I DIGITAL MATERIALS ANALYSIS

Fundamental Knowledge

Part 1

Ever since scientists started investigating our world,
two aims have had the highest priority. One simply
understands how everything around us is organ-
ised. The other is using this knowledge to make our
lives more productive and comfortable. Much of
our mental potential is developed by applying our 5
senses in direct day-to-day practice. Of the 5 senses,
sight is a critical tool with very high potential and
bandwidth for extracting information making it a
powerful interface for gathering knowledge.

“l saw it with my own eyes!” - think
about the significance of that expression.
It provides a hint as to why optical mi-
croscopy is such a popular method for
exploring the structures of materials. All
other information received by instrumen-
tal sensory technologies in materials sci-
ence research enters our minds via some
secondary visualisation process. Though
optical microscopy itself makes increas-
ing use of integrated digital technology
for interfacing image information, it is
still closest to the actual process of see-
ing with the naked eye - i.e., receiving
image information directly.

How do people actually receive infor-
mation about their surroundings? How
does a person receive the image infor-
mation offered via a microscope? The in-
formation-bearing medium is visible light
and the information it carries is as a re-
sult of its various interactions with physi-
cal matter. The electromagnetic radia-
tion of visible light is the point of
departure for light microscopy in gen-
eral, as well as in the metallography
field. It is necessary to understand terms
such as reflection, polarization and in-
terference, alongside fundamental quan-
tities closely linked to them such as am-
plitude, radiation and phase shift. This
facilitates grasping the various light-mi-
croscopical contrast and imaging proce-
dures for metallography, which involves
a good deal of fundamental knowledge
on the physical nature of light. This part
of the chapter is from one of our “Digital
Materials Analysis” series, and therefore,
deals with the optical fundamentals of
light and the interaction with a sample.
Subsequently, the light microscopy that
is commonly used in metallography is in-
troduced and explained in part two. The
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Fig. 1: Schematic display of the visible spectrum of electromagnetic radiation and the resulting colour
ranges.

final segment deals with the contrasts
that play an important role in imaging
metallographic samples.

Optical Fundamentals

The fundamentals described below on
light properties focus on the information
needed to understand the material pre-
sented and are not exhaustive. For more
advanced detail and more sophisticated
theoretical fundamentals, we would ad-
vise interested readers to consult the ex-
tensive web pages of Florida State Uni-
versity, for example, on microscopy and
the related physical background infor-
mation (www.microscopy.fsu.edu/primer/
index.html).

Visible Light

In everyday language, light is understood
as the range of electromagnetic radiation
that we can see with the naked eye. This
comprises a wavelength spectrum of ca.
400 nm-750 nm. The colours of light that
can be seen by the eye occur due to vary-
ing wavelengths and their blending (fig.
1). The adjoining spectra from the deep-
red and infrared range (to 1200 nm) as
well as the near ultraviolet light (200-
380 nm) are used in light microscopy.
Even though these segments of the spec-
trum are not visible to our eyes, these
segments can be acquired using suitable
detectors, CCD cameras for example, and
made available via a monitor for imaging
or analysis.

Wavelength, Frequency, Energy

The smallest distance between two points
of the same phase of a wave is referred

to as wavelength A (fig. 2). The two points
are precisely in the same phase when
they have the same deflection, ie, ampli-
tude (A), and move in the same direction
through time. The wavelength of light
has a direct correspondence with the fre-
quency, as does any other form of elec-
tromagnetic radiation (v): i.e. it is in-
versely proportional. When entering or
traversing a medium, the speed and
wavelength of the light are changed. The
frequency, however, remains unchanged.

Alongside its wave properties, light is
quantified in photons. A photon (quan-
tum of electromagnetic energy) is consid-
ered the smallest amount of energy of
any frequency of electromagnetic radia-
tion. The energy of a photon is directly
proportional to frequency and thus indi-
rectly proportional to wavelength. This
means that energy increases as fre-
quency increases and wavelength short-
ens. This is why shortwave radiation is
dangerous, since it has high energy in a
narrow range. It can have dangerous ef-
fects on organisms, for example there is
a well known correlation between UV
light and skin cancer.

The brightness of light perceived by
an animal depends on the number of
photons that reach the eye per unit time.
It can be described, albeit simply, as the
amount of wave deflection or amplitude
(fig. 2). Other factors are the colour or
wavelength and contrast (to the back-
ground) as well as its expansion. The
eye‘s sensitivity to brightness is greatest
with green-yellow colour tones (500-
560 nm). In this case, small points of
light are interpreted as brighter than
larger ones of other colours, even though
they have the same physical light inten-
sity. The eye can discern 50-60 levels of
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Fig. 2: Schematic diagram of waves with the
wavelength ()), of the smallest distance of two
points of the same phase of a wave and of the
deflection height (amplitude: A). The lower
example shows how a wave of light is phase
delayed when passing through an optically
denser medium (eg, glass or a cell). The ampli-
tude remains practically the same.
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Fig. 3: Reflection is where electromagnetic
radiation is deflected and “bounced back”. This
takes place either at the boundary between two
media (surface reflection) or within the interior
of a medium (volume reflection). Transmission is
the expansion of electromagnetic radiation
passing through a medium. Diffusion can take
place in both phenomena. Diffusion is where a
ray of light with a certain dispersive direction is
deflected in many different directions (diffuse
reflection or diffuse transmission). If there is no
scattering upon reflection or transmission, the
ray of light is deflected in a certain direction in
accordance with the physical laws of optics
(directed light reflection or transmission). Re-
flection, transmission and scattering do not alter
the frequency of a wave. Absorption is the
conversion of radiation into a different form of
energy (usually heat) that occurs upon the inter-
action of radiation with matter.

brightness in gray-scale images. A com-
puter monitor on the other hand shows
images with 256 gray scales (8 bits) and
digital cameras, depending on the model,
can acquire up to 4096 gray scales (12
bits) - inasmuch these are actually
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Fig. 4: When photons encounter a surface there are various interactions with the electrons
and the material. Fluorescence may occur, which is the absorption of light of a particular
wavelength (excitation light) involving various molecules and the simultaneous emission of

light at longer wavelengths.

present in the image. These numbers
show how digital image acquisition expo-
nentially expands what image analysis
can do — especially compared with view-
ing a sample with the naked eye alone.

Light — Object Interactions

As soon as light encounters an object,
three phenomena can take place: reflec-
tion (p), absorption (o) and transmission
(t). These processes, and their respective
interrelationships, vary depending on the
object’s parameters — such as material
(refraction index n), surface, thickness
(absorption coefficient 1) and colour. Im-
portant effects such as polarization or in-
terference are direct results of these phe-
nomena, which are decisive for contrast
formation, imaging and material detec-
tion in the incident light microscope used
for metal microscopy.

Absorption and Scatter

In our day-to-day lives we experience
how colourless light, also frequently re-
ferred to as white light, can diminish in
brightness due to absorption. This ex-
plains how much brighter a room looks
after the windows have been cleaned.
When a wave is absorbed by an absorb-
ent, homogeneous material, the absorp-
tion probability (per unit of length) is the
same at any penetration depth. Accord-
ing to the Beer-Lambert law, the amount
of photons non-absorbed or scattered in
the process depends on the layer-thick-

ness of the material. This explains why
the sky seems darker and the sun ap-
pears brighter in the mountains.

But it’s not just the intensity that de-
creases. The light absorption of surfaces
is usually dependent upon frequency and
also varies in strength according to the
surface colour. This kind of frequency-
dependent absorption alters the remain-
ing wavelength characteristic of the light,
which results in us seeing colours.

Absorption is caused by scatter, i.e.
the interactions of the light quanta with
the free and bonded electrons of the ma-
terial. Elastic and inelastic scattering are
of decisive significance here. Elastic scat-
tering is where the sum of energy of the
incident photons is too small to excite the
atom. The energy of the scattered photon
remains unchanged but its direction
changes (fig. 4). Inelastic scattering is
where the photon loses a part of its en-
ergy as excitation energy of an atom or
during ionization processes (fig. 4). After
scatter, the scattered radiation usually
has an altered diffusional direction. Ine-
lastic scattering also means changed en-
ergy (frequency v) and sometimes altered
polarization direction.

Table 1 describes how materials sci-
ence visual effects are linked to both
elastic and inelastic scattering.

Refraction and Refraction Index

Various transparent media such as air,
water and glass slow down the light pass-
ing through them (phase shift) to differ-
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Table 1: Overview of interaction of photons and matter

Visual effect

Typical materials

Physical origin

Images

Total transparency accompanied
by gradual reflection

Most gasses, some liquids, some
mineral substances like glass (Si0,),
quartz and other crystalline structures
of similar physical behaviour with
smooth surfaces and homogeneous
structure.

Depending on their refractive index
they are used for optical imaging
lenses.

Elastic scattering of photons in interaction with
electrons, which are bound by electromagnetic
forces in an atomic /molecular system.

The system structure must either be completely
homogeneous or of high crystalline order.

Smooth interfaces to other matter or vacuum, like
polished glass to air, cause almost no irregular
effect on interference.

Interfaces between media with different refraction
indexes result in correspondingly clear reflectivity.

Diffuse transparency

As above, but contaminated with
scattering substances or diffused
interfaces.

Colourless, transparent matter with statistically
irregular interfaces of different refractive indices
(changes the speed of light) cause elastic scattering
in all spatial directions due to interference effects

Total reflectance

All metals and other materials whose
physical behaviour does not bind
electrons by strong individual forces to
an atom or molecule.

Electrons behave like a free moving
gas only weakly bound to the entire
material structure.

(Depending on their reflectance
behaviour these materials are used for
producing mirror devices for optical
instruments.)

Elastic scattering of photons in interaction with
electrons which form a common electrical field. The
electrons are just weakly bound to an atomic or mo-
lecular structure; this explains their absorbent
behaviour towards the photon, though the photon
is immediately remitted (repelled). Surfaces need to
be perfectly smooth.

show strong absorption and are
termed opaque.

To obtain information about their
interaction with photons, these materi-
als can be prepared as thin locally
homogeneous layers so they still
transmit relevant numbers of photons
to describe the absorption behaviour.

Remittance Non-polished, clean, metal surface Same as in clear reflectance but with a surface
without oxidation contamination. design which causes diffuse reflection due to
interference effects.
Absorption Most organic and inorganic materials Various effects of inelastic scattering of photons in

interaction with electrons, whereby the absorbed
photon energy typically dissipates inside matter as
thermodynamic energy.

Absorption is typically energy dependent, whereas it
is often that just bands of photon energy are ab-
sorbed by individual matter.

Specific inelastic scattering effects may leave photons
with reduced energy (Raman scattering).

Fluorescence/
Luminescence

Complex organic molecules and semi-
conducting crystalline structures
(quantum dots) are typically used for
showing fluorescence.

Inelastic scattering of photons which leads to
energy exited status of electrons in matter. Depend-
ing on the type of molecule the absorbed photon
energy is released after some characteristic time
period in form of lower energy photons which are
remitted or absorbed in secondary processes.
Portions of absorbed photon energy may dissipate
to the matter as thermodynamic energy.

Polarization

Clean, smooth, metal surfaces show a
dependency on photon interaction
(dependent on their polarization).

The parameter is the angle of the
photon incidence towards the surface.
Most natural crystalline minerals show
anisotropy in absorbing or transmit-
ting to the photon polarization as well.
(birefringent materials such as quartz
or calcite are familiar examples).

The most tricky, as the photon force acts dynami-
cally, changing symmetrically along an axis perpen-
dicular to the propagation direction and kept in this
state as long as the photon exists.

Any anisotropy of matter in terms of polarity in
interacting with electromagnetic forces will deter-
mine whether one of the interactions named above
with a polarized photon will take place at all.
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Fig. 5: Diagram of the refraction of light. Light that enters into an
optically denser medium at an angle is refracted toward the perpen-
dicular. When it exits, it is subject to the reverse deflection and is

thus parallel shifted.

ing extents, dependent on their optical
density. When light from a medium (e.g.,
air) enters into another medium with a
higher optical density (e.g., glass) at an
angle, the light is not only slowed down,
but also refracted. This means that the
light is deflected in an angle specific to
the two media. When the light exits and
encounters a medium with a lower den-
sity (e.g., air) the speed is once again spe-
cific to this medium and it is subject to a
reverse deflection. The ray of light in this
example is thus parallel shifted (fig. 5).

There is a value that indicates the ex-
tent of refraction for transparent media
— the refractive index n. This is 1 for air
and increases with the optical density of
the medium (e.g., water n = 1.33). Oils
that are used in microscopy for high-res-
olution or powerful magnifying objec-
tives (for immersion of the frontal lens)
have a refraction index of ca. 1.51.

Reflection

If electromagnetic waves are deflected
back from the material, this is termed re-
flection. With smooth surfaces, the light
reflects according to the physical princi-
ple: entry angle equals exit angle. This
means that every ray of light is reflected
in precisely one direction. Boundary lay-
ers with significant roughness relative to
the wavelength, reflect diffusely. If the
material contains many scatter centres,
the reflection follows the Beer-Lambert
Law, whereby the main back scatter takes
place perpendicular to the material, inde-
pendent of the incident direction. Thus, if
a ray of light encounters a rough surface,
it is reflected in all directions spatially.

Interference

Various waves of light can interact with
one another. These waves can also over-
lap each other. If the waves* frequencies
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Fig. 6: The law of reflection applies to smooth surfaces. This states that the inci-
dent ray, the perpendicular of incidence and the reflected ray are all within one
incident plane and the incident angle is always exactly the same as the reflection

angle. Boundaries with a greater roughness relative to the wavelength, on the

other hand, reflect diffusely.

and wavelengths are roughly the same, a
new wave emerges. The new wave is am-
plified or weakened in comparison to the
original waves — depending on the phase
correspondence between the overlapping
waves. This phenomenon is called inter-
ference. The waves are amplified when
the phase shift corresponds to an entire
wavelength. This effect is referred to as
constructive interference. Wave traits
are erased at a phase shift of half a wave-
length (destructive interference). Any
wave capable of interference is desig-
nated as a coherent wave. These are
wavelengths with a constant phase ratio
and equal frequency.

Polarization

Polarization is a property of transverse
waves, and thus of the electromagnetic
waves, which describe the direction of
the amplitude vector. No polarization
phenomenon, on the other hand, can oc-
cur with longitudinal waves, whose oscil-
lation takes place in the direction of dis-
persion. A transverse wave has two
directions. Firstly, the wave vector, which
points in the direction of dispersion — sec-
ondly, the amplitude vector. This is al-
ways perpendicular to the wave vector in
transverse waves. The third degree of
freedom in three-dimensional space is
rotation around the wave vector.

There are three distinct kinds of po-
larization. They differ in direction and
magnitude of the amplitude vector (at a
constant point in space):

linear polarization: The amplitude
vector always points in a constant direc-
tion and the deflection changes its mag-
nitude and its sign periodically (with con-
stant amplitude) with the progression of
the wave.

circular polarization (also referred to
as rotational polarization): The ampli-
tude vector rotates at constant angle

speed around the wave vector and does
not change its magnitude with the pro-
gression of the wave.

elliptical polarization: The amplitude
vector rotates around the wave vector
and alters its magnitude periodically. The
peak of the field vector follows an ellipse
in this instance.

Polarization methods facilitate the ap-
plication of highly qualitative contrast
methods such as Differential Interfer-
ence Contrast (DIC). Polarization micro-
scopy is of critical importance in micro-
scopy of double refractive sample
structures such as crystals.

Diffraction

Light that shines through a small aper-
ture generates a pattern of bright rings
referred to as a diffraction pattern. Pat-
terns can range from a centrally bright
segment (direct, unrefracted light or
main maximum), followed by a number
of rings with significantly less brightness
(refracted light or secondary maxima).
This occurs due to series of destructive
and constructive interferences. Accord-
ing to the Abbé theory of resolution, im-
age formation only takes place once, at
least one secondary maximum interacts
with the main maximum in the interme-
diary image plane. The more secondary
maxima contributing to image formation,
the higher the resolution.
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