, 2008). apply a 2 pl drop for static contact angle
measurements and larger 5 pl in the case of dynamic contact angle measurements.
According to the data collected from the literature (Zenkiewicz, 2000), the size of the drop
should range between 28mm3 and 0.5 mm3.

The surface age of the drop, ie. the time between the application of a drop and the
measurement, is one another contact angle affecting factor. M. Zenkiewicz (Zenkiewicz,
2000) notes that the time between the application and the measurement should be as short
as possible, and moreover, identical for all the drops of the test series. Following this
procedure should ensure a small influence of the drop-surface interaction and reduction of
the drop volume as a result of evaporation.

X. Tang, J. Dong and X. Li (Tang, Dong & Li, 2008) deal with the phenomena of wetting and
contact angle and additionally present test results of the influence of the surface age of the
drop on the contact angle volume for different (wet and dry) surface states.
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Another factor taken into consideration is temperature. M. Zenkiewicz (Zenkiewicz, 2000)
mentions in his paper that within the range of 80°C, any changes in temperature only to a
small degree trigger changes in the surface free energy, and natural temperature
fluctuations, possible during laboratory tests, have a negligible impact on the samples
contact angle measurements results. N. Zouvelou, X. Mantzouris, P. Nikolopoulos
(Zouvelou, Mantzouris & Nikolopoulos, 2007) compared their tests observations with the
literature data and drew a linear dependence of the surface free energy and the contact
angle of certain materials on the temperature (nevertheless for high temperatures of approx.
8000 C - 1173 K, 15000 C- 1773 K).

The longitudinal modulus of elasticity (surface rigidity) is yet another factor which should be
considered when measuring the contact angle. M. Zenkiewicz, J. Golebiowski and S.
Lutomirski (Zenkiewicz, Golebiewski & Lutomirski, 1999). stress that the surface of the test
material where measuring drops are placed should be appropriately rigid. Therefore, the
longitudinal modulus of elasticity of the material should be higher than 10 kPa, as it would
prevent any drop deformations, resulting from the weight of the measuring drop.

One of the components of the thermodynamic hysteresis, surface porosity, is the next factor in
question. R.D. Hazlett (Hazlett, 1992) describes and presents opinions of other researchers
on the influence of surface porosity on the hysteresis of the contact angle, to conclude that
the influence of porosity is beyond a shadow of a doubt. It can be, however, assumed that if
Ra < 0,5 pm, then the impact of porosity on the contact angle is insignificant.

A.P. Serro, R. Colago and B. Saramago (Serro, Colaco & Saramago, 2008) present test results
for two samples made of UHMWPE (ultra-high-molecular-weight polyethylene) of different
porosity, characterised by the Ra parameter of 3.9 and 1.0 nm, and the distance between the
micropores of 23 and 6 nm respectively. They note that the wettability for given cases is
irrespective of surface porosity, and that the contact angles measured for water and
hexadecane are identical. However, J. Xian (Xian, 2008) points out that the wettability and
the contact angle for a porous surface, e.g. analysed steel and polymers, is different for a
smooth surface, adding that the change of the contact angle on a porous surface depends on
the contact angle of a smooth surface of the analysed materials.

The physical and chemical homogeneity of the surface (and the surface layer) - i.e. physio-chemical
homogeneity, which is the second source of the thermodynamic hysteresis, is another
aspect taken into consideration when measuring the contact angle. Moreover, a
considerable influence on the contact angle value may be observed on the part of the
following: additive migration, diverse supermolecular structure, along with surface
inhomogeneity - the result of different functional groups of different size and character
formed on that surface.

What cannot be disregarded when measuring the contact angle is the analysis of the fype of
the measuring liquid. The measuring liquid penetration of the gaps in the surface layer of the
material as well as of the intermolecular spaces is one of the causes of the dynamic
hysteresis. The molar volume of the liquid plays an important role in the process as well -
the rate of water penetration processes becomes slower and limited when the volume rises.
Owing to its low molar volume water easily penetrates the structure of certain materials,
therefore the importance of proper measuring liquid selection.
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Other factors significantly disturbing the measurement of the contact angle are the surface
contaminants and air humidity at the time of a test. Furthermore, the sample should be firmly
fixed in order to prevent any measuring drop deformations as a result of vibrations.

Publications include plenty of information on the aspects of drop dispersion, along with the
model of phenomena occurring when the contact angle measurement is taken for different
liquid contact models, not to mention the characteristics of static and dynamic contact angle
measurements. Some articles highlight the practical importance of wetting and wettability of
different liquids in various processes, such as impregnation.

The factors mentioned in the preceding paragraphs hinder the measurement of the contact
angle and the analysis of tests results, in addition they lead to different metastable states of
the drop itself. These phenomena result in the contact angle hysteresis.

4.4 The contact angle hysteresis

Among many issues connected with the contact angle (the type of angle, measurements and
values used in calculations) special importance is attributed to the contact angle hysteresis,
which is the result of phenomena associated with metastable states of the measuring drop
placed on the analysed surface of a solid (Bayer, Megaridis, Hang, Gamota & Biswas, 2007;
Vedantam & Panchagnula, 2008; Zielecka, 2004; Zenkiewicz, 2000).

The first significant research on the contact angle hysteresis began in the middle of the 1970s
and was conducted for example by R.J. Good (Good,1979). E. Chibowski and F. Gonzalez-
Caballero (Chibowski & Gonzélez-Caballero, 1993). presented theoretical information on the
contact angle hysteresis, factors causing it and the description of the observed contact angle
hysteresis connected with chemical interactions. C.W. Extrand (Extrand, 1998). characterised
some of the contact angle hysteresis theoretical models and presented the study of the
contact angle hysteresis thermodynamic model based on the research on polymers.

The Young equation constitutes the basis for theories related to the phenomenon of
wettability. This equation comprises a measurable geometric parameter - the contact angle
with three thermodynamic indices, which allow explaining the properties of interactions in
the interface. The Young equation (also called Young-Laplace equation) was formed in 1805
and since then its principles and description have been used in multiple publications (Diaz,
Fuentes, Cerro & Savage 2010; Faibish, Yoshida & Cohen, 2002; Zenkiewicz, 2006,2000).

The Young equation describes an ideal system, which meets specific requirements of the
contact angle measurement, geometric properties and qualities of the analysed surfaces (e.g.
porosity, rigidity, physical and chemical homogeneity or the lack of surface contaminants).
These requirements have been described in subsection 4.3.

If the surface meets the Young equation principles, the drop placed on it remains in
equilibrium, which is accompanied by the lowest energy state. In such a situation, the
contact angle is referred to as an equilibrium contact angle and its value does not depend on
the changes of the drop volume. If the surface fails to meet the principles of Young equation,
the measuring drop placed on it is in a metastable state, and then the contact angle of this
drop may be higher or lower than the equilibrium angle. Initially, the gradual increase of the
drop volume causes the increase of the contact angle until it reaches the limit, called the
advancing contact angle © (Chibowski & Gonzalez-Caballero, 1993; Zenkiewicz, 2000).
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After this volume has been exceeded, an abrupt change of the drop position occurs - an
abrupt change of the drop contour (decrease in height, increase in the contact area) and
decrease in the volume of the contact angle. If the volume of the drop is gradually
decreased, the value of the contact angle will initially decrease until it reaches the value
called the receding angle Or. After this value has been exceeded, the contour of the drop
abruptly recedes (the height increases, the contact area decreases) and the value of the
contact angle increases. A new metastable state of the drop location is, characterised by the
contact angle is higher than the receding angle. Therefore, the contact angle hysteresis is
defined as the difference between the advancing angle ®, and the receding angle ©g on the
tree-phase contact line (Chibowski & Gonzélez-Caballero, 1993; Faibish, Yoshida & Cohen,
2002; Vedantam & Panchagnula, 2008; Volpe & Siboni 1998; Zenkiewicz, 2000).

The contact angles ®4 and O, along with their corresponding drop volumes: maximum (for
®,) and minimum (for ®r) with a constant diameter (D) of the circle created by the drop
lying on the tested material, are shown in the Fig. 9 (Zenkiewicz, 2000).

Fig. 9. The contact angles with a constant diameter D (D=const): @5 - the advancing angle,
Or - the receding angle, 1 - the maximum volume drop, 2 - the minimum volume drop

The hysteresis is assumed to consist of two basic components. First is the so called
thermodynamic hysteresis, which results from porosity and heterogeneity of the surface and
the surface layer of the tested material. This component is independent of the surface age of
the drop (provided that the drop volume remains unchanged while measured). The other
component is the dynamic hysteresis. It results from, among other things, chemical
interactions of the measuring liquid with the tested material, and the measuring liquid
penetration of the gaps in the material. The dynamic hysteresis depends on the surface age
of the drop (Zenkiewicz, 2000).

The research on the hysteresis is extremely important from the practical point of view of, for
instance, the surface free energy calculations. It is mostly connected with the question of
which contact angle should be adopted in the simplified equation (3) in order to obtain the
correct result. The contact angle used in calculations is the angle 64 called the advancing
angle.
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5. Surface free energy

Surface free energy (SFE) is one of the thermodynamic quantities describing the state of
atom equilibrium in the surface layer of materials (Hotysz, 2000; Zenkiewicz, 2000,2005).
This quantity is characteristic for each substance. It reflects the specific state of unbalance in
intermolecular interaction which is present at the phase boundary of two mediums.

Surface free energy is of equal number to the work necessary for creating a new surface unit
while separating two phases in equilibrium, in a reversible isothermal process. It is
measured in [m]/m?] (Zenkiewicz, 2000).

5.1 Young equation

The basis for methods of calculating surface free energy from the measurements of the
contact angle is the Young equation (Fig. 7) (Chibowski & Gonzalez-Caballero, 1993; Lee,
1993; Thompson, Brinckerhoff & Robbins, 1993; Zenkiewicz, 2000).

It was derived from the condition of equilibrium of forces which represent surface tensions
at the contact point of three phases - solid, liquid and gas.

Osy = OsL+ OLycos®y @

where Oy is the equilibrium contact angle, and oLy, 6sy, and ost are the surface free
energies of liquid-vapour, solid-vapour and solid-liquid interfaces, respectively.

The Young equation may also be derived from the energy balance for the triple point
(Chibowski & Gonzalez-Caballero, 1993; Michalski, Hardy & Saramago, 1998; Zouvelou,
Mantzouris & Nikolopoulos, 2007). In this case, the equation is of the following form
(Zenkiewicz, 2000):

Ysv = YsLt YLvCcOS®y 2)

where: y denotes surface free energy and the other symbols have the same meaning as in the
equation (1).

It is impossible to determine surface free energy directly from the equation (2) because of
the two unknowns: Ysv and Ys.. For calculation purposes, the following form of the equation
(2) is commonly used to determine the surface free energy of solids (Chibowski & Gonzalez-
Caballero, 1993; Zenkiewicz, Gotebiewski & Lutomirski, 1999):

Y5 = Yo+ YL.COSO 3

where: ys -surface free energy of solids in a vacuum,

YsL - surface tension on the solid - liquid phase boundary,
YL -surface free energy of the measured liquid,

Oy - contact angle measured on the examined true surface.

The main drawback of the equation (1) is that it refers to an ideal system because it has been
based on theoretical considerations, to a large extent not confirmed empirically. Still, this is
the contact angle measurement which is the most often used method to determine energy
properties of solids.
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5.2 Surface free energy determination methods

The various SFE determination methods are based on specific relations, and involve the
measurement of contact angles of various liquids. A number of factors have a substantial
influence on the correctness of the contact angle measurement (subchapter 3.3). Some issues
related to contact angle measurements and wettability have been highlighted shown in the
literature.

Determination of surface free energy of solid objects involves indirect methods - direct
methods can only be used in the case of liquids. Among the various indirect methods are the
approaches due to Fowkes, Owens-Wendt, van Oss-Chaudhury-Good, Zisman, Wu, and
Neumann (Ahadian, Mohseni & Morawian, 2009; Gonzélez-Martin, Labajos-Broncano,
Janczuk & Bruque, 1999; Greiveldinger & Shanahan,1999; Hotysz, 2000; Janiczuk,
Biatopiotrowicz & Zdziennicka, 1999; Lee, 1993; Lugscheider & Bobzin, 2001; Zenkiewicz,
2000, 2006).

5.2.1 The Owens-Wendt (Kaelble-Owens-Wendt) method (OW)

The Owens-Wendt method (sometimes referred to as Kaelble-Owens-Wendt method) is a
frequently applied method for determining the surface free energy of, e.g. polymers
(Jaticzuk & Bialopiotrowicz, 1987; Rudawska & Kuczmaszewski, 2006; Rudawska, 2008).
This method consists in determining dispersive and polar components of SFE based on
Berthelot principle (Zenkiewicz, 2000) , which assumes that interaction between molecules
of two bodies in their surface layers equals the geometric mean of the cohesion work
between the molecules of each body.

This method assumes that the surface free energy (ys) is a sum of two components: polar
(ysP) and dispersive (ysd), and that there is a relation between the three quantities:

Yo = Ysd + P 4

The dispersive element is the sum of components derived from such intermolecular
interactions as: polar, hydrogen, induction and acid-base, with the exception of dispersive
interactions. Dispersive interactions constitute the dispersive component of the surface free
energy.

The work of adhesion between the solid and the liquid can be described by means of the
Dupré equation:

Wa= Ysv+ Yv- YeL ©)
By combining the equations 2 with 3, the Young-Dupré equation is obtained:
W, = vrv(1+cos®) (6)

However, Owens and Wendt propose the following form of the work of adhesion between
interacting solid and liquid.

Wa = 2(ys? Yve)0 + 2(ysP yvP)05 )

If we compare and combine equations (6) and (7), the following equation is obtained:
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Yiv(1+cos®) = 2(ysd yryd)5 + 2(ysP yLyP)0 ®)
This equation allows determining the surface free energy of a solid and its SFE components.

In order to determine the polar and the dispersive components of the surface free energy,
the measurements of the contact angle of the analysed samples need to be conducted with
two measuring liquids. The surface free energy of the measuring liquids used in test is
known, including its polar and dispersive components. One of the liquids is non-polar and
the other is bipolar. Most frequently, the tests include distilled water as the polar liquid and
diiodomethane as the non-polar one.

The SFE 7sis calculated using the adjusted dependence describing the dispersive component
of the surface free energy (Jariczuk& Bialopiotrowicz, 1987; Rudawska & Kuczmaszewski,
2005; Rudawska, 2008; Rudawska & Jacniacka 2009).

[
74(cos®, +1) - 7/Ly/w(cos@w+l)
d 1/2 }/wp
(n')"" = . ©
2[\/7#— v ;w,j]

and the polar component of the surface free energy

p 0,5 _ yw (Cos®w+1)_2 }/dewd
el

(10)

where: ysd - the dispersive component of the test material surface free energy, ysp - the polar
component of the test material surface free energy, ys - the surface free energy of
diiodomethane, y4d - the dispersive component of the surface free energy of dilodomethane,
YaP - the polar component of the surface free energy of diiodomethane, Y. - the surface free
energy of water, Y,d - the dispersive component of the surface free energy of water, y,P - the
polar component of the surface free energy of diiodomethane, ®q - the contact angle of
diiodomethane, ©,, - the contact angle of water.

There is one of example of materials for which it was determined the surface free energy
after various surface treatment (Rudawska, 2008, 2009).

The surface free energy of the material presented below was calculated with the Owens-Wendt
method. This is a structural material applied in e.g. aircraft industry. The tests were to
determine the influence of a surface preparation method on the SFE of the sample material.

The tests were conducted on glass-epoxy composite samples consisting of two layers (2x0.30
mm) of glass fibre 3200-7781. The fabric layers were arranged at a right angle and cured
conforming to the technology standards.

The composite samples were tested for four surface preparation variants:

1. variant I - no surface preparation;
2. variant II - degreasing with Loctite 7036 (a detailed description of this method can be
found in e.g. (Rudawska & Kuczmaszewski, 2005));
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3. variant Il - mechanical surface preparation with P320 abrasive tool;
4. variant IV - mechanical surface preparation with P320 abrasive tool, followed by
degreasing with Loctite 7036.

The surface free energy values as well as the components of the SFE for four tested glass-epoxy
composite surface preparation variants are presented in Fig. 10-13 (Rudawska, 2008, 2009).
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Fig. 10. Surface free energy and the components of SFE - the surface of glass/epoxy
composite without surface treatment (variant I): 1 - polar component of SFE, 2 - dispersive
component of SFE, 3 - surface free energy (SFE)
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Fig. 11. Surface free energy and the components of SFE - the surface of glass/epoxy
composite after degreasing (variant II): 1 - polar component of SFE, 2 - dispersive
component of SFE, 3 - surface free energy (SFE)
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Fig. 12. Surface free energy and the components of SFE - the surface of glass/epoxy
composite after the P320 grinding tool processing (variant III): 1 - polar component of SFE,
2 - dispersive component of SFE, 3 - surface free energy (SFE)
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Fig. 13. Surface free energy and the components of SFE - the surface of glass/epoxy
composite after the P320 grinding tool processing and degreasing (variant IV):
1 - polar component of SFE, 2 - dispersive component of SFE, 3 - surface free energy (SFE)

The results demonstrate that the highest values of the surface free energy were obtained in
the case of degreasing, while the lowest were observed for variant I, with no surface
preparation. Consequently, it appears that mechanical surface preparation and mechanical
surface preparation followed by degreasing both increase the surface free energy.
Additionally, no statistically relevant difference in the ys values of the two variants in
question was observed.

Taking into consideration the polar component of the SFE, its highest value was noted in the
case of surface preparation variant II, in which the surface free energy value was the highest as
well. Additionally, the polar component constituted 24 % of the total SFE. In the case of variant
I, with the lowest ys value in the tests, the polar component constitutes 17% of the SFE. For the
other two variants, IIl and IV, the polar component represented scant 7% and 8% respectively.

The analysis of the SFE values leads to the observation that degreasing the surface of the
glass-epoxy composite has beneficial effect on the surface free energy value. It results in the
increase of the SFE as compared to the surfaces with no prior surface preparation.

To conclude, it must be mentioned that, firstly, forming an adhesive joint should be
preceded by certain surface preparation methods, and secondly, that this is degreasing
which produces the best results in terms of adhesive properties of the analysed glass-epoxy
composite.

5.2.2 The van Oss-Chaudhury-Good method (OCG)

In the case of the van Oss-Chaudhury-Good method the surface free energy is a sum of two
components (Addo, Saramago & Fernandes, 1999; Zenkiewicz, 2000). While the first
component %W is connected with long-range interactions (dispersive, polar and inductive,
referred to as Lifshitz-van der Waals electrodynamic interactions), the second component
748 describes the acid-base interactions (Hotysz 2000; Jansen, 1991):

Vi =y vt (11)

Good RJ. and van Oss C.]. (Good & van Oss, 1992) separate the acid component (electron-
acceptor: y.*,Ys*) and the base component (electron-donor: y.-,s") of the surface free energy.
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Moreover, the y48 component can be described by means of equation for bipolar
compounds (showing properties of both Lewis acids and bases), (Elftonson, Strom,
Holmberg & Olsson, 1996):

vi® =2(v{v)”’ (12)

where: % - Lewis acid surface free energy component, % - Lewis base surface free energy
component, index i - subsequent measuring solids or liquids.

Determining the SFE of test materials will consist in measuring their surfaces contact angle
with three different measuring liquids and calculating the % of the system of three
equations:

WEVVED 2 + (v 5 + vgvd)™ P = vy (1 +cos®;) /2 (13)

where: i=1,2,3.

Measuring the contact angle requires the application of two polar and one non-polar liquids;
nevertheless, solving the equation (3) requires additional information - particular values for
the applied measuring liquids. Polar liquids applied in tests are water, glycerol, formamide
or ethylene glycol, and non-polar liquids (not showing properties of either Lewis acids or
bases) diiodomethane or a-bromonaphthalene.

A detailed description of this method is provided in the publications (Shen, Sheng, &
Parker, 1999, Zenkiewicz, Golebiewski & Lutomirski, 1999; Zenkiewicz 2000).

Determining the SFE with the van Oss-Chaudhury-Good method is uncomplicated,
nevertheless, the test results should be carefully analysed. This method is burdened with a
few problems, including e.g. the fact that the test results depend heavily on the applied
measuring liquids configuration. This issue has been described by e.g. C. Della Volpe and S.
Siboni (Volpe & Siboni, 1998). who in addition present the Drago theory, concerning,
among other issues, the properties of Lewis acids and bases.

5.2.3 The comparison OW and OCG methods

Due to the fact that the methods of calculating the surface free energy presented in the
previous chapters are most frequently applied, a comparison of selected structural materials
SFE values calculated with the Owens-Wendt and the van Oss-Chaudhury-Good methods
should be conducted (Kuczmaszewski & Rudawska, 2002).

The structural material under analysis was electrolytic zinc coated and hot dip zinc coated
sheets, which find application in such industries as automotive, construction or machine-
building. The zinc coated sheets were 0.7 mm thick, the hot dip zinc coating equalled 18 uym
and electrolytic zinc coating equalled 7.5 um (following the PN-89/H-92125 and PN-EN
10152 standards).

The sample material surface was degreased with degreasing agents: Loctite 7061 and
acetone. Degreasing was conducted in ambient temperature between 18 and 20 °C with
relative humidity oscillating between 38% and 40%.
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The method applied for measuring the contact angle was the direct measurement of the
angle between the measuring drop and the tested surface.

For calculating the surface free energy with the Owens-Wendt method relationships (9) and
(10) were applied. The values of both the surface free energy and its components for the
applied measuring liquids are presented in Table 1 (Janczuké& Biatopiotrowicz, 1987).

No. Measuring liquid Surface free energy and its components [m]/m?]
T TP 1
1 Distilled water 72.8 21.8 51.0
2 Diiodomethane 50.8 23 485

Table 1. The values of the surface free energy and its components for the applied measuring
liquids

The SFE components values used in the van Oss-Chaudhury-Good method are presented in
Table 2 (Zenkiewicz, Gotebiewski & Lutomirski, 1999).

Surface free energy and its components [m]/m?]
No. Measuring liquid
) W VLA T 1y
1 Distilled water 72.8 21.8 51.0 34.2 19.0
2 Glycerol 64.0 34.0 30.0 5.3 425
3 Diiodomethane 50.8 50.8 0 0 0

Table 2. The values of the surface free energy and its components for the applied measuring
liquids

The values of the surface free energy and its components were calculated with the van Oss-
Chaudhury-Good method using the data presented in Table 2 as well as relationships (3)
and (4).

The surface free energy values of the electrolytic zinc coated and hot dip zinc coated sheets
calculated with the Owens-Wendt method are presented in Table 3 (Kuczmaszewski &
Rudawska, 2002).

Surface f d it t
The type of zinc coated | The type of the vriace free enetey an2 115 components
No. . [m]/m?]

sheets degreasing agent

Y5 YoP Ysd

1 Electrolytic zinc Loctite 7061 42.0 17.8 242

coated sheets Acetone 35.4 10.7 24.7

5 Hot dip zinc coated Loctite 7061 447 9.7 35.0

sheets Acetone 43.8 11.6 32.2

Table 3. The zinc coated sheets surface free energy calculated with the Owens-Wendt

method

The results demonstrate that the dispersive component of the surface free energy for hot dip
zinc coated sheets is higher (even three times) than its polar component. In the case of
electrolytic zinc coated sheets degreased with Loctite7061, this difference is less significant.
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The values of the surface free energy of the electrolytic zinc coated and hot dip zinc coated
sheets calculated with the van Oss-Chaudhury-Good method are presented in Table 4
(Kuczmaszewski & Rudawska, 2002). The results were obtained from the tested sheet
surface layer contact angle measurement taken with distilled water, glycerol and
diiodomethane as measuring liquids.

o The type of zinc The type of the Surface free ene[rr;g]}]//?l;j] its components
coated sheets degreasing agent " oW e - -
1 Electrolytic zinc Loctite 7061 43.7 32.5 11.2 13.8 2.3
coated sheets Acetone 38.6 30.5 8.1 4.3 3.9
2 Hot dip zinc coated Loctite 7061 45.0 41.5 3.5 0.3 11.6
sheets Acetone 41.4 39.2 22 0.1 15.8

Table 4. The zinc coated sheets surface free energy calculated with the van Oss-Chaudhury-
Good method

It can be observed that the component of the surface free energy connected with long range
interactions MW (polar, dispersive and inductive) is higher than the component describing
acid-base interactions YsAB. The ysAB component is scant in hot dip zinc coated sheets. Drawn
from the analysis of the acid-base interactions component Y4B, certain regularity may be
observed. Lewis acid (ys*) surface free energy component is higher than Lewis base (ys)
surface free energy component for electrolytic zinc coated sheets, whereas for hot dip zinc
coated sheets the ys* value was negligible when compared with the s component. Owing to
the insignificant y,AB value it may be presumed that these surfaces will show properties of
monopolar or non-polar substances.

A comparison of the surface free energy calculated with both the Owens-Wendt method and
the van Oss-Chaudhury-Good method for hot dip zinc coated and electrolytic zinc coated
sheets degreased with Loctite 7061 is presented in Fig.14 (Kuczmaszewski & Rudawska,
2002).
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Fig. 14. The surface free energy values calculated with the Owens-Wendt method (series 1)
and the van Oss-Chaudhury-Good method (series 2) for: 1- electrolytic zinc coated sheets, 2-
hot dip zinc coated sheets after degreasing with Loctite 7061
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A comparison of the surface free energy calculated with the Owens-Wendt method and the
van Oss-Good method for hot dip zinc coated and electrolytic zinc coated sheets degreased
with acetone is presented in Fig. 15 (Kuczmaszewski & Rudawska, 2002).
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Fig. 15. The surface free energy values calculated with the Owens-Wendt method (series 1)
and the van Oss-Chaudhury-Good method (series 2) for: 1- electrolytic zinc coated sheets, 2-
hot dip zinc coated sheets after degreasing with acetone

The research results were subsequently analysed statistically using statistical models used
for statistical verification (Krysicki et al., 1999). The statistical model - Student’s t-test
consisted in comparing means when the test variances were equal (Fisher - Snedecor
distribution), with a predetermined level of significance a = 0.05. The statistical analysis
provided basis for formulating the following conclusions.

The analysis proved that there are no statistically significant differences in the values of the
SFE calculated with either the Owens-Wendt or the van Oss-Good method when the sheets
are degreased with Loctite 7061. This holds true for both electrolytic zinc coated sheets and
hot dip zinc coated sheets.

When degreasing with acetone operation was applied on the sheet surface, statistically
significant differences in the SFE calculated for the hot dip zinc coated sheets were
observed. The y; value calculated with the van Oss-Chaudhury-Good method was higher.
However, this difference is not too significant (lower than 10%). Still, there were no
statistically significant differences in the SFE calculated with the van Oss-Good method for
electrolytic zinc coated sheets.

When analysing the SFE values calculated with the Owens-Wendt method, it may be
assumed that the surface layer of the electrolytic zinc coating would most likely
demonstrate higher affinity with the polar substance than the hot dip zinc coating would.

6. Conclusion

Adhesion and concurrent phenomena, e.g. wettability, are present in numerous fields of
engineering and life in general. Determining the factors influencing the quality of adhesion
and finding technology that can increase or decrease it is of utmost importance when it
comes to constituting adhesive joints. What cannot be disregarded is the structure of the
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surface layer of analysed materials or methods of determining adhesive properties, which
assess materials suitability for adhesive processes. The existence of many methods for
measuring the surface free energy stems from the fact that certain methods are suitable in
particular circumstances. Existing methods describe the thermodynamic state of the surface
layer differently yet all, through subsequent analyses of the surface free energy and its
components, expand our knowledge of the phenomenon of adhesion.

SEM technique is very useful to analysis geometric structure of material for which is
described adhesive properties. SEM micrographs have a large depth of field yielding a
characteristic three-dimensional appearance useful for understanding the surface structure
of a sample. The information of geometric structure is extremely important for the progress
of adhesive processes like gluing, sealing, painting, coating.

In the subchapter devoted to a comparative analysis of the surface free energy measuring
methods, the selection of the OW and the OCG methods was dictated by the fact that, on the
one hand, these are the most frequently applied methods for measuring the surface free
energy, on the other hand, due to relatively uncomplicated measurement of the contact
angle with standard measuring liquids. The statistical analysis of the results evidences that,
in most of the analysed cases, there are no statistically relevant differences between the
values of surface free energy measured with either the Owens-Wendt or van Oss-
Chaudhury-Good method.

Based on the statistical analysis it may be concluded that the choice of the surface free
energy measurement method in the case of the analysed zinc coated sheets is basically of no
relevance. Nevertheless, in ordinary working conditions it is the Owens-Wendt method
which should be selected as a more efficient and less complicated tool for measuring the
surface free energy of materials. The van Oss-Chaudhury-Good method, however, could be
applied when a more detailed evaluation of the thermodynamic state of a surface (or a
surface layer) is required.

Recent developments in the field of materials engineering contribute to creating structural
materials or coatings, which are increasingly modern and specific - designated for particular
applications. This creates the demand for continuous research into determining and
describing their adhesive properties when adhesively bonding or joining such materials.
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1. Introduction

Syllidae is a highly diverse family of the polychaetes (Annelida, Phyllodocida), with 72
described genera and almost 700 species (San Martin, 2003; Aguado & San Martin, 2009;
Aguado et al., in press), and continuously new taxa are being described. They are small
marine worms, usually of few mm long, although some species can reach up to 90 mm.
Contrariwise to their small size, they are very complex, with a body exhibiting numerous
structures, external and internal, some of them difficult to examine properly under light
microscope, even using higher magnifications and Nomarsky system of polarized light.
Description of most species before around the year 2000 was based only on examinations
and drawings made with camera lucida under light microscopes. The use of SEM to study
syllids is relatively recent, but produced the discover and descriptions of a number of new,
unknown structures, or only incompletely known before, whose physiology and
significance open a new field of research. The oldest SEM picture of a syllid is from 1980 in
which Heacox showed the head of a Chaetosyllis stolon and a larval compound chaeta in a
study of the life cycle of Syllis pulchra Berkeley & Berkeley, 1948 (Heacox, 1980); somewhat
later, Pocklington & Hutchenson (1983) reported the viviparity of the interstitial species
Parexogone hebes (Webster & Benedict, 1884) showing excellent and surprising SEM
photographs of juveniles emerging through segmental apertures (probably nephridial
pores) and also some characteristic crenulations of the ventral surface of female’s body after
releasing juveniles; in the same year, Pawlick published the first SEM photos of general
aspect of body, chaetae, and details of ciliation on the basis of dorsal cirri on the species
Branchiosyllis oculata Ehlers, 1887. This is the first paper, in our knowledge, in which some
previously overlooked structures were showed and described thanks to SEM; finally, Sarda
& San Martin (1992) redescribed one species of syllid from East coast of USA, with some
SEM pictures. However, few descriptions of new taxa with SEM and only few papers with
SEM pictures of syllids were published during next years. Most of examinations came from
our own relatively recent papers; one is the book “Fauna Ibérica. Syllidae”, published in
2003, in which the 161 recorded species of the Iberian Peninsula are described and figured,
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with 122 SEM plates, showing morphology, and also details of the reproduction; the SEM
study revealed some new, tiny structures, unknown before (San Martin, 2003). However,
since that book was published in Spanish, several of these discoveries could be overlooked
by some non-Spanish speakers. Same kind of study and descriptions, with both light
microscope and SEM photos was followed since then for descriptions of syllids from other
parts of the world (Aguado et al., 2006 and others), especially in the still unfinished series on
Australian Syllidae (San Martin, 2005; San Martin & Hutchings, 2006; San Martin et al.,
2008a, b; 2010, and others) and revisions of genera (Aguado & San Martin, 2008). In these
papers, and others published by other authors profusely cited below, more unknown
structures and new details on chaetae, ciliation pattern, pharyngeal armature, etc., were
described, as well as important observations on the reproductive biology of many species. A
review of these discoveries and their implications on some aspects of the knowledge of the
family Syllidae, with especial relevance in taxonomy and systematics, will be analyzed in
detail in this chapter.

Detailed morphological and reproductive observations under SEM had important relevance
to the knowledge of the family Syllidae for two reasons.

- The first one is related with the phylogeny of the family; discoverment and descriptions
of these structures and details of the reproductive modes provided more morphological
features to analyze and, consequently, more robust hypothesis about the relationships
among the different genera of the family.

- The second one is the great help to differentiate sibling complexes of species; species
apparently identical morphologically can be differentiated by minute details, only
perceptible under SEM.

Two books about polychaetes also includes excellent SEM pictures of Syllidae (as well as
many others of different families of polychaetes): Rouse & Pleijel (2001), which shows 6
photos with details of morphology and reproduction, and Beesley et al. (2000) in which a
couple of SEM photos about syllid reproduction are shown.

2. Material and methods

Syllids are generally of small size and hence, the process of preparation is usually complex
and sometimes difficult, so, it is desirable to prepare several specimens for examination. At
least, one to be examined dorsally and another one ventrally; specimen with exerted
pharynx is also strongly recommended to examine and take photos of details of the anterior
end of the pharynx and their armature, which are important characters for identification to
genus level.

Minute specimens are very easily lost during the process of preparation, so it is important to
be extremely careful, especially having a short number of specimens.

Fixation of the specimens is a very important process for taking good and sharp pictures.
Specimens of syllids are usually dirty, especially those of the genera with dorsal papillae,
which produce a sticky secretion which agglutinate debris. However, details of papillation is
an important taxonomic trait for identification of species and therefore, it is necessary to
clean up them, using a brush of a single, slender hair.
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Techniques could be different depending upon the authors and the type of SEM used. The
specimens for taxonomic studies are usually fixed in formalin, examined in pure water and
finally stored in 70% ethanol. To be prepared for SEM, the selected specimens experience a
series of progressive baths in more concentrated alcohol (80%, 90%, and pure ethanol), then
dried on critical point and covered of a coat of gold. Rouse & Pleijel (2001) recommend
Osmium tetroxide (OsOy) as preferred fixative, although its high toxicity (see Rouse &
Pleijel, 2001, p. 7).

3. Results
3.1 Morphology
3.1.1 Ciliation

Many syllids are provided with numerous cilia, whose arrangement has taxonomic
importance, but they are difficult to see under light microscope; sometimes, it is possible to
observe the presence of tufts of cilia in some appropriate areas, but a detailed description of
the arrangement of these cilia is almost impossible or extremely difficult. However, well
prepared specimens show, under SEM, a system of transversal rows of cilia, which can be
single (fig. 1A) or double (fig. 1B), sometimes some anterior segments with single and from
one segment backwards being double (fig. 1B), sometimes only tufts of cilia on some areas;
in some species only the peristomium is dorsally provided with a single band of cilia and
remaining segments lack them. These details were not included in the descriptions until
recently, and they are certainly useful for segregation of species and even similar genera.
Descriptions arrangement of ciliary bands, based on SEM examinations are in San Martin
(2003) for the species Paraehlersin ferrugina (Langerhans, 1881), Odontosyllis fulgurans
(Audouin & Milne Edwards, 1834), Myrianida benazzi (Cognetti, 1953), Myrianida convoluta
(Cognetti, 1953), Myrianida edwarsi (Saint-Joseph, 1887), and Myrianida dentalia (Imajima,
1966); San Martin & Hutchings (2006) for the species Eusyllis kupfferi Langerhans, 1879,
Odontosyllis polycera Schmarda, 1863, O. australiensis Hartmann-Schroder, 1979; Paraehlersia
weissmannioides (Augener, 1913), P. ehlersiaeformis (Augener, 1913), Perkinsyllis koolalya (San
Martin & Hutchings, 2006), and P. serrata (Hartmann-Schroder, 1984); and Nogueira &
Fukuda (2008) for Trypanosyllis zebra (Grube, 1860) and T. aurantiacus Nogueira & Fukuda,
2008. Also some ciliated areas on bases of dorsal cirri, lateral of segments, palps, ventral
surface or in ventral cirri were described and figured by Pawlik (1983) for B. oculata; Licher
& Kuper (1998) for Syllis tyrrhena (Licher & Kuper, 1998); Lopez et al. (2001) for Pionosyllis
magnifica Moore, 1906; San Martin (2003) for Xenosyllis scabra (Ehlers, 1864), and Trypanosyllis
aeolis Langerhans, 1879; San Martin & Hutchings (2006) for O. australiensis; Aguado & San
Martin (2008) for Brachysyllis infuscata (Ehlers, 1901); Ramos et al. (2010) for Streptodonta
exsulis Ramos, San Martin & Sikorski, 2010; and Salcedo-Oropeza et al. (2011) for
Trypanosyllis microdenticulata Salcedo-Oropeza, San Martin & Solis-Weiss, 2011.

3.1.2 Nuchal organs

Nuchal organs are only present in polychaetes and are thought to be a synapomorphy for the
group (Rose & Fauchald, 1997; Rouse & Pleijel, 2001), although they show different
chemoreceptor structures and are different in shape among the families. The most typical
shape appears as two semicircular, densely ciliated pits between prostomium and
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peristomium; these are the kind of nuchal organs most common in the Syllidae, in fact most
genera have the typical nuchal organs (fig. 2A), sometimes extending laterally to prostomium,
forming two semicircular ciliated areas (fig. 2B) as in the genera Eusyllis Malmgren, 1867,
Odontosyllis Claparéde, 1863, and Trypanosyllis Claparede, 1864; however, some genera show
other kind of nuchal organs, called nuchal lappets, forming two dorsal, longitudinal
evaginations over a number of segments, sometimes only one, more or less spherical or
elongate, straight (fig. 2C) or sinuous (fig. 2D), ciliated or lacking of cilia. Numerous
descriptions of species include SEM photos of the nuchal organs, as those in Lanera et al.
(1994); Lewbart & Riser (1996); Licher & Kuper (1998); Martin et al. (2002); Nogueira & San
Martin (2002); San Martin (2003; 2005); San Martin & Hutchings (2006), Aguado & San Martin
(2007, 2008); Lattig et al. (2007; 2010 a, b); Nogueira & Fukuda (2008); Lattig & Martin (2009);
Ramos et al. (2010); San Martin et al. (2008 a, b; 2010); Salcedo-Oropeza et al. (2011); Lattig &
Martin (in press a, b). San Martin & Lépez (2003) described a new genus and species form
Australia with nuchal organs laterally located, protected by two lips.

Fig. 1. A, Anterior end, dorsal view of Odontosyllis australiensis, showing single row of cilia
on each segment. B, Anterior end, dorsal view of Perkinsyllis serrata showing single row of
cilia on anterior segments and double row form chaetiger 9. San Martin & Hutchings (2006).

Fig. 2. Nuchal organs of: A Syllis corallicola, B, Eusyllis kupfferi, showing the ciliation
extending to lateral sides of prostomium; C, Proceraea aurantiaca, and detail (arrow, right) of
the rugose bulks; D, Clavisyllis alternata Knox, 1957. A, C, San Martin (2003); B, San Martin &
Hutchings (2006); D, Aguado & San Martin (2008).
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In the species Proceraea aurantiaca Claparede, 1868, San Martin (2003) found and described
an enigmatic structure on the nuchal lappets, as semicircular, rugose bulks (fig. 2C, right,
up, arrow) provided with pores and tiny hairs, whose function is totally unknown.

3.1.3 Papillation

Some genera of the family Syllidae, as Sphaerosyllis Claparede, 1863, Prosphaerosyllis San
Martin, 1984, Erinaceusyllis San Martin, 2005, Rhopalosyllis Augener, 1913; and
Paraopisthosyllis Hartmann-Schroder, 1991, as well as some species of other genera, as
Opisthosyllis Langerhans, 1879, Branchiosyllis Ehlers, 1887, and Trypanosyllis Claparéde, 1864,
have the dorsal, and also sometimes the ventral, surface covered by conspicuous papillae
(figure 3), sometimes also extending through parapodia, antennae, cirri and palps. These
papillae can be scarce and scattered or densely distributed, in different sizes or all similar,
hazardous distributed or arranged in rows. Information on size, shape and distribution of
papillae has a very important taxonomic meaning, and it is very useful to differentiate
species; although presence of papillae is easily perceptible under light microscope, the
arrangement and sizes of papillae are much better evaluable under SEM. In Sphaerosyllis,
Prosphaerosyllis and Erinaceusyllis, the papillae produce an adhesive secretion which sticks
detritus for mask the individuals; so, it is sometimes difficult to see them because they are
covered by detritus and the specimens requires a previous cleaning by a minute brush and
washing of water. Numerous descriptions of species of these three genera are in San Martin
(2003; 2005), Nogueira et al. (2004); Musco et al. (2005); Alvarez & San Martin (2009); and
Olivier et al. (2011). Details of papillae of the species Syllis papillosus (Tovar-Hernandez,
Granados-Barba & Solis-Weiss, 2002) in Tovar-Hernandez et al. (2002); Trypanosyllis troll
Ramos, San Martin & Sikorski, 2010 are in Ramos et al. (2010), Paraopisthosyllis alternocirra
San Martin & Hutchings, 2006 in San Martin & Hutchings (2006); Opisthosyllis viridis
Langerhans, 1879 in San Martin et al. (2008 a); and Branchiosyllis verruculosa (Augener, 1913)
in San Martin et al. (2008b).

3.1.4 Pharyngeal armature

The pharyngeal armature in syllids is an important diagnostic character at different
taxonomic levels; for this reason, a careful examination of the pharyngeal armature is
always necessary for identification. SEM photos help considerably in these observations,
and also contributed greatly to the discover of some overlooked details, as ciliation and
presence of pores on the pharyngeal papillae, coats of cilia on the pharyngeal opening,
secondary crown of papillae, total absence of papillae, etc. The pharynx of syllids can be
unarmed or provided with a single middorsal tooth (fig. 4A), usually surrounded by a
crown of papillae, and sometimes with a complete or incomplete crown of teeth (trepan)
(fig. 4B) sometimes there is a trepan but not a pharyngeal middorsal tooth; teeth of trepan
are usually of the same size, but sometimes they are of different sizes (figs. 4C, D). Detailed
observations under SEM of the pharyngeal armature, papillae and ciliation are in numerous
papers: Capa et al. (2001); Tovar-Hernandez et al. (2002); Nogueira & San Martin (2002);
Martin et al. (2002; 2003; 2009); San Martin (2003; 2005); San Martin & Hutchings (2006);
Aguado & San Martin (2007,2008); Nogueira & Fukuda (2008); San Martin et al. (2008a, b;
2010); Lattig & Martin (2009; in press a, b); Lattig et al. (2007; 2010 a, b); Ramos et al. (2010);
Olivier et al. (2011); Salcedo-Oropeza et al. (2011).
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Fig. 3. Papillae: A, anterior end, lateral view,Sphaerosyllis hirsuta. B, midbody of 