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How to use this handbook

I organized this book around the topics in my Materials Science preparation
notes. It moves from crystal geometry and defects to mechanics, physical
properties, surfaces, nanomaterials, fabrication, and experimental evidence.

Read for the chain of causes

Ask how processing changes structure, how that structure changes a
response, and whether the response serves the application. Every model has a
range of validity. Conditions printed beside a formula are part of the formula's
meaning.

Work before looking at the solution

Cover worked answers, sketch the geometry, and carry units through the
calculation. Chapter 18 combines topics so that choosing the right model is
itself part of the exercise. The reference tools at the back summarize
equations, terms, and common numerical traps.

What the illustrations show

The figures help explain structures, mechanisms, and trends. Plots labeled
schematic describe mechanisms and do not reproduce measured datasets.
Numerical exercises use declared values for the model under discussion.

Sources and scope

My preparation notes are the starting point for this book. Callister and
Rethwisch is a useful reference for the foundations, and the numbered sources
give further reading on specific topics. You can find the references and a short
introduction to my notes at the back.

This is an independent subject handbook for study, including Science
Olympiad preparation. It is not an official event publication. Event scope and
allowed materials must be checked against the applicable competition's own
instructions.

The companion website

Find my preparation notes, short materials explainers, and contact details at
https://davidxumaterials.com. Questions or corrections:
davidxu.materials@gmail.com.
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CHAPTER 01 / READING MATERIALS AS A CHAIN OF CAUSES

A note from David Xu

I made this book to inspire underclassmen who are interested in Materials
Science and want to compete in Science Olympiad. My name is David Xu, and I
am part of the Harriton High School Science Olympiad team. I want younger
competitors to have a place to start, a way to connect the topics, and examples
that make unfamiliar questions feel approachable.

The questions in my notes were not all questions I could solve immediately. In
the “Q” section, I collected problems I had to research further. This edition
uses those questions as starting points for learning notes: what makes a
question difficult, what information is needed, and how to check the answer.

What | hope you take from the book

You do not need to understand every topic on your first pass. Start with a
sketch, define the quantity being asked for, and write down the conditions
behind the equation. When an answer feels strange, use that feeling as a
reason to investigate.

An equation can give a reasonable-looking number and still answer the wrong
question. Throughout the book, I point out the assumptions that make a
calculation useful and the checks that can reveal a mistake.

Questions | had to work through

The “From my Q notebook” sections start with questions | did not know how to solve
at first. Use them to practice the research step as well as the calculation: identify
what is missing, check the assumptions, and explain the result.

This is an independent student study guide. It is not an official Science

Olympiad rulebook or a publication endorsed by the school or tournament
organizers.
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CHAPTER 01 / READING MATERIALS AS A CHAIN OF CAUSES

Build a Science Olympiad study
routine

Materials Science questions often combine recognition, explanation, and
calculation. A useful study routine should practice all three. Learn the physical
mechanism before compressing it onto a reference sheet.

Begin with the event you are preparing for

Use the official rules for your season and tournament to identify the scope,
allowed reference materials, and any experimental tasks. Then map those
requirements to chapters in this book. Topic coverage can change; the breadth
of this handbook is not a prediction of a particular test.

Divide preparation into manageable jobs

First learn the language: distinguish strength from toughness, a crystal from a
grain, and conductivity from conductance. Next practice common calculations
with units. Then mix topics so that choosing a model becomes part of the
challenge.

Study task What to produce

Understand a topic A sketch and a two-sentence mechanism
Practice a calculation A solution with assumptions and units

Review an error The mistaken step and a corrected decision rule
Prepare a reference sheet A formula with symbol definitions and conditions
Practice with a partner An explanation the other person can question

Keep a question log

Record what you tried, where you became uncertain, and which source helped.
After solving the problem, add one sentence about what would change if the
assumptions changed. The Q-notebook notes in this book show how a question
can become a reusable lesson.

Try this with a partner

Calculate the same ionic crystal density separately, then compare your unit-cell
counts. If the answers differ, draw the cell together and match the count to the molar
mass. Explain why counting atoms and counting formula units require different
bookkeeping.
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CHAPTER 01 / READING MATERIALS AS A CHAIN OF CAUSES

Why structure belongs in every
answer

A material is more than its formula. Two objects can contain the same
elements and behave differently because their atoms, defects, grains, or
polymer chains are arranged differently. Materials science asks how that
arrangement arose and how it controls a useful response.

Consider a wire pulled through a die. Its composition may change very little,
yet the deformation changes its internal defects. It becomes harder to deform
again. If it is later heated under suitable conditions, recovery or
recrystallization can remove part of that strengthening. A chemical label alone
does not explain the sequence.

This handbook develops a habit of tracing causes across four levels:
processing, structure, properties, and performance. Processing is what
happens to the material. Structure is what those operations leave behind.
Properties describe its response under stated conditions. Performance asks
whether that response satisfies the job.

Processing |»| Structure |»| Properties |» | Performance

A causal explanation identifies the mechanism at each arrow.

Processing changes structure; structure controls a response under specified conditions.

A good competition answer moves along this chain. Instead of saying a
material is better because it is nano, identify the feature that changed: grain
size, surface area, carrier confinement, interfaces, or porosity. Then identify
the mechanism: blocked dislocations, altered energy states, faster diffusion, or
changed scattering.

The first chapters provide the language of structure. Later chapters reuse it
for mechanical, electrical, optical, thermal, and magnetic behavior. The
advanced chapters do not replace the foundations; they show where size and
interfaces make the familiar models incomplete.

Learning goals

Explain a property through a mechanism; distinguish strength from stiffness and
toughness; connect bonding to response; use units and assumptions to judge an
answer. Foundational reference: [1], Chapters 1-2.
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CHAPTER 01 / READING MATERIALS AS A CHAIN OF CAUSES

Material families are useful starting
points

Metals and alloys

Metallic bonding permits mobile electronic states and often allows plastic
deformation through dislocation motion. That helps explain why many metals
conduct well and can be formed. It does not establish that every metal is
ductile under every condition. Temperature, microstructure, loading rate, and
environment matter.

An alloy is a metallic material containing more than one element. Solute
atoms, precipitates, and phase mixtures provide ways to change properties
without changing the broad material family. A stronger alloy may conduct less
effectively because the features that obstruct dislocations also scatter
electrons.

Ceramics and polymers

Ceramics are inorganic nonmetallic materials. Many combine ionic and
covalent bonding, resist high temperatures, and have limited
room-temperature plasticity. Some ceramics conduct ions; others are
semiconductors or metallic conductors. Treat the family as a clue, not a
complete property prediction.

Polymers contain long molecular chains. Chain chemistry, arrangement,
molecular weight, crystallinity, and temperature relative to transitions
determine behavior. A flexible chain is not necessarily a flexible finished
object: cross-links, stiff repeat units, and chain orientation change the
response.

MATERIALS SCIENCE HANDBOOK 8



CHAPTER 01 / READING MATERIALS AS A CHAIN OF CAUSES

Polymers, composites, and
overlapping categories

A family label should lead to a structural question. For a polymer, ask how
chains are connected and whether they can rearrange during the
measurement. An uncross-linked material can soften or flow when its
relaxation processes become fast enough. A cross-linked network restricts
large-scale chain motion. Temperature and loading time therefore belong
beside any quoted polymer property.

For a composite, ask which phase supplies load-bearing stiffness, which phase
surrounds it, and how the interface transfers force. A high-modulus fiber
contributes little to the intended direction if it is misaligned or poorly bonded.
Porosity can reduce the effective area carrying load even when the chemistry
remains the same.

Family Structural feature Useful question

Metal Mobile carriers and crystalline defects What controls slip and scattering?

Ceramic Directional bonding and/or charge Which defects or ions can move?

balance

Polymer Chains, entanglements, cross-links Can chains rearrange on this
timescale?

Composite Multiple phases and interfaces How is load or heat transferred?

Semicondu  Band structure and carrier population Which states and carriers are

ctor available?

A composite combines distinguishable constituents to obtain a useful overall
response. Its interfaces are part of the design. Reinforcing fibers cannot carry
their intended share of load if the surrounding matrix fails to transfer it.

Categories can overlap

A semiconductor is classified by electronic behavior rather than by the same
chemical criteria used for metal, ceramic, and polymer families. A ceramic can
be a semiconductor. A polymer composite can contain conductive metal
particles. This overlap is a reason to explain the actual mechanism instead of
relying on labels.
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CHAPTER 01 / READING MATERIALS AS A CHAIN OF CAUSES

Bonds set an energy landscape

A stable bond reflects a balance between attractive and repulsive
contributions to energy. At large separation the atoms interact weakly.
Bringing them together can lower the energy; pushing them too close raises it
sharply. Equilibrium spacing sits near the minimum of the potential-energy
curve.

-

Potential energy

equilibrium spacing

Interatomic separation (relative scale)

Schematic pair potential: the slope gives force; curvature near the minimum relates to stiffness.

The force is related to the slope of that curve. Near equilibrium, the curvature
describes how strongly the system resists a small change in spacing. This
supplies an atomic picture of elastic stiffness. The depth of the well describes
a different feature: the energy needed to separate the bonded system. Neither
quantity alone gives the fracture toughness of a macroscopic specimen with
cracks.

— _au

Ionic bonding involves electrostatic interactions between charged species.
Covalent bonding involves shared electron density and is often directional.
Metallic bonding supports delocalized electronic states. These models overlap
in real materials; a bond need not fit one perfectly isolated category.

Secondary interactions include permanent-dipole forces, induced-dipole
forces, and hydrogen bonding. Their individual energies are generally smaller
than primary bond energies, but repeated interactions across large molecules
can strongly influence adhesion, melting, viscosity, and polymer behavior.

Why direction matters

A directional bonding network can be difficult to rearrange through slip. In
graphite, strong bonding inside sheets coexists with much weaker interactions
between sheets. The same specimen therefore responds differently to in-plane
and out-of-plane forces.

Model boundary

A hard-sphere packing calculation describes geometry. A bonding model describes
energy and electronic structure. Neither one should be used as if it automatically
supplies every mechanical property.
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CHAPTER 01 / READING MATERIALS AS A CHAIN OF CAUSES

Properties that sound similar but are
not

Stiffness describes resistance to elastic deformation. Strength describes the
stress associated with a specified limit such as yielding or fracture. Hardness
describes resistance to localized indentation under a test procedure.
Toughness describes energy absorption before fracture; fracture toughness
measures resistance to crack extension under a defined geometry and loading
mode.

A stiff object can fail at a small strain. A strong specimen can still be
vulnerable to a crack. A soft polymer can stretch far but carry relatively little
stress. A hardness number may correlate with strength within a particular
material class, yet the correlation is empirical rather than a universal
conversion.

Quantity Typical evidence Common confusion

Elastic modulus  Slope of elastic stress-strain response Not the maximum stress

Yield strength Onset or defined offset of plastic strain Not necessarily fracture
stress

Hardness Indentation under specified load and Not toughness

indenter

Ductility Plastic extension or area reduction Not stiffness

Toughness Area under stress-strain curve to failure Not the same as crack
toughness

Conditions are part of the property

A measured response belongs to a material in a state: phase, composition,
temperature, orientation, defect content, and testing rate. Density and
modulus tables are useful when those conditions approximately match the
problem. Otherwise, a table entry may provide only a scale estimate.

A material's geometry changes the response of a component even when its
intrinsic properties stay fixed. A thicker beam bends less because its section
geometry changes. That is not proof that its Young's modulus increased.
Likewise, a shorter wire can have lower resistance without having lower
resistivity.

The scale question

Before accepting a nanoscale explanation, ask which characteristic length is
being compared with the object: mean free path, exciton radius,
dislocation-source length, diffusion distance, or grain size. A nanometer label
supplies a unit. A comparison of relevant lengths supplies a mechanism.
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CHAPTER 01 / READING MATERIALS AS A CHAIN OF CAUSES

Units and estimates keep the science
grounded

Write units beside a quantity before inserting it into a formula. Stress is force
per area, so a force in newtons and an area in square meters produce pascals.
Density computed from grams and cubic centimeters is not automatically in
kilograms per cubic meter.

1nm=10"m, 1 MPa =10° Pa

A conversion factor is raised to the same power as the quantity. Converting a
nanometer length to meters introduces a factor of one billion in the numerical
denominator; converting a cubic-nanometer volume introduces its cube. This is
why density calculations are especially sensitive to unit mistakes.

Work an estimate before an exact answer

Suppose a wire carries 10 N through a cross-sectional area of 1 square
millimeter. That area is one millionth of a square meter, so the stress is ten
million pascals: 10 MPa. If a calculator gives ten pascals, the scale estimate
immediately exposes the error.

Significant figures express the precision of the inputs, not the number of digits
displayed by the calculator. Keep extra digits while calculating, then round the
final result. A model's uncertainty can exceed measurement precision: four
precise inputs do not turn an approximate model into exact science.

A useful answering sequence

Name the quantity, state the mechanism, select a model, identify assumptions,
calculate, and interpret. For a conceptual question, the calculation step may
be replaced by a scaling argument. The interpretation still matters: a smaller
gap means longer-wavelength absorption at the threshold, not automatically a
particular color viewed in transmission.

Worked example
A force of 24 N acts on 3.0 mm?2. Convert area to 3.0 x 10-® m2. Stress is 24/(3.0 X
10-6) = 8.0 MPa. The result is a stress, not a force or a modulus.
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CHAPTER 01 / READING MATERIALS AS A CHAIN OF CAUSES

Practice: make the mechanism explicit

1. A metal wire is shortened without changing its diameter or composition.
Which changes: resistance, resistivity, or both, assuming uniform
temperature?

2. A stiff ceramic fails at small strain. Explain why this does not contradict its
high elastic modulus.

3. Two samples have identical chemical composition but different grain sizes.
Give a structural reason their yield strengths may differ.

4. Convert 0.250 nm to meters, then cube it. State the volume unit.

5. A report calls a material better because it is nano. Identify three missing
pieces of information needed to evaluate that claim.

6. A component bends less after its thickness is doubled. Does this establish a
larger Young's modulus? Explain.

Use the handbook actively

A chapter is complete when you can reconstruct its central model and
recognize the assumptions in a new situation. Cover the worked answer before
calculating. Sketch a diagram when the words refer to a geometric
relationship. For every remembered formula, keep one physical sentence
describing what it means.

The condensed reference sheet should come after the explanation. A sheet
helps retrieve knowledge quickly; it cannot establish which model applies
when several formulas use the same symbol. Put units and conditions on the
sheet, not just algebra.

Review prompt

Choose any application in this chapter and trace processing — structure —» property -
performance. If one arrow has no mechanism behind it, investigate that arrow before
adding more facts.
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CHAPTER 01 / READING MATERIALS AS A CHAIN OF CAUSES

Answers: foundations

1. Resistance falls because the current travels a shorter distance. Resistivity is
unchanged under the stated assumptions. The relation between them is
developed in Chapter 10.

2. Elastic modulus measures the slope of the small-strain elastic response.
Failure strain concerns the point at which a crack or other failure process
becomes critical. A steep slope can end early.

3. Grain boundaries can impede dislocation motion. In an appropriate
grain-size regime, smaller grains raise the stress needed for yielding. Chapter
7 discusses why this trend does not extend without limit.

4. The length is 2.50 x 1071 m. Its cube is 1.56 x 1072° m3. The conversion
factor must also be cubed.

5. Specify the material and phase, the dimension or structural feature that is
small, and the property and conditions being compared. The mechanism must
connect that size to the response.

6. No. Beam geometry changes bending stiffness. Young's modulus belongs to
the material's elastic response; a component's resistance to bending also
depends strongly on section geometry.

Chapter bridge

The next chapter starts with the simplest structural models: repeated atom
positions. It shows how to calculate what belongs to a unit cell and then turn
that count into density. Later chapters add defects, grains, and electronic
states rather than discarding this geometric foundation.

Sources: [1], Chapters 1-2 and 6.
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CHAPTER 02 / CRYSTAL STRUCTURES AND DENSITY

A crystal repeats a pattern

A crystal contains a repeating arrangement of atoms, ions, or molecules. The
lattice describes the translational framework; the basis describes what is
placed at each lattice point. Combining lattice and basis produces the crystal
structure. This distinction prevents a common error: counting every visible
atom position as a new lattice point.

A unit cell is a region that reproduces the structure through translation. A
primitive cell contains one lattice point. A conventional cell may contain
several because its shape makes the symmetry easier to see. The conventional
cubic cells used for simple cubic, body-centered cubic, and face-centered cubic
structures are particularly convenient for packing calculations.

SC BCC FCC
0} o) ) P (0] o)
(]
¢ 0] ¢} ¢ 0]
(] [ ]
C-J—@)O ’ (/O./)
5 J ¢ o] _ o]
edge = 2r body diagonal = 4r face diagonal = 4r

Atom centers and orange contact paths for conventional cubic cells; spheres are reduced for clarity.

The cell edges are described by a, b, and c; the angles between them are «, B,
and y. A cubic cell has equal edges and right angles. A hexagonal cell has
equal basal edges, a distinct ¢ axis, and a 120° angle between the conventional
basal directions.

The hard-sphere model treats atoms as touching spheres. It is a geometric
approximation. Real electron density does not end at a perfectly sharp radius,
and the effective radius depends on bonding and coordination. Use the stated
radius definition when comparing structures.

Learning goals

Count shared atoms; identify the line along which atoms touch; calculate lattice
parameter, packing fraction, and theoretical density; distinguish a lattice from a
structure. Reference: [1], Chapter 3.
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CHAPTER 02 / CRYSTAL STRUCTURES AND DENSITY

Seven crystal systems and fourteen
Bravais lattices

Crystal systems organize symmetry-related restrictions on cell geometry. The
familiar seven-system list is not the same as the fourteen Bravais-lattice list.
Centering adds distinct translational possibilities within certain systems.

Crystal system Conventional metric constraints Bravais
types
Cubic a =b =c, all angles 90° P, I, F
Tetragonal a = b, c distinct, all angles 90° P, 1
Orthorhombic Three generally distinct edges, all angles 90° P,C, I,F
Monoclinic Two right angles, one generally non-right P, C
Triclinic No imposed edge or angle equality P
Trigonal Rhombohedral setting: equal edges, equal generally R

non-right angles

Hexagonal a = b, cdistinct, a = B =90°, y = 120° P

P means primitive, I body-centered, F face-centered, and C a conventional
base-centered choice. R denotes a rhombohedral lattice. Axis choices can
change which face is called the centered base without creating an extra
Bravais lattice.

The countsare 3 +2 +4+2+ 1+ 1+ 1 = 14. Not every geometrically
imaginable centered drawing creates a new lattice: some can be re-described
with a smaller or differently oriented cell belonging to another listed type.

Geometry is not the full structure

A lattice describes translation. A basis supplies the species and internal
positions. Diamond and a simple FCC elemental structure share an underlying
FCC Bravais lattice while having different bases. HCP uses a primitive
hexagonal lattice with a multi-atom basis; close packing does not create a
fifteenth Bravais lattice.

Setting convention

Trigonal crystals can also be described using hexagonal axes with appropriate
centering. State the setting before interpreting lengths, angles, or the number of
constituents assigned to a cell.
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CHAPTER 02 / CRYSTAL STRUCTURES AND DENSITY

Noncubic density needs the correct
volume

The volume a3 applies only when all edges equal a and all angles are right. For
a general cell, the three lattice vectors determine a parallelepiped volume
through a scalar triple product.

Ve=la-(bXxc)|

For an orthorhombic cell, V ¢ = abc. For a monoclinic cell in the usual
unique-b convention, V ¢ = abc sinp. A primitive hexagonal cell with basal
edges a and angle 120° has volume v3aZ?c/2.

_V3 .2
Vhex, primitive = @~ C
The larger conventional hexagonal prism commonly drawn for HCP is three
times this volume and contains six atoms rather than two. Mass and volume
increase together, preserving density.

Worked HCP density

Take an invented idealized HCP element with a = 0.300 nm, ¢ = 0.490 nm, and
M = 50.0 g mol~*. Use the two-atom cell. Its volume is 0.0382 nm?3 = 3.82 x
10-23 cm3. Cell mass is 1OO/NA = 1.66 x 10722 g. Density is about 4.35 g cm—3.

_ 2M
p Na(V3a2¢/2)

Using six atoms with the threefold larger prism gives the same answer. The
supplied c/a = 1.633 is close to the ideal packing ratio, but the calculation uses
the stated dimensions directly.

Units check

One cubic nanometer equals 10~2* cubic centimeters. A length conversion must be
cubed when converting a cell volume. An oblique cell's edge product alone omits the
angular factor.
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CHAPTER 02 / CRYSTAL STRUCTURES AND DENSITY

Shared atoms must be counted once

A corner atom in a cubic cell is shared by eight neighboring cells. Its
contribution is one eighth. An atom centered on a face is shared by two cells
and contributes one half. An edge-centered atom is shared by four cells; a
completely interior atom contributes one.

Position Cells sharing position Contribution to one cell
Corner 8 1/8

Edge center 4 1/4

Face center 2 1/2

Interior 1 1

For simple cubic, eight corners give one atom per conventional cell. For BCC,
those corners plus one body-center atom give two. For FCC, eight corners plus

six face centers give four.

)=1

oo =

nsc = 8(
Necc=8(3) +1=2

e =8(3) +6(3) =4

Do not add contributions merely because a drawing shows overlapping
spheres. Count the centers located on the cell's boundaries and inside it. A
sphere crossing a boundary is accounted for by its center's sharing rule.

An ionic crystal requires a separate count for each species. Charge neutrality

is a useful check: the stoichiometry and ionic charges must balance over the
repeated structure. The metallic formula using one atomic mass cannot be
transferred blindly to a multicomponent unit cell.

Worked count

A cubic cell has atoms at eight corners and six face centers. Its atom countis 1 + 3 =

4. Twelve drawn edges are geometrical features, not twelve additional atoms.

MATERIALS SCIENCE HANDBOOK
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CHAPTER 02 / CRYSTAL STRUCTURES AND DENSITY

Find the contact direction before
calculating

Simple cubic spheres touch along the edge, so the lattice parameter is twice
the radius. BCC spheres touch along a body diagonal: a corner, the body
center, and the opposite corner. This path spans four radii. The cube's body
diagonal has length v3a.

dsc = 2r, \/§aBCC =A4r

FCC spheres touch along a face diagonal, passing through a face-center atom
between two corners. The face diagonal spans four radii and has length v2a.

ﬁaFcc =4r, drcc = 26/’

The contact direction determines the formula. BCC atoms do not touch along
an ordinary cube edge in the ideal hard-sphere model. FCC corner atoms on
one edge likewise do not form the contact path.

Worked example

An ideal FCC metal has r = 0.128 nm. Its lattice parameter is 2v2 x 0.128 nm
= 0.362 nm. The square-root factor belongs to geometry; it is not an empirical
correction. If the structure were BCC at the same radius, its lattice parameter
would instead be 4r/v3 = 0.296 nm.

Check the result
A contact relation must reproduce the diagonal when a is substituted back into it. For
FCC, v2 x 0.362 nm = 0.512 nm, equal to four times 0.128 nm.
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CHAPTER 02 / CRYSTAL STRUCTURES AND DENSITY

Packing fraction measures occupied
volume

Atomic packing factor is the volume of the hard spheres assigned to a cell
divided by the cell volume. For a cubic cell the denominator is a3. The
numerator uses the counted number of atoms, not the number of spheres
partly visible in a drawing.

__n(4nr3/3)
APF = —

Substituting the appropriate contact relation gives the familiar results. The
radius cancels because uniformly expanding the cell and every sphere does not
change the occupied fraction.

Structure Atoms per Contact relation APF
conventional cubic
cell
SC 1 a=2r m/6 = 0.524
BCC 2 V3a = 4r V3mn/8 = 0.680
FCC 4 V2a = 4r n/(3v2) = 0.740

APF is dimensionless. It is not mass density. Two FCC metals share this ideal
geometric fraction while having different densities because their atomic
masses and lattice parameters differ.

Void fraction in the ideal sphere model is 1 — APF. This does not mean that a
dense crystal contains ordinary macroscopic empty pores occupying that
fraction. Electron density extends through the crystal; the sphere model is a
bookkeeping representation.

Coordination number

Coordination number counts the nearest neighbors of an atom under a
specified definition. Ideal SC has 6, BCC has 8, and FCC has 12 nearest
neighbors. Do not confuse that count with atoms assigned to a cell. An FCC
cell contains four atoms by sharing rules while each bulk atom has twelve
nearest neighbors.
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CHAPTER 02 / CRYSTAL STRUCTURES AND DENSITY

Close-packed layers explain FCC and
HCP

Place identical spheres in a triangular layer. A second layer can sit in one set
of triangular hollows, labeled B relative to the first A layer. The third layer can
sit directly above A positions or occupy the other set of hollows, labeled C.

HCP 0000 0000 0000 0000
A B A B

FCC o000 (1] 1) 0000 0000
A B C A

Layer positions repeat ABAB in HCP and ABCABC in FCC; this is a sequence diagram, not a side-view
spacing measurement.

Repeating ABAB gives ideal hexagonal close packing. Repeating ABCABC
gives cubic close packing, equivalent to FCC. Both have twelve nearest
neighbors and an ideal packing fraction near 0.740. Their stacking sequence
and symmetry differ.

For ideal HCP, neighboring sphere centers in the basal plane are separated by
a = 2r. Tetrahedral geometry between adjacent layers gives the ideal axial
ratio.

(€)ideat = /3 =~ 1.633

Real HCP crystals may depart from this ratio. Their lattice parameters are
measured quantities, not values that must obey the ideal-sphere relation.

A common drawn hexagonal prism contains six atoms after boundary sharing.
A smaller primitive HCP cell contains two atoms. Either choice gives the same
density if the atom count and cell volume refer to that same cell. Using the
six-atom count with a two-atom-cell volume produces a threefold error.

Stacking fault

An interruption in the usual sequence changes local structure without requiring a
completely new bulk composition. This connects close packing to defects and
dislocation behavior in later chapters.
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CHAPTER 02 / CRYSTAL STRUCTURES AND DENSITY

Density converts a cell into a
macroscopic property

Theoretical density is cell mass divided by cell volume. For a single-element
structure, n atoms have total molar mass nM, divided by Avogadro's constant
to obtain the mass of one cell.

o= A;’A_';’C, Na=6.02214076 x 1023 mol~?

For cubic cells, V ¢ = a%. If M is in g mol~! and a is in cm, the answer is g cm~3.
If M is in kg mol~! and a in meters, the answer is kg m=3.

Worked FCC density

Usen=4,M =63.55gmol?, and a = 0.3615 nm. Convert a to 3.615 x 10-8
cm, giving cell volume 4.724 x 10723 cm3. The cell mass is 4 X 63.55/(6.02214
x 1023) =4.221 x 1022 g.

4221 x 10722 4 -3
=" _ =3, m
P 4,724 x 1023 8.94 gc

The approximate density agrees with the scale expected for a copper-like FCC
metal. Small differences from a measured value can arise from temperature,
impurities, vacancies, or uncertainty in the supplied lattice parameter.

A porous object can have a much lower bulk density than the ideal solid phase.
Before diagnosing an incorrect crystal model, distinguish true solid density
from apparent specimen density including pores.
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CHAPTER 02 / CRYSTAL STRUCTURES AND DENSITY

Multicomponent and reverse density
calculations

For a compound, sum the masses of all species in the chosen cell. An
equivalent route uses Z formula units and the formula-unit molar mass. Z is
not necessarily the total atom count.

2niM;
— i — Z,V’formula
P NaVe NaVe

A rock-salt conventional cubic cell contains four cations and four anions, or
four formula units of an AB compound. If M A = 23.0 and M B = 35.5 g mol-?,
its cell molar mass is 4 x 58.5 g mol—!. Counting eight atoms and multiplying
by 58.5 would double the mass incorrectly.

Solve backward for the lattice parameter

When structure and density are known, the cubic relation can be rearranged.
This is useful for checking a proposed structure or radius, provided the sample
is a sufficiently dense single phase.

= (NM\1/3

d (pNA >

Suppose a hypothetical BCC element has M = 50.0 g mol-* and p = 5.00 g
cm~3. With n = 2, the cell volume is 3.32 X 10723 cm?3. Its edge is 3.21 x 108
cm = 0.321 nm. The hard-sphere radius follows as r = v3a/4 = 0.139 nm.

Sensitivity

Because cell volume scales as a3, a small relative change in lattice parameter
produces approximately three times that relative change in volume. At fixed cell
mass, density changes in the opposite direction.
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Practice: count, contact, convert

1. Count atoms in conventional SC, BCC, and FCC cells. Explain why the face
contribution differs from the corner contribution.

2. A BCC metal has radius 0.124 nm. Find its ideal lattice parameter.

3. An FCC cell has a = 0.400 nm. Find its ideal hard-sphere radius and packing
fraction.

4. A hypothetical FCC element has M = 40.0 g mol-* and a = 0.400 nm.
Calculate theoretical density in g cm=3.

5. A measured bulk density is 20% lower than a single-phase theoretical
density. Give a possible explanation besides an incorrect atom count.

6. An AB ionic structure has four formula units per cell. The formula-unit mass
is 100 g mol~'. Write the cell-mass numerator used in density, before dividing
by N A

7. Why can two close-packed structures have the same packing factor but

different crystallographic symmetry?

8. A calculation uses six HCP atoms and the volume of a two-atom primitive
cell. What numerical error results?

Reasoning prompts

Sketch the contact path before substituting a radius. If a density is
implausible, check powers of ten before invoking unusual physics. Finally, ask
whether the given radius is an ideal hard-sphere radius or a measured
bonding-related radius: the assumptions determine how much confidence to
place in the comparison.
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Answers: unit-cell calculations

1. SC: 1; BCC: 2; FCC: 4. A corner is shared by eight neighboring cubic cells; a
face center by two.

2.a=4 x0.124/Vv3 = 0.286 nm.
3.r =a/(2v2) = 0.141 nm. APF = 1/(3v2) = 0.740.

4. The edge is 4.00 x 1078 cm; volume is 6.40 x 10723 cm3. Cell mass is
160/(6.02214 x 1023) = 2.657 x 10722 g. Density is 4.15 g cm~3.

5. Porosity is one possible explanation. A phase mixture, incorrect
composition, or inconsistent density definition could also matter. The answer
requires evidence, not only a guess.

6.ZM =4 x 100 = 400 g mol-*. This is a molar quantity used to obtain cell
mass, not 400 grams inside one cell.

7. FCC and HCP arrange equally dense triangular layers using different
stacking sequences. Equal occupied volume does not imply identical
symmetry.

8. Density is overestimated by a factor of three because mass and volume refer
to different cell choices.

Chapter bridge

A cell tells us what repeats. Crystallographic directions and planes tell us how
to describe paths and slices through that repeated structure. The next chapter
builds those coordinates and shows why some paths are more densely
occupied than others.

Sources: [1], Chapter 3.
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Give a crystal an address system

A crystal sketch becomes useful when we can identify positions and
orientations without relying on perspective. Fractional coordinates locate
points; direction indices describe translation directions; plane indices identify
sets of parallel lattice planes. Their brackets carry meaning.

Coordinates scale distances by the corresponding cell edges. A point halfway
along a, one-quarter along b, and at the top of ¢ has fractional coordinates
(1/2, 1/4, 1). In an orthogonal cell its Cartesian location is (a/2, b/4, c). In an
oblique cell, the same fractions multiply the three lattice vectors rather than
three mutually perpendicular axes.

r=qa+rb+sc

The repeated letter r in many textbooks can confuse a coordinate coefficient
with a position vector. Here the bold symbol represents the vector; q, r, and s
are scalar fractions. A point coordinate is not a direction index and is not the
label of a plane.

Notation Meaning What to calculate

Fractional A location in the cell Coefficients of lattice vectors
coordinates

[uvw] A crystallographic direction Displacement components and common
integer scale

(uvw) Symmetry-related direction Equivalent directions under crystal
family symmetry

(hkl) A plane orientation/indexed set Reciprocal fractional intercepts

{hkl} Symmetry-related plane family Equivalent orientations under symmetry

Learning goals

Find directions from two points, draw planes from intercepts, use hexagonal indices
correctly, count atoms along a line or within a plane, and connect close-packed layers
to structure. Reference: [1], Sections 3.8-3.12. 9-18.
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Direction indices: subtract before
reducing

A direction is a displacement, not a point. Subtract the tail coordinates from
the head coordinates in the lattice basis. Clear fractions by one common factor
and reduce the result to the smallest integer ratio. Enclose the indices in
square brackets.

[uvw] || (g2 —qg1, r2 —r1, 52 —51)

For a line from (1/2, 0, 1/4) to (1, 1/2, 0), the displacement is (1/2, 1/2, —1/4).
Multiplication by four gives [2 2 —1]. A conventional crystallographic label
writes the negative index with an overbar. Negating every index produces the
antiparallel direction, which runs the other way along the same line.

[2 2 1], [2 2 1]

A direction need not begin at the origin. Translation of the whole line leaves its
orientation unchanged. Moving the origin can simplify a drawing, but it does
not replace the subtraction step when both coordinates are supplied.

Equal indices do not mean equal physical components
everywhere

In a cubic cell, equal edge lengths make [111] proportional to a Cartesian
vector with equal components. In an orthorhombic cell with unequal a, b, and
c, [111] means one step along each lattice vector; the physical components are
unequal. Angles require the geometry of the lattice, not just the index triplet.

A direction family contains orientations related by the symmetry of the crystal.
In a cubic crystal, the six signed axial directions belong to (100). Equal linear
density can occur for different directions without proving that they belong to
the same symmetry family.

Worked check
From the origin to (1/3, 2/3, 0), the direction is [120]. The endpoint lies inside one
convenient drawing; [120] specifies the ratio, not a fixed vector length.
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Planes: intercept, reciprocate, reduce

To index a plane, measure its intercepts with the a, b, and ¢ axes in units of
those edges. Take the reciprocals, then clear fractions using one common
multiplier. The resulting integers are Miller indices (hkl).

A plane with fractional intercepts 1, 2, and infinity gives reciprocal values 1,
1/2, and 0. Multiplying by two gives (210). A zero means the plane is parallel to
that axis. It does not mean an intercept of zero.

(A,B,C)=(1,2,o) = (hkl)=(210)

A plane passing through the chosen origin needs special treatment because
reciprocating a zero intercept fails. Choose a parallel plane with the same
orientation or translate the origin to a lattice point that is not on the plane.
The orientation information is preserved.

(100) (110) (111)

| N
\ <

Representative cubic planes drawn inside conventional cells; parallel translations preserve orientation.

Drawing a plane from indices

For (121), choose intercepts a, b/2, and c. Mark the three points and connect
them. For (110), choose intercepts a and b; the zero index makes the plane
extend parallel to c. Negative intercepts require the corresponding axis
extension in the opposite direction.

A family such as {100} collects symmetry-related plane orientations. Parallel
translated planes share the same orientation label. Different plane families are
not created simply by sliding a plane to a new position.

A special cubic relationship

In cubic crystals, [hkl] is normal to the plane (hkl). This is convenient for
drawing and angle calculations. It is not generally true in noncubic systems. A
general plane normal is expressed through reciprocal-lattice vectors;
assuming a cubic rule for every cell produces incorrect geometry.
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Four indices make hexagonal
symmetry visible

Hexagonal descriptions use three coplanar basal axes separated by 120
degrees and a fourth axis along c. The redundant third basal axis exposes
equivalent basal directions. The four-index plane notation is (hkil), withi = —(h
+ k). The c-axis index is 1, not i.

i=—(h+k)

A basal plane is (0001). A common prismatic plane is (10—10), conventionally
written with an overbar on the third index. Check the sum of the three basal
indices; it must vanish.

For directions, use [uvtw], where t = —(u + v). Converting a three-index
direction [UVW] in the a1, a2, ¢ basis gives the following proportional indices.
They can be multiplied together to remove fractions.

2U-V _2V-U UtV

For [100] in the three-axis basis, the conversion gives (2/3, —1/3, —1/3, 0), or
[2 =1 =1 0]. For [001], it gives [0001]. These results use the stated basis
convention; a drawing with a different axis label must be interpreted before
conversion.

Directions and planes have different constraints

Do not use the plane conversion rule as a direction rule merely because both
notations have four numbers. Directions describe displacement; planes
describe intercept geometry. The basal sum constraint appears in both, but
the derivations differ.

Consistency checks
For a direction, u + v + t = 0. For a plane, h + k + i = 0. An all-zero direction has no
orientation. An all-zero plane label does not define a plane family.

Hexagonal notation is often the point where a memorized formula stops
helping. Keep a labeled basal-axis sketch next to the calculation. The
redundancy is intentional; it should make symmetry clearer rather than add an
unexplained fourth dimension.
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Linear density: count centers on a
repeat segment

Linear density is the number of atom centers assigned to a repeat segment
divided by its length. Only atoms whose centers lie on the line are counted. A
sphere can overlap the line without having its center on it; that is not a
contribution to linear density.

. Ncenters on segment
LD = —T
Consider an FCC [110] direction along a face diagonal. The segment joins two
corner centers and passes through the face-center atom. The endpoints each
contribute one-half, while the internal center contributes one. The assigned
count is two atoms. The line length is av2 = 4r.

LD =2 =1
FCCI110] = 7= = 37

For a = 0.400 nm, the length is 0.566 nm and the density is 3.54 atoms per
nanometer. The unit is inverse length, not atoms per cubic nanometer.

Planar density uses an area repeat

Planar density counts atom centers lying in a chosen planar repeat area and
divides by that area. Boundary sharing is now two-dimensional. A corner of a
rectangular repeat area contributes one-quarter; an edge center contributes
one-half. These planar fractions are not automatically the fractions used for a
three-dimensional cell.

PD _ Ncenters in planar repeat
o A

The FCC (100) face has four corner contributions and one face-center
contribution, for a total of two atoms over area a2. Its planar density is 2/a2.
The FCC (110) repeat rectangle has area a?v2 and an assigned count of two,
giving v2/a?. With a = 0.400 nm, these are 12.5 and 8.84 atoms per square
nanometer.

Counting strategy

First draw the repeat length or area. Then mark centers, assign boundary fractions,
and calculate geometric size. If the answer carries a volume unit, the wrong density
definition has been used.
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Close-packed layers connect the
geometry

A triangular layer lets each equal sphere touch six neighbors in the plane. The
hollows are triangular. A second layer can occupy one set of hollows without
lying directly over the first layer. The third layer can return to the first position
or occupy the remaining set.

ABAB stacking produces ideal HCP. ABCABC stacking produces FCC. Their
ideal coordination number and APF agree because the local packing
environment agrees, while the longer-range repetition differs. The
close-packed planes are basal {0001} planes for HCP and {111} planes for
FCC.

Deriving FCC (111) planar density

Choose an equilateral triangle bounded by face diagonals, with side av2. Its
area is V3 a?/2. Three corner atoms each contribute one-sixth, and three
edge-center atoms each contribute one-half. The total is two atoms.

_V3 _ 4

A= 782, PD(111) = 7552

For a = 0.400 nm, this density is 14.4 atoms per square nanometer, greater

than the FCC (100) and (110) values already calculated. This result supports
the description of (111) as close packed in the equal-sphere model.

Packing helps explain slip, but is not the whole story

Dense planes and directions frequently provide favorable slip geometry.
Whether a slip system operates also depends on bonding, stress, temperature,
and dislocation energetics. BCC is not close packed, yet its dislocations still
move and support plastic deformation. HCP's response depends on which
basal and nonbasal systems can operate.

Bridge to defects

A stacking fault interrupts an ideal layer sequence. Once ABAB and ABCABC are
understood as repeated arrangements rather than letter strings, a stacking fault
becomes a structural object instead of a vocabulary item.
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Practice: crystallographic
bookkeeping

. Find the direction from (1/4, 1/2, 0) to (3/4, 0, 1/4).

. Index a plane with intercepts 2a, —b, and infinity along c.

. Draw the intercepts for (120) and state its parallel axis.

. Convert [010] in the three-axis hexagonal basis into four indices.
. For FCC a = 0.360 nm, calculate [110] linear density.

. For the same cell, calculate (100) planar density.

N O O W N e

. Does matching planar density establish that two planes belong to the same
family? Explain.

8. A student writes the basal HCP plane as (0010). Identify the indexing error.

A geometric check before algebra

If a plane is parallel to z, its third cubic Miller index must be zero. If a
direction points downward along z, its third cubic direction index is negative.
A plane family label and a direction family label are not interchangeable even
if their integer patterns match.

For angle problems in cubic systems, use dot products and include vector
normalization. In noncubic systems, first construct physical vectors using the
lattice geometry. An unweighted dot product of indices silently assumes
orthogonal equal-length axes.

u-v

cosf =
[ul|v]
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Answers: crystallography

1. Displacement is (1/2, —1/2, 1/4). Clear fractions to obtain [2 —2 1]. The
original tail need not be the origin.

2. Reciprocal intercepts are (1/2, —1, 0). Multiply by two: (1 —2 0). The plane is
parallel to c.

3. A convenient representative has intercepts a and b/2 and is parallel to c.
There is no finite c intercept.

4.U=0,V=1,W=0gives (—1/3, 2/3, —1/3, 0), or [-1 2 —1 0]. The
basal-index sum is zero.

5. LD = v2/a = 3.93 atoms/nm. Equivalently, count two atoms over the
face-diagonal length av?2.

6. PD = 2/a? = 15.4 atoms/nm?. Keep the squared length conversion separate
from the linear one.

7. No. A family is defined through crystal symmetry. An equal scalar density
can occur coincidentally without symmetry equivalence.

8. The c-axis plane index is the fourth entry 1. The basal plane is (0001). The
three basal plane indices sum to zero; a label (0010) violates that relation.

What to retain

Coordinates locate; directions displace; planes intercept. The correct
geometric object determines both the notation and the counting method. Line
density, planar density, and volume density answer different questions and
carry different units.

Foundational reference: [1], Sections 3.8-3.12.
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A crystal can be ordered without being
perfect

A single crystal maintains one crystallographic orientation through the
specimen. It can still contain vacancies, dislocations, impurities, and surfaces.
The word single describes continuity of orientation, not an absence of defects.

A polycrystal contains many crystalline grains separated by boundaries. Each
grain has its own orientation. A boundary is the region where neighboring
arrangements meet imperfectly. Grain structure therefore adds information
beyond the atomic structure inside each grain.

\ Vg
AR

Schematic grains: each region has periodic order, while orientations change across boundaries.

During solidification, nuclei can appear at different places and grow. Their
orientations need not match. Once neighboring regions meet, further growth
is constrained by the other grains. The resulting pattern depends on
nucleation, growth rate, heat flow, impurities, and subsequent processing.

Why this belongs before diffraction

An experiment samples a population of orientations. A single crystal produces
selected reflections as it is oriented relative to the beam. A sufficiently random
powder provides many orientations simultaneously. The same internal lattice
can therefore produce different-looking experimental patterns depending on
specimen form.

Learning goals

Distinguish a single crystal from a defect-free crystal; explain texture and anisotropy;
derive Bragg's condition; index simple cubic diffraction patterns; separate crystalline
order from short-range bonding. Reference: [1], Sections 3.13-3.17.
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Orientation changes what is measured

An anisotropic property depends on measurement direction. Crystal symmetry
constrains the directional dependence but does not necessarily eliminate it.
Cubic crystals can have direction-dependent elastic response even though
their conventional cells have equal edges.

A polycrystal with many randomly oriented grains can show approximately
isotropic bulk behavior because directional responses are averaged. That
averaging is an effective description; each grain remains anisotropic where
the underlying property is anisotropic.

Texture is a population preference

Texture means some crystallographic orientations occur more frequently than
others. Rolling, drawing, and growth processes can produce it. A rolled sheet
can then behave differently along and across its processing direction. Texture
is not defined as the direction of the strongest magnetic response, although
magnetic behavior can reveal or depend on it.

Specimen Structural description Possible measurement effect

Single crystal One orientation Directional response can remain visible

Random Many orientations without Approximate averaging toward isotropy

polycrystal strong preference

Textured Preferred orientations Direction-dependent bulk response

polycrystal

Amorphous solid No long-range periodic Often approximately isotropic, but
crystal order processing can orient chains or features

Do not confuse grain size with cell size

A lattice parameter is on the scale of atomic spacing. A grain can contain
millions of repeat cells. Grain refinement can increase boundary area without
requiring a change in lattice parameter. Conversely, elastic strain can change
spacings while the grain count remains unchanged.

These distinctions become critical in nanoscale measurements. A large powder
particle can contain several small crystallites. A single-crystal nanoparticle can
contain one coherent domain. Calling both particle sizes grain sizes can
misidentify the relevant mechanism.
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Bragg's law comes from a path
difference

X-rays interact with electrons in the specimen. Waves scattered from different
positions can reinforce or cancel. The plane picture supplies a convenient
geometric calculation of when scattered waves from successive parallel planes
reinforce.

If the incident beam makes an angle 6 with the planes, the additional path for
scattering from the next plane is 2d sin 6. Constructive interference requires
that path difference to equal an integer number of wavelengths.

nA = 2dsin@

X‘ /
\ / extra path = 2d sin®

Rays scattered from adjacent planes reinforce when their path difference is an integer wavelength.

Here d is the interplanar spacing and n is an integer order. The detector angle
in a common powder scan is 20. A reported peak at 40 degrees on that axis
uses 0 = 20 degrees in Bragg's law. Using 40 degrees instead changes the
inferred spacing substantially.

Worked example: spacing from a peak

Take A = 0.154 nm and a first-order peak at 260 = 44.0 degrees. The spacing is
0.154/[2 sin(22.0 degrees)] = 0.206 nm. Convert the angle to radians only if
the calculator or function requires radians.

The plane picture is a geometric model of interference, not literal reflection
from atomically solid mirrors. Atomic positions inside the cell also contribute
phases. Bragg's condition is necessary for the plane spacing, but the basis can
cancel a reflection that satisfies it.

Two independent checks

The spacing calculation uses 8. The measured scan commonly reports 26. The
allowed-reflection test uses the lattice and basis. Passing one test does not
automatically pass the other.
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Allowed reflections reveal the
repeating basis

For a simple monatomic cubic structure, the spacing relationship is a divided
by the square root of h? + k? + 12. At fixed wavelength and first order, sin? 0 is
proportional to that sum.

a
VhZ + k242
A BCC lattice's center contribution introduces destructive interference when h
+ k + lis odd. Its allowed sums begin 2, 4, 6, 8, 10, 12, corresponding to 110,
200, 211, 220, 310, and 222. For monatomic FCC, all three indices must be all
even or all odd; mixed parity cancels.

dhk =

Structure Allowed indices First common lines
Primitive cubic, one-atom All integer hkl except 000 100, 110, 111, 200
basis

BCC, identical sites h + k + | even 110, 200, 211, 220
FCC, identical sites All odd or all even 111, 200, 220, 311
Diamond cubic All odd, or all even with sum 111, 220, 311, 400

divisible by four

An indexing strategy

Calculate sin? 0 for several peaks. Compare ratios with allowed sums for
candidate structures. Assign possible hkl values, calculate a from each
spacing, and check whether one lattice parameter consistently explains the
data. Missing lines can arise from selection rules, but also from texture,
limited scan range, or low intensity.

Relative intensity depends on scattering factors, multiplicity, specimen
orientation, and experimental geometry. Do not identify a lattice solely from
the tallest peak. A compound's different atom species and internal positions
can change interference; the simple monatomic rules need the proper
structure-factor context.

Domain size is a different question

Peak position primarily informs spacing; line broadening can inform domain
size and strain. Chapter 17 treats the Scherrer estimate and its limitations.
Broad peaks are not a license to equate coherent-domain size with every
possible definition of particle size.
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Amorphous does not mean no
structure

An amorphous solid lacks long-range periodic crystal order. Local bonding can
remain highly organized. In silica, silicon is locally coordinated by oxygen in a
network even when the tetrahedra lack a repeating long-range arrangement.

A glass is commonly formed when a liquid or other disordered state is arrested
before it reaches a crystalline equilibrium structure. Kinetics matters: atomic
rearrangement can become too slow on the cooling timescale. Glass transition
is therefore different from a single sharp equilibrium melting point.

e 06 06 0 0 0 0 o0 o ° °
e 06 06 0 0 0 0 o0 o e o o [}
e 3 ° °
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:o...' .n.'
e 6 06 06 0 ¢ 0 o o o %o
o o ° ... °
[ ]
e 06 06 0 0 0 0 0 o L] o °
periodic positions no long-range translation

Periodic crystal and disordered positions are contrasted schematically; local bonding may remain
ordered in an amorphous solid.

Mechanical claims need a material and a mechanism

A lack of conventional crystalline slip systems changes deformation, but it
does not make every amorphous solid strong, tough, or resistant to flow.
Metallic glasses, oxide glasses, and amorphous polymers have different
bonding and deformation mechanisms. Temperature and rate can change
those mechanisms.

A disordered structure may supply different diffusion pathways, but there is no
general rule that all amorphous materials diffuse faster than their crystalline
counterparts. Compare the species, free volume, defects, and temperature
before assigning a trend.

What diffraction can establish

A crystalline specimen often produces identifiable peaks associated with
ordered spacings. An amorphous specimen often produces broad diffuse
features. Small coherent domains, disorder, mixed phases, or background can
complicate that distinction. An interpretation should use the full pattern and
complementary evidence rather than one visual label.

The point is to keep two levels of order separate. Local chemistry can be
similar across crystalline and amorphous forms while the long-range
organization differs. That difference can alter properties without changing the
elemental formula.
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Practice and explained answers

1. Is a single crystal necessarily defect-free? No. It has one continuing
orientation, but vacancies, impurities, dislocations, and surface defects can
remain.

2. A powder peak occurs at 20 = 60.0 degrees with A = 0.150 nm. What is d for
first order? 6 = 30.0 degrees, sod = 0.150/[2(0.5)] = 0.150 nm.

3.Is BCC 100 allowed for identical atom sites? No. The index sum is odd. The
center contribution cancels the corner-lattice contribution.

4. Is FCC 210 allowed for identical sites? No. It has mixed parity. FCC 220 is
allowed because all indices are even.

5. A cubic 200 reflection has d = 0.180 nm. Determine a. The squared-index
sum is four, so a = 2d = 0.360 nm.

6. Why can a random polycrystal be approximately isotropic although its
grains are anisotropic? The specimen averages responses over many
orientations. A preferred orientation can prevent that averaging.

7. Does a broad diffraction feature establish that local bonds are random? No.
Local coordination may remain well defined even when there is no long-range
periodic structure.

Chapter bridge

Diffraction describes repeated spacings. Defects describe departures from

those patterns. The next chapter asks how missing atoms, extra atoms, and
interfaces change transport and deformation, including why a structurally

imperfect crystal can be useful.

Sources: [1], Chapter 3. 19-27. Equations assume the stated cubic geometry;
simple selection rules assume the indicated basis.
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Imperfections are mechanisms, not
just damage

A perfect repeat pattern is a useful reference. Real materials depart from it
through missing atoms, added atoms, substitution, distorted regions,
interfaces, and pores. Some imperfections weaken a component. Others
strengthen it, supply electrical carriers, or enable ion transport.

Classifying a defect by dimension helps organize its geometry. A vacancy is
localized near one site. A dislocation extends along a line. A grain boundary
separates two regions across an interface. A pore occupies a volume. These

labels describe the spatial extent of the deviation, not the dimensionality of the

material itself.
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vacancy substitution interstitial

Point defects change occupancy: a vacancy, a substituted atom, and an atom between normal sites.

The same defect can influence several properties. An impurity can obstruct
dislocations, scatter carriers, change chemical stability, and supply an
electronic state. The relevant question is which interaction controls the
measurement being discussed.

Learning goals

Recognize common defects, estimate thermal vacancy populations, identify edge and
screw dislocations, preserve charge balance in ionic solids, and use diffusion
equations with their boundary conditions. References: [1], Chapters 4-5 and Section
12.5.

MATERIALS SCIENCE HANDBOOK

40



CHAPTER 05 / DEFECTS AND DIFFUSION

Point defects and their populations

A vacancy is an unoccupied normal site. An interstitial is an atom in a location
not occupied by that species in the ideal structure. A substitutional impurity
occupies a host site. In an ordered compound, an antisite defect places an
atom on the other species' sublattice.

Creating a vacancy costs energy, but allowing many possible arrangements
contributes configurational entropy. At equilibrium, the balance gives a
temperature-dependent population. In a simple dilute model the vacancy
fraction follows an exponential relation.

Ny _ _ Qv

= exp(—5r)

Here N is the number of available sites, Qv is a vacancy formation energy, and
T is absolute temperature. Use an energy constant consistent with Qv:
Boltzmann's constant in electronvolts per kelvin works with energy in
electronvolts. A molar energy uses R rather than ks.

Worked example

For Qv = 0.80 eV at 800 K, ksT = 0.0689 eV. The predicted fraction is
exp(—11.6) = 9.1 x 10-5. The model predicts a fraction, not an integer count
until a specimen's site count is supplied.

Quenching can preserve populations that are not equilibrium populations at
the final temperature. Impurities, stresses, and interactions between defects
also modify the simple result. Use the exponential as a starting model, not a
universal vacancy census.

Site-count check

For an FCC elemental crystal, the number of atomic sites per unit volume is 4/a3.
Multiply the site count by a vacancy fraction to estimate vacant sites; do not multiply
a molar concentration by it without checking units.
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Charge balance constrains ionic
defects

A charged crystal cannot accumulate arbitrary uncompensated charge without
an energetic cost. Defect reactions in ionic solids therefore require charge and
mass bookkeeping. A Schottky-type disorder process creates vacancies on
cation and anion sublattices in proportions consistent with stoichiometry and
effective charge balance. A Frenkel process moves an ion from a normal site
into an interstitial site, leaving a vacancy-interstitial pair.

In a simple AX crystal with singly charged ions, removing one cation and one
anion maintains the ratio. The corresponding pair count differs from the count
of each individual vacancy. In compounds with other valences or
stoichiometries, the simple one-for-one picture may fail.

Kroger-Vink notation

The species, the site, and the effective charge are all identified. Effective
charge is measured relative to the ideal occupant, not necessarily the isolated
ion's absolute oxidation state. A dot indicates positive effective charge, a prime
negative charge, and a cross neutral effective charge.

Defect Physical interpretation Bookkeeping question

Cation vacancy Missing positive occupant What negative effective charge
remains?

Anion vacancy Missing negative occupant What positive effective charge remains?

Frenkel pair lon moved to an interstitial Do vacancy and interstitial charges
cancel?

Aliovalent Different-valence ion on a host ~ Which compensating carriers or defects

substitution site form?

Substituting a lower-valence cation can require compensating defects or
electronic carriers. This makes doping a structural and electrical problem
simultaneously. The details depend on oxygen activity, temperature, host
chemistry, and the available compensation pathways.

Model boundary

Pair-formation equations sometimes contain a factor of two in the exponential
because the energy refers to forming a pair while the concentration counts one
species. Define both quantities before using the formula.
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Dislocations let a crystal slip in steps

An edge dislocation is the termination of an extra half-plane inside a crystal. A
screw dislocation describes a helical displacement around its line. A mixed
dislocation has both character components. The Burgers vector measures the
closure failure of a circuit drawn around the defect.

For a pure edge dislocation the Burgers vector is perpendicular to the line; for
a pure screw dislocation it is parallel. These relationships classify the defect.
They do not mean that every drawn arrow for dislocation motion points along
the Burgers vector.

e o o o o o o e o o o o o o
o o o o o o oo o o o o o o o

—_—— motion
e 0 0 o o o o o o 0o 0o o o o

Schematic edge-dislocation termination; local bond rearrangement carries slip through the crystal.

Why motion is easier than shifting an entire plane

If a whole perfect plane had to slide simultaneously, many bonds would
rearrange together. A dislocation moves that rearrangement through the
crystal locally. The analogy is moving a wrinkle across a rug rather than
dragging the whole rug at once. The analogy explains the mechanism, not an
exact energetic formula.

Elastic distortion surrounds the dislocation. Edge character includes
compressed and stretched regions; screw character has shear distortion. The
fields allow dislocations to interact with each other, solutes, and interfaces.
Some configurations repel; others attract or annihilate.

Interfaces store additional structure

Stacking faults interrupt a stacking sequence. Twin boundaries join mirrored
orientations. Grain boundaries join different orientations; low-angle
boundaries can be modeled as dislocation arrays. External surfaces terminate
bonding and provide sites for reactions, defect creation, and escape.

A nanoscale specimen may contain fewer internal sources while providing
nearby free surfaces. Those surfaces can act as sinks for dislocations, but also
as sources. That is why size can change plasticity without requiring a different
chemical composition.
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Diffusion follows gradients, not
purposeful motion

Atoms undergo thermally activated jumps. Individual movements are random,
but unequal populations create a net flux. A higher concentration on one side
supplies more jumps toward the other side, producing a statistical flow down
the concentration gradient under a simple Fickian model.

Vacancy diffusion requires a neighboring vacancy and an atom able to jump
into it. Interstitial diffusion uses available interstitial pathways. Diffusion
coefficients depend on the species, host, mechanism, temperature, and
sometimes concentration.

— dcC
J=-D

Fick's first law describes a flux related to a concentration gradient. In steady
state, the profile does not change with time even though material can continue
flowing. The negative sign states that positive concentration slope produces a
flux toward decreasing concentration.

aC _ o’C

ot ax?
The displayed second law assumes constant D in one dimension. If D varies

strongly with position or concentration, use the divergence of D times the
gradient rather than moving D outside the derivative.

Worked example

A concentration decreases from 8 to 2 kg/m? over 0.50 mm. With D = 2.0 %
10719 m?/s, the slope is —1.2 x 10%* kg/m*. The flux is +2.4 x 1075 kg/(m? s),
directed along positive x for the stated coordinates.

Units check

A diffusion coefficient has units of area/time. A mass concentration gradient has units
of mass/length#. Their product gives mass/(area x time). A particle-number
concentration yields a particle-number flux instead.
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Temperature and time control
penetration

A common model writes D as an Arrhenius exponential. The prefactor Do and
activation energy Q describe a mechanism over a specified range. A straight
line on a plot of In D versus 1/T supports that description but does not prove it
applies at every temperature.

D= Doexp<—%)

Use Q in joules per mole with R in joules per mole-kelvin. A rough diffusion
distance scales with the square root of Dt. Doubling penetration distance
therefore often requires approximately four times the time if D and boundary
conditions stay fixed.

For a semi-infinite solid initially at Co, held at a constant surface concentration
Cs, the standard solution is expressed through an error function.

C(x, t)—Co X
———— =erfc
Cs—Co (2\/D_t )
This solution requires the stated initial and boundary conditions. A thin
specimen with diffusion fronts entering from both faces eventually ceases to
look semi-infinite.

Fast paths and the Kirkendall effect

Grain boundaries and surfaces can provide faster pathways than the lattice. If
two species diffuse at different rates across an interface, markers can move
relative to the lattice and excess vacancies can accumulate. Vacancy
condensation can form Kirkendall voids. That connects an atomic transport
imbalance to a measurable structural feature.

In nanocrystalline material, a large boundary fraction can make interface
diffusion especially relevant. Greater interface area does not guarantee that
every bulk transport coefficient increases; connectivity, segregation, and
rate-limiting steps still matter.
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Strained films and misfit dislocations

Epitaxy describes orientationally related crystalline growth on a crystalline
substrate. The film does not need to have the same natural lattice parameter
as the substrate. A thin coherent layer can strain to maintain an interface
match.

__dar—as
f="%

Here a fand a s are the unstrained film and substrate spacings for the chosen
directions. A positive value means the natural film spacing is larger under this
convention. A coherent film then needs compression in that matching
direction, not automatically tension.

As the film grows, stored strain energy grows. Beyond a
mechanism-dependent critical thickness, misfit dislocations can lower the
energy by relaxing some mismatch. Critical thickness is not determined by
mismatch percentage alone; elastic properties, Burgers vectors, geometry, and
kinetics matter.

Practice with answers

1. At fixed Qv, does equilibrium vacancy fraction increase with T? Yes. The
negative exponent becomes less negative.

2. If D is fixed and time increases by nine, how does a characteristic diffusion
length change? It increases by three under the square-root scaling.

3. A film has a f = 0.410 nm on a substrate with a s = 0.400 nm. Calculate f. It
is 0.025, or +2.5%. Coherent matching compresses the film along the stated
direction.

4. Why might a particle retain a non-equilibrium defect population after rapid
cooling? The defects may not have enough time to migrate and equilibrate.

5. Does a grain boundary always strengthen a material? No. It can obstruct
slip but also provide a diffusion path, segregation site, or weak fracture path.

Sources: [1], Chapters 4-5 and ceramic-defect sections.
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Alloy rules and composition
bookkeeping

The Hume-Rothery guidelines help assess extensive substitutional solid
solubility: similar atomic sizes (often expressed as a radius difference below
about 15%), compatible crystal structures, similar electronegativities, and
favorable valence relationships. They are guidelines, not a substitute for a
phase diagram or a thermodynamic calculation. Interstitial solutes require a
different geometric and energetic argument.

Weight fraction is not atom fraction

Let w_i be a mass fraction and M i a molar mass. Convert each component's
mass to moles before normalizing.

— w;/M;
2 w;/M;
j

i

An alloy contains 60 wt% A and 40 wt% B, with M_A = 30 g/mol and M B = 60
g/mol. On a 100 g basis, A supplies 2 mol and B supplies 2/3 mol. Thus x A =
0.75 and x B = 0.25. The larger mass fraction and the larger atom fraction
need not be numerically equal.

Density needs a volume assumption

For additive component volumes, the reciprocal density is the
mass-fraction-weighted sum of reciprocal component densities. A direct
arithmetic average of densities instead corresponds to volume fractions.

Wi
-]
i

1_
0

Real alloys may have excess mixing volume or porosity, so this mixture
expression is an estimate under its declared assumptions.

Competition check

Before using a composition in a formula, identify whether the statement gives weight
percent, atomic percent, mole fraction, or volume fraction. Write the basis on your
scratch paper.
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A diffusion profile depends on the
boundary condition

A constant surface concentration and a fixed total dose are different diffusion
problems. They can share the same diffusion coefficient while producing
different profiles. Both examples below use one-dimensional diffusion into a
semi-infinite solid with constant D.

Maintained surface concentration

If the initial concentration is C 0 and the surface is held at C s, the profile is
an error-function solution. Continued supply at the surface makes the total
uptake grow with time.

C(x,t)—Co _ X
o - erfe(55)

Fixed dose followed by drive-in

For an ideal instantaneous surface dose q (amount per unit area), no
subsequent loss or supply, and negligible initial concentration, diffusion
spreads a conserved dose into the half-space.

—_4a 2
C(x, t) —vﬁexp(—ﬁ)

[ cx,tyax=q

As time increases, the surface concentration decreases while the
characteristic penetration distance grows as the square root of Dt. If q is in
atoms per square metre, C is in atoms per cubic metre.

For D = 10"—-14 m?/s and t = 100 s, the characteristic length 2v(Dt) is 2.0 pm.
This length describes the scaling of the profile; a specified concentration
threshold defines a different numerical penetration depth.

Model selection

“The surface is maintained at...” points toward a constant-source boundary. “A fixed
dose is deposited, then redistributed...” points toward a conserved-dose model. A
finite predeposition profile requires its own initial condition.
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Separate a specimen from its material

A tensile test measures force and extension. To compare specimens with
different dimensions, convert those measurements to stress and strain.
Engineering stress uses the original cross-sectional area; engineering strain
uses the original gauge length.

F _L-Lg

0=A_O’ E—T

Stress carries units of force per area. Strain is dimensionless. A longer
specimen can extend farther than a shorter one while having the same strain.
A thicker specimen can carry greater force at the same stress.

maximum engineering stress

Engineering stress

Engineering strain
Schematic ductile tensile response; necking can reduce engineering stress after its maximum.

The curve is a record of several mechanisms, not a single property. Elastic
response, yielding, work hardening, necking, and fracture occupy different
regions. Labeling the largest force the elastic modulus confuses a force
measurement with a slope.

Learning goals

Read a stress-strain curve, distinguish engineering and true measures, calculate
elastic and plastic quantities, interpret hardness and bending tests, and qualify
nanoscale strength claims. References: [1], Chapters 6 and 12.
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Elastic response and lateral
contraction

For a linear uniaxial elastic response, stress is proportional to strain. The
proportionality constant E is Young's modulus. The description is local to an
elastic regime and loading direction; it does not claim every material is linear
at every strain.

o=Ee
Poisson's ratio compares lateral contraction with axial extension. The minus
sign makes ordinary contraction under tensile extension correspond to a
positive value. Auxetic materials can expand laterally in tension, giving a
negative ratio.

_ Elateral
V = —_——

Eaxial

For a homogeneous isotropic linear elastic material, the elastic constants are
related. These equations should not be applied unchanged to an arbitrary
anisotropic single crystal.

E=2G(1+Vv), K=355 5

G is shear modulus and K is bulk modulus. As v approaches one-half in this
model, volume change under pressure becomes increasingly difficult. Ordinary
stable isotropic elasticity requires bounds on the constants; a convenient
approximation for many metals is not a universal value.

Worked example

A rod of original length 100 mm and area 20 mm? carries 4.0 kN elastically.
Stress is 200 MPa. For E = 100 GPa, strain is 0.0020 and extension is 0.20
mm. With v = 0.30, the lateral strain is —0.00060.

The extension is a component response. E is the material constant under the
model. Altering the length changes extension at fixed strain without changing
E.
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Yield, strength, and energy

Yielding marks the onset of irreversible deformation under the measurement
convention. Some materials have a clear yield phenomenon; many require an
offset method. A 0.2% offset line is parallel to the elastic slope and begins at
strain 0.002. Its intersection with the curve defines an offset yield stress.

Ultimate tensile strength is the maximum engineering stress. In a typical
ductile metal test, necking starts near this maximum. Fracture stress is the
engineering stress when separation occurs and can be below the ultimate
value.

The curve also measures energy density

The area under stress versus strain represents work per unit initial volume in
the engineering description. The elastic portion is resilience; the area to
fracture is a toughness measure for that test.

02
l | — Y
r=—2E
The displayed resilience formula assumes a linear elastic curve up to yield.

Stress times strain has units of pascals, equivalent to joules per cubic meter.
This is not energy in joules until a relevant volume is supplied.

Worked example

For oy = 300 MPa and E = 150 GPa, the yield strain in this simplified model is
0.002. Resilience is 3.0 x 10° J/m3. A 1 cm? volume would store approximately
0.30 J elastically at that point.

Ductility is often reported as percent elongation or percent reduction in area.
Gauge length and localization influence the result. Two reported elongations
should be compared under matching test conditions rather than treated as
exact material constants independent of procedure.

Distinction
A high area under a tensile curve does not replace a measured fracture toughness.
Crack geometry and constrained plasticity change the question being asked.
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True measures track changing
geometry

Engineering stress divides by Ao even after the specimen contracts. True
stress divides by the instantaneous area. True strain sums incremental length
changes relative to the current length, producing a logarithm for
homogeneous extension.

_F (L
or=zx  &r=In(})

Before necking, approximate volume conservation during plastic extension
gives familiar conversions from engineering strain and stress.

er=1In(1+ ¢), or=0(1+¢)

After a neck forms, deformation is no longer uniform along the gauge length.
The simple conversion cannot recover local neck stress from the overall
elongation alone. Local area measurements and stress-state corrections may
be needed.

Worked example

At engineering strain 0.10 and engineering stress 400 MPa, assume uniform
volume-conserving deformation. True strain is In(1.10) = 0.0953; true stress is
440 MPa. The conversion changes the representation of the same state, not
the underlying force.

A power-law hardening model expresses true stress as a constant times a
power of true plastic strain. Its constants fit a particular material and strain
range. Including elastic strain when a model expects plastic strain can change
the inferred exponent.

Anelastic and viscoelastic response

Some recoverable strain develops over time rather than immediately.
Polymers often show strong time-dependent response, including creep and
stress relaxation. A single E value may then describe only a particular rate or
time interval. The terms elastic, plastic, viscous, and viscoelastic refer to
mechanisms and recovery, not just curve shape.
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Hardness is a test result with a
method

An indenter creates a localized deformation. Brinell uses a ball and measured
impression geometry. Vickers uses a diamond pyramid and measured
diagonals. Knoop uses an elongated diamond impression. Rockwell uses
penetration depth under a defined sequence of loads.

Test Measured response Useful limitation
Brinell Diameter of ball impression Needs sufficient specimen thickness and spacing
Vickers Mean indentation diagonal Low-load results depend on local structure and

surface quality

Knoop Long diagonal Useful for small regions and some brittle
specimens
Rockwell  Depth change Scale and indenter must be specified
Leeb Rebound/impact velocity Component mass, support, and surface condition
ratio matter
Webster  Spring-loaded indentation Portable comparative testing, often soft alloys
response

A hardness conversion is not automatically transferable across metals,
ceramics, and polymers. Relationships to tensile strength are empirical and
material-dependent. Keep the scale and units attached to the number.

F
HV =1.8544_%
This conventional Vickers form uses kilogram-force and millimeters. Using
newtons without changing the coefficient introduces an error. Equivalent
pressure-style reporting must state the convention and conversion.

Worked example

A 0.500 kgf load leaves a mean diagonal of 0.0400 mm. The Vickers value is
1.8544(0.500)/(0.0400)? = 580. If the measured diagonals differ substantially,
inspect the surface, impression, and measurement rather than averaging
blindly.

Instrumented nanoindentation measures force and penetration during loading
and unloading. Extracting stiffness or hardness requires contact-area models
and calibration. Pile-up, sink-in, roughness, substrate response, and tip shape
can complicate an apparent size trend.
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Bending provides a different stress
field

A beam in bending has tension on one side, compression on the other, and a
neutral axis between them. The stress varies across the section. The section's
second moment of area I matters, so bending response depends strongly on
geometry.

M
O’:Ty

For a rectangular specimen in a standard three-point test, the maximum
surface stress is related to the center load F, span L, width b, and thickness d.

_ 3FL
OF = 2ba?
The formula assumes the stated geometry, loading, and beam approximation.
Four-point bending supplies a region of constant maximum bending moment
between the inner loading points, exposing a larger volume to the highest

stress. That changes the statistical chance of encountering a critical flaw.

Worked example

A rectangular specimen has b = 10 mm, d = 4 mm, and L. = 40 mm. It breaks
at F = 100 N in three-point bending. The calculated flexural strength is 37.5
MPa. The thickness is squared: a small thickness measurement error can
materially change the result.

Bending can be practical for brittle materials because gripping a tensile
specimen without introducing damaging stresses is difficult. Flexural strength
is not necessarily equal to uniaxial tensile strength. Stress gradients, flaw
populations, and specimen size affect the comparison.

Interpreting nano mechanics

Small specimens can have fewer large flaws and fewer dislocation sources. That can
raise apparent strength, but it does not guarantee a larger modulus or greater
toughness. Interfaces, surfaces, and test geometry need separate analysis.
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Practice and explained answers

1. A 500 N force acts on 2.0 mm?. Engineering stress is 250 MPa. Dividing by 2
rather than 2 X 10-% produces the wrong units.

2. With E = 200 GPa and stress 100 MPa in the elastic regime, strain is
0.00050. A 50 mm gauge extends 0.025 mm.

3. A material yields at 200 MPa with E = 100 GPa. Its linear-model resilience is
2.0 x 10° J/m?.

4. Under uniform volume conservation, engineering stress 300 MPa at strain
0.20 converts to true stress 360 MPa and true strain 0.182. After necking, use
local information instead.

5. A Vickers diagonal doubles at the same load. Hardness falls by four under
the stated formula because the diagonal is squared.

6. A three-point rectangular specimen's thickness doubles while load, width,
and span stay fixed. Calculated maximum stress falls by four. This geometry
change does not establish a different intrinsic strength.

7. Why should nanoindentation near a thin film's substrate be interpreted
cautiously? The load field can sample the substrate, causing the measured
response to represent both layers.

What to retain

A test quantity comes with its geometry and convention. Before comparing two
numbers, check the area definition, gauge length, rate, temperature, scale,
and specimen state. A careful comparison often matters more than an extra
decimal place.

Sources: [1], Chapters 6 and 12.
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Stronger against which mechanism?

A material can resist one failure mode and remain vulnerable to another. Grain
refinement may impede dislocations while providing more pathways for
high-temperature diffusion. A hard surface may resist abrasion while a weak
interface allows delamination. A high tensile strength does not guarantee good
fatigue life.

Strengthening is most useful when it targets the mechanism that limits
performance. In crystalline metals, much plastic strain arises from dislocation
motion. Solutes, boundaries, other dislocations, and precipitates can raise the
stress needed for that motion.

Bounglaries Solutes Di%ns Precigitates
e O o o

Different obstacles raise the stress needed for dislocation motion.

Strengthening mechanisms target dislocation motion; their transport and damage tradeoffs differ.

Fracture introduces a different question: how does a crack extend? Fatigue
adds repeated loading, creep adds time and temperature, and wear adds
evolving contact between surfaces. These mechanisms can interact. Corrosion
can assist fatigue; sliding can remove a protective film; thermal cycles can
stress an interface.

Learning goals

Resolve shear on a slip system; explain strengthening tradeoffs; use a crack criterion;
read fatigue and creep plots; distinguish wear mechanisms. References: [1], Chapters
7-8 and Section 11.9.
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Slip systems and resolved shear

A slip system combines a slip plane and a slip direction lying in that plane. The
applied tensile stress does not act entirely as shear on every possible system.
Projecting it onto the chosen geometry gives the resolved shear stress.

TR = OCOS (pCOS A

¢ is the angle between the loading axis and the plane normal; A is the angle
between the loading axis and slip direction. Their cosine product is the Schmid
factor. For an appropriately oriented uniaxial case, its maximum is one-half.
Slip begins when the resolved shear reaches the critical value for that system
under the conditions.

Worked example

For ¢ = 60 degrees, A = 30 degrees, and o0 = 100 MPa, the resolved shear is
43.3 MPa. If the system's critical resolved shear stress is 50 MPa, this load is
insufficient. The required uniaxial stress is 50/0.433 = 115 MPa.

Crystal Common slip description Qualification

FCC {111}(110), 12 combinations Dense planes and directions favor slip

BCC (111) with several plane families Mobility is strongly temperature/rate
dependent

HCP Basal and nonbasal systems Available systems depend on material and
conditions

The number of geometrically possible systems is not identical to the number
operating easily during a test. In a polycrystal, grains must accommodate
neighboring deformation. A favorable grain cannot deform arbitrarily without
affecting its neighbors.

Twinning reorients part of the lattice through coordinated displacement. It can
provide strain and change which slip systems are favorably oriented. A twin is
not simply a slip step with a different name.
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Four ways to obstruct dislocations

Grain boundaries disrupt the continuation of a slip system. Solute atoms
distort the lattice and interact with dislocation fields. Work hardening
increases the density and interactions of dislocations. Precipitates provide
obstacles that can be cut or bypassed depending on their properties and
spacing.

0, = 0p + k,d =12

The Hall-Petch relation is an empirical description over an appropriate
grain-size regime. oo and ky depend on the material and state; d is grain size.
The exponent makes fourfold grain refinement double the grain-size
contribution, not necessarily double the entire yield strength.

Worked example

For oo = 50 MPa and ky = 0.40 MPa-vVm, decreasing d from 100 pm to 25 pum
raises the predicted yield stress from 90 to 130 MPa. The contribution changes
from 40 to 80 MPa; the fixed 50 MPa remains.

Recovery, recrystallization, and grain growth

Recovery rearranges or removes some defects while retaining much of the
grain structure. Recrystallization creates new relatively low-dislocation grains.
Grain growth reduces boundary area as some grains grow at others' expense.
These processes depend on temperature, time, prior deformation, and
composition.

Precipitation strengthening can reach an optimum as particles form and grow.
Coarsening can reduce obstacle effectiveness even though the particles are
still present. Strength therefore need not rise monotonically with aging time.

Nano limit

At extremely small grain size, boundary-mediated deformation, source limitation, and
other mechanisms can compete with ordinary slip. An inverse Hall-Petch regime is a
possible material-dependent outcome, not a universal threshold at one grain size.
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Boundaries have both structure and
energy

A low-angle tilt boundary can be approximated as a periodic array of
dislocations. Its misorientation relates to the spacing of those dislocations. As
the angle grows, their cores and fields increasingly overlap, and the simple
isolated-array model ceases to apply.

y(0) = yo6(A — InO)

This Read-Shockley form describes a low-angle regime with angle in radians
and parameters chosen consistently. It is not a general formula for every
interface or an invitation to insert an angle in degrees.

Coherent interphase boundaries match atom planes well but can retain elastic
mismatch strain. Semicoherent boundaries use misfit dislocations to relieve
some mismatch. Incoherent boundaries lack the same lattice match.
Coherency alone does not establish that a precipitate provides no barrier to
slip.

Grain growth follows a driving force

Reducing total interfacial energy supplies a driving force for boundary
migration. Mobility determines how rapidly a boundary responds, while
impurities and particles can pin it. Thermodynamic preference and kinetic
speed are different quantities.

Strength and ductility need separate explanations

Obstacles can raise yield strength while limiting dislocation storage or
subsequent plastic strain. But a simple statement that smaller grains always
reduce ductility or always increase toughness is too broad. Grain structure,
constraint, phases, and failure paths control the balance.

In nanocrystalline material, boundaries may be a large fraction of the
specimen. Their chemistry can therefore influence behavior as strongly as the
grain interior. Segregation can stabilize a structure or create an embrittling
path. The word boundary identifies a location; it does not specify its effect.
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Crack-tip concentration and fracture
toughness

A crack concentrates stress near its tip. The nominal applied stress can be far
below the ideal bond-breaking stress while the local field becomes critical.
Ductile deformation can blunt a tip and absorb energy; brittle response leaves
less such accommodation.

K,=Yovna

For the stated geometry, a is a crack-size parameter and Y is a dimensionless
geometry factor. When K reaches the relevant toughness, the crack can
propagate. Plane-strain fracture toughness K isa constrained Mode I
property measured under validity conditions; it is not every specimen's
apparent fracture threshold.

Worked example

LetY=1.12,a = 1.00 mm, and KIC = 30.0 MPavm. The estimated critical
nominal stress is 30/[1.12V(mr X 0.001)] = 478 MPa. Crack length must be
expressed in meters because the toughness uses vm.

tip field scales with K
crack size parameter a

|

Mode | opening of a crack; the relevant crack parameter and geometry factor must match.

Transgranular fracture passes through grains; intergranular fracture follows
boundaries. The distinction describes the path and can reveal microstructure
or environment, but it does not alone establish a unique cause.

Ductile fracture often involves void formation, growth, and coalescence. Brittle
cleavage can show little plastic deformation and rapid propagation. Fracture
surfaces should be interpreted with the stress history and material state rather
than a single texture label.

Energy distinction

Griffith's ideal brittle criterion links elastic-energy release to new surface energy. Real
toughness can include plastic dissipation and other processes, so it need not equal an
estimate based only on bond-breaking surface energy.
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Impact tests and the size of a flaw

Charpy and Izod tests use an impact-loading geometry and measure an
absorbed energy. They are not separate tests for inherently ductile versus
inherently brittle materials. Both can probe changes in fracture response as
temperature and loading conditions vary.

Some materials show a pronounced ductile-to-brittle transition under a
particular test. Low temperature and high rate can restrict plastic
accommodation. Notched geometry raises constraint and stress concentration.
An impact-energy curve therefore depends on specimen geometry and
procedure as well as composition.

Why small can be strong

A small specimen may be less likely to contain a large flaw. Fewer dislocation
sources may also raise the stress needed to initiate plasticity. These
mechanisms can increase measured strength without increasing the stiffness
of every bond.

The same small dimensions can reduce space for plastic zones and defect
storage. Greater strength then need not bring greater fracture toughness or
ductility. Thin-film interfaces introduce additional crack paths and residual
stress.

Ceramic toughening is not just grain blocking

Cracks can deflect, bridge, or encounter compressive stresses. In suitable
zirconia-containing systems, a stress-induced phase transformation can create
a local volume change and help oppose crack opening. Merely stating that
nanosized grains stop cracks does not capture these mechanisms.

A weak grain boundary can become a preferred crack path rather than a
barrier. Grain size, porosity, phase stability, residual stress, and specimen
geometry should all be examined before comparing nano and bulk ceramic
toughness.

Compare like with like
Keep strength, hardness, impact energy, toughness, and KIC separate. Their units
alone often reveal that they answer different questions.
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Fatigue tracks repeated loading

Fatigue can produce failure under repeated stress amplitudes below the
monotonic yield or tensile strength. Crack initiation, gradual propagation, and
final failure can occupy different fractions of the lifetime.

Omax — Omin __ Omax + Omin __ Omin
TI om - T; R -

O; =

omax

An S-N curve plots a specified stress measure against cycles to failure. Some
materials show an endurance-like plateau under particular conditions; others
do not. A fatigue strength must state the cycle count and conditions.

Stress amplitude

R | ' rorrernny ' e N rorrrrnny N rorreenny ' |
102 103 10* 10° 106 107
Cycles to failure (log scale)

Schematic S-N trend; an endurance plateau is not universal and this curve is not measured data.

Surface flaws, stress concentrations, residual stress, corrosion, and
temperature affect crack initiation and growth. Compressive surface stress
can reduce opening under tensile loading, which explains part of the benefit of
treatments such as shot peening.

Worked example

For maximum stress 120 MPa and minimum stress —40 MPa, the amplitude is
80 MPa, the mean is 40 MPa, and R = —1/3. A fully reversed cycle has equal
tensile and compressive magnitudes and R = —1.

Beach marks can reveal pauses or changes in crack growth at a scale visible
on a fracture surface. Microscopic striations can provide additional evidence.
Neither feature is guaranteed in every fatigue fracture.

In a nanostructure, a shorter crack path and limited plastic accommodation
can change the transition from initiation to failure. A size label does not supply
a fatigue-life prediction without the loading history and defect population.
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Creep is controlled by time and
temperature

Creep is time-dependent deformation under sustained load. Its importance

often increases at a substantial fraction of absolute melting temperature, but a

particular fraction is a rule of thumb rather than a strict onset condition.

A typical curve has primary creep with decreasing rate, secondary creep with
an approximately steady rate, and tertiary creep with accelerating damage.
Mechanisms include dislocation motion, diffusion, boundary sliding, and their
interactions.

£= Aa”exp(—,%)
This empirical form can organize steady-state creep over a mechanism range.

It does not cover every stage of the curve. At fixed temperature, a stress
increase by two raises the rate by 2» under the model.

tertiary

secondary

primary

Creep strain

Time under load

Schematic creep stages; the dominant mechanism and rate depend on stress, temperature, and
structure.

Nabarro-Herring creep uses lattice diffusion and commonly gives
inverse-square grain-size scaling in its ideal description. Coble creep uses
boundary diffusion and commonly gives inverse-cube scaling. Thus small
grains can worsen diffusion-creep resistance even while improving
lower-temperature yield strength.

Larson-Miller use

A parameter combining temperature and logarithm of rupture time can
compare creep-rupture data within a calibrated material relationship.
Temperature is absolute, and the reference units for time must match the
fitted constant. It is not a universal predictor for any alloy.

Worked scaling

If n = 4 at fixed temperature, raising stress from 50 to 75 MPa multiplies the
predicted rate by 1.5* = 5.06. Changing temperature also changes the
exponential; the stress scaling alone no longer gives the total ratio.
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Wear: a contact can change while you
measure it

Adhesive wear transfers material across contacting surfaces. Abrasive wear
removes material through cutting or ploughing by harder features. Corrosive
wear couples chemical reaction with mechanical removal. Fretting combines
small repeated relative motion with evolving surface films. Erosion uses
impacting particles or droplets; cavitation uses collapsing bubbles; fatigue
wear grows subsurface or surface damage under repeated contact.

Mechanism Evidence to examine Potential control

Adhesive Transfer patches, junction rupture  Surface chemistry, lubrication,
compatible pairs

Abrasive Grooves and hard particles Hardness, filtration, particle geometry

Corrosive Reaction films and repeated Environment and protective films
removal

Fretting Small oscillatory contact, debris Motion amplitude and contact design

Erosive/cavita Impact or pitting damage Flow, bubble formation, angle and speed

tion

A simple Archard-type model relates wear volume to load, sliding distance,
hardness, and an empirical coefficient.

V=ky?

The coefficient is a property of the tribological situation, not a universal
constant for the material. Lubrication, debris, adhesion, and environment can
change it. An increase in hardness does not guarantee that a change in k w
will not dominate.

Practice with answers

1. Grain size falls by four in a valid Hall-Petch regime. The (1/vd) contribution
doubles, not necessarily total strength.

2. Crack size rises by four with fixed toughness and geometry. Estimated
critical stress halves because it varies as 1/va.

3. Stress cycles from —100 to +100 MPa. Amplitude is 100 MPa, mean is zero,
and R = —1.

4. In the wear model, doubling sliding distance doubles predicted V if all other
factors stay fixed. A real change in surface condition can violate that
assumption.

Sources: [1], Chapters 7-8 and 11. Strength and wear models are used only
within the stated assumptions.
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Fatigue calculations need a regime
and a convention

An S-N curve describes cycles to failure for a stated loading condition. A
common fitted relation in the high-cycle regime is Basquin's law. The
coefficient and exponent are empirical and depend on the material, specimen
condition, and loading convention.

Og = U;C(ZNf)b

Here N f counts cycles, while 2N f counts reversals. If a fit uses cycles
directly, its coefficient changes. Do not silently substitute one convention for
the other.

Crack growth is a different stage

Paris' law describes an intermediate fatigue crack-growth regime in terms of
the stress-intensity range. It does not describe initiation, the near-threshold
region, or final unstable fracture by itself.

de =C(AK)™,  AK=YAovma
For constant geometry factor Y, constant stress range, and m = 2, integrating
between a i and a f gives:

In(ar/a;)
"~ CY2(Mo)m
Takeai=1mm,a f=4mm,Y =1, Ac = 50 MPa, and C = 10"~-10
m/cycle/(MPavm)?2. The predicted growth interval is approximately 1.77 x
1076 cycles. Before interpreting it as life, check that both crack sizes lie in the
fitted regime and that final fracture occurs beyond a f.

Reading a fatigue result
Mean stress, surface finish, environment, frequency, and statistical scatter can
change a life estimate. A fitted curve is not a guarantee for every specimen.
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Larson-Miller parameters compare
creep-rupture tests

At a specified stress, the Larson-Miller parameter can correlate rupture time
with absolute temperature. Its material constant and the logarithm's time
convention must come from the fitted data.

P=T(C, +logiot;)

Use kelvin for T. Here t r is expressed in hours, C L = 20 is stipulated for the
exercise, and P is written without a scaling factor. Some tables instead report
P/1000.

Worked extrapolation under a fitted model

Suppose a specimen at a fixed stress ruptures after 1000 h at 800 K. Then P =
800(20 + 3) = 18,400 K. Holding that stress and fitted parameter fixed,
estimate the rupture time at 900 K.

18400 —
8400 _ 20 =10.4444

logp tr =

t,=10%4444 h =278 h

The strong change is a prediction of this stipulated fit. It should not be
presented as a general rule for every alloy. Changes in microstructure or
controlling creep mechanism can invalidate extrapolation.

Competition check

First identify the stress associated with the parameter curve. Then check kelvin
versus Celsius, hours versus seconds, the logarithm base, and whether the reported
parameter has been divided by 1000.
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From my Q notebook: shear stress and
fracture energy

One Q-notebook question asks how a tensile stress along [001] resolves onto
an FCC slip system. For the (111) plane and [10—1] slip direction, the
direction lies in the plane. The plane-normal cosine is 1/v3 and the
slip-direction cosine has magnitude 1/v2.

T| = o|cos¢pcosA| =Z
|7l = olcos pcos A| =<
At o = 200 MPa, the resolved shear stress is 81.6 MPa. Calling this the critical
resolved shear stress requires evidence that slip begins at the stated loading.
A geometrical stress calculation alone does not measure a critical material
threshold.

A harder question about graphene

Another Q-notebook question asks about estimating graphene fracture
toughness from a tensile stress-strain curve. The area under that curve is work
per initial volume for the declared strain and stress measures. Multiplying by
an assumed sheet thickness produces work per sheet area, but that area is not
automatically newly created crack area.

A fracture energy G c requires a crack-growth energy balance or an
appropriate fracture measurement. Geometry, elastic energy released, and
dissipation matter. Matching units is necessary, but does not establish that
two quantities have the same physical meaning.

K.=VE'Gg, E'=E (plane stress)

E' = 15)2 (plane strain)

Under linear elastic fracture mechanics, if a valid G ¢ = 6.1 J/m?2 and E = 1.0
TPa are independently supplied for a plane-stress model, K ¢ = 2.47 MPavm.
This is a conditional conversion, not a toughness measurement derived from
the tensile curve alone. KIC specifically refers to valid plane-strain mode-I
toughness.

Lesson to keep

An atomic thickness convention can change a reported three-dimensional modulus or
energy density. State that convention and verify which area the fracture energy
actually refers to.
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A coating needs adhesion in the right
place

My adhesion notes point to a useful design tradeoff: a coating should stay
attached to its substrate, while the sliding contact may benefit from limited
adhesion. Strong bonding is useful at one interface and can promote material
transfer at another.

Real contact is local

Two rough solids touch at asperities rather than across their entire apparent
area. High local pressure can bring regions into close contact. If adhesive
junctions rupture within one solid rather than at the interface, material can
transfer to the opposing surface.

Surface chemistry matters. Adsorbates and oxides may block direct metal
contact, form protective films, or introduce different bonding. Their effect
depends on the particular materials and environment; “oxygen always
increases adhesion” and “oxygen always reduces wear” are both too broad.

Bonding is more than one orbital rule

Electronic structure, surface termination, reactions, atomic spacing, and
defects all affect solid-solid adhesion. Hydrogen termination can passivate
some diamond surfaces, but a specific annealing temperature or metal-series
trend should not be treated as a universal rule for every diamond interface.

Interface Desired behavior What to investigate

Coating-substrate Resist delamination Bonding, preparation, residual stress

Sliding contact Control friction and material Lubrication, roughness, surface films
transfer

Particle-surface Resist unwanted abrasion Hardness, particle shape, load

Reactive contact Maintain a stable protective Film formation and removal rates
layer

Try a design explanation

A hard coating wears slowly but flakes off its substrate. More hardness alone does not
solve the failure. Ask whether adhesion, residual stress, substrate deformation, or
coating toughness controls the result.
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Wear can combine mechanisms

A worn surface may record more than one process. Identify the motion,
contact, and environment before choosing a label. Then use the damage
pattern and measurements to test that explanation.

Abrasion and erosion

Two-body abrasion involves a hard feature attached to one surface cutting or
ploughing another. Three-body abrasion involves loose particles between
surfaces. Erosion instead involves impacts by particles or droplets. Impact
angle, velocity, shape, and material response all matter; surface energy alone
does not establish erosion resistance.

Cavitation and fretting

Cavitation damage can arise when bubbles collapse near a surface, producing
intense local loading, including jets and pressure pulses. It is relevant to
pumps and propellers, but the severity depends on flow conditions and the
material's response.

Fretting involves small repeated relative motions at a contact. Protective films
may be removed, fresh surfaces exposed, and debris generated. Adhesion,
oxidation, and abrasion can then interact rather than operate as isolated
categories.

Corrosion and fatigue

Tribocorrosion couples mechanical wear with chemical or electrochemical
reactions. A protective film can lower damage until sliding removes it; a
corrosion product can also become abrasive debris. Rolling-contact fatigue can
initiate and grow surface or subsurface cracks until material detaches.

Compare evidence

Grooves suggest a cutting or ploughing process; transfer patches suggest adhesion;
pits can have several causes. A surface image is a clue, not a complete proof. Ask
what loading and chemical conditions produced it.

A good competition answer connects the mechanism to a remedy: filtration for
loose particles, lubrication for junction formation, stable surface films for a
reactive contact, or improved resistance to cyclic cracking. Explain the
tradeoff rather than listing a treatment without a cause.
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Stable and fast are different questions

Thermodynamics asks which state has lower free energy under specified
conditions. Kinetics asks whether the system can reach that state on the
available timescale. A metastable material can persist because the path to a
lower-energy state requires a substantial barrier.

At fixed temperature and pressure, Gibbs free energy provides a convenient
stability framework. A phase is a region with a distinct, approximately
homogeneous structure and composition. A microstructure describes the
arrangement and proportions of phases and other features.

G=H-TS

Lower enthalpy can favor a state; entropy increasingly matters as temperature
rises. A disordered solution can therefore become stable under conditions
where an ordered or phase-separated state is favored at another temperature.

A phase diagram summarizes equilibrium relationships, not every possible
product of rapid cooling. It predicts what phases and compositions minimize
free energy in the modeled system. It does not say how large the grains will be
or how quickly a transformation completes.

Learning goals

Read tie lines and lever-rule fractions, distinguish equilibrium from metastability,
identify common invariant reactions, connect nucleation barriers to surfaces, and
interpret calculated formation-energy hulls. References: [1], Chapters 9-11; use the
phase diagrams alongside the worked examples.
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Binary diagrams give compositions
and fractions

A binary diagram often plots temperature against overall composition at a
fixed pressure. A single-phase field supplies one equilibrium phase. Within a
two-phase field, a horizontal tie line gives the two phase compositions at that
temperature.

The overall composition lies between those endpoints. Conservation of the
solute determines the relative amounts. The fraction of one phase is
proportional to the distance from the overall composition to the opposite
endpoint.

f Cg—Co f Co—Cq
AT Cp—Cy’ B~ Cs—C,
short arm long arm
l | |
I I I
Ca Co CB

Phase fraction uses the opposite arm / total tie-line length.

The overall composition lies between equilibrium endpoints; fractions follow composition conservation.

Worked example

At a selected temperature, phase a contains 10 wt% B and phase B contains 70
wt% B. An alloy contains 25 wt% B overall. The a mass fraction is
(70—-25)/(70—-10) = 0.75; B is 0.25. The fractions sum to one, and the
reconstructed composition is 0.75(10) + 0.25(70) = 25 wt% B.

If the composition axis uses weight fraction, the lever rule gives mass
fractions. An atomic-fraction axis gives the corresponding atom-based
accounting. Neither result is automatically a volume fraction. Densities are
required for a mass-to-volume conversion.

The liquidus separates fully liquid from liquid-plus-solid regions. The solidus
separates fully solid from regions containing liquid. A solvus marks a
solid-state solubility boundary. Identify the labels before calculating; a phase
fraction and a phase composition are different outputs.
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Reactions and microstructures

A eutectic reaction converts one liquid into two solid phases at the specified
invariant conditions. A eutectoid reaction converts one solid into two other
solid phases. A peritectic reaction combines a liquid and a solid into another
solid. The word ending helps identify the starting phases, but use the actual
diagram to confirm compositions and temperatures.

L->a+ B (eutectic)
vy—=a+ B (eutectoid)

Iron-carbon as an organizing example

The familiar engineering iron-cementite diagram describes an important
metastable system. Ferrite and austenite have different structures and carbon
solubilities. Cementite is a carbide. Pearlite is a microconstituent containing
ferrite and cementite, not a single new phase.

Cooling history determines whether a specimen approaches the
equilibrium-derived microstructure or forms transformation products such as
martensite. A composition label alone does not decide the final structure.

Phase fraction versus microconstituent fraction

A lever-rule calculation can count all ferrite in the specimen or the fraction
contained in a particular mixture, depending on the tie line and region used.
Those are not interchangeable. State what is being counted before using the
formula.

Two alloys can contain the same phases and approximate fractions but differ in
their spacing and morphology. Fine lamellae, coarse particles, and boundary
networks do not obstruct deformation identically. A phase diagram provides an
important part of the answer; processing determines additional structural
detail.

Reading habit
Label each endpoint by phase and composition. Label the requested fraction by mass,
atoms, or volume. Reconstruct the overall composition as a conservation check.
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Nucleation pays for a new interface

A new phase can lower bulk free energy while initially costing interfacial
energy. For a spherical nucleus, the favorable bulk contribution scales with
volume, while the surface penalty scales with area.

AG(r) = 4nr’y + 4 Ag,

For a favorable transformation, Agv is negative. Differentiating the expression
gives a maximum at the critical radius. Below that radius, increasing size
raises total free energy in the model; above it, growth lowers total free energy.

* 2y
[Agy|

critical radius

_

Free-energy change

Embryo radius (relative)

A positive interface term and negative bulk term produce a barrier in the spherical-nucleus model.

Worked example

For y = 0.20 J/m? and |Agv| = 2.0 x 10® J/m3, the critical radius is 2.0 nm. The
units reduce from energy per area divided by energy per volume to length.

Heterogeneous nucleation on a surface or impurity can lower the barrier by
changing the interface geometry and energies. A site does not eliminate every
cost; it changes the balance. Increasing undercooling or supersaturation often
increases the bulk driving force, while temperature simultaneously changes
atomic mobility.

This competing influence can produce an optimum transformation rate.
Farther from equilibrium supplies more driving force, but very low
temperature can make diffusion slow. A prediction based on free energy alone
misses that kinetic limitation.

The spherical model assumes a sharp interface, constant y, and a continuum
free-energy density. At only a few atoms, those assumptions require caution.
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Time-temperature paths shape the
product

A TTT diagram describes isothermal transformation after a specified
treatment. A CCT diagram describes transformation during continuous
cooling. They are different experimental histories and should not be read as
interchangeable maps.

Transformations requiring diffusion can create different spacings and
morphologies depending on temperature. A diffusionless martensitic
transformation changes structure through coordinated displacement; its
product can retain a supersaturated composition and high defect content.
Tempering supplies later rearrangement and precipitation that alter the
response.

A path, not a point

For a cooling problem, draw the entire thermal path and determine where it
crosses transformation regions. A final temperature does not establish that all
preceding transformations were bypassed. Cooling rate and specimen size can
create different surface and interior histories.

start
=== finish
== = thermal path

Temperature

log(time)

Schematic isothermal transformation curves and a sample holding path, not a quantitative
steel-treatment chart.

The plotted TTT curves here are schematic and do not supply a heat-treatment
recipe for a real steel. Quantitative schedules require the actual composition
and measured diagram.

Size-dependent melting

A nanoparticle can have a different phase-transition temperature because
surface contributions become a larger fraction of total free energy. A common
melting-depression picture compares the surface costs of solid and liquid
states. It does not prove that every nanoparticle melts lower under every
environment.

Interfaces, support materials, shells, composition, and kinetic effects can
change the result. The surface-to-volume argument identifies what becomes
important; the signs and magnitudes of the phase-dependent energies
determine the trend.
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Calculated convex hulls and practice

Formation-energy plots compare compounds with possible mixtures of other
phases at the same composition. The lower convex hull represents the
minimum energy accessible from the phases included in that calculation. A
stable included phase lies on the hull; a phase above it can lower energy by
decomposing into the appropriate mixture. A proposed phase below an old hull
would change that hull when included. [2]

A positive energy above hull does not predict immediate decomposition.
Barriers, finite-temperature entropy, pressure, and surfaces can stabilize or
kinetically preserve a material. Common database hulls use approximate
zero-temperature energies rather than complete free energies at every
experimental condition.

Practice with answers

1. A two-phase tie line has endpoints 5 and 45 wt% B; overall composition is 15
wt% B. The low-B phase fraction is 0.75 and the high-B fraction is 0.25.

2. If y doubles with |Agv| fixed in the spherical model, r* doubles. The barrier
also changes; the critical radius alone is not a complete rate prediction.

3. Is pearlite a single phase? No. It is a microconstituent containing ferrite and
cementite.

4. Does zero energy above a computed hull guarantee stability in hot aqueous
solution? No. The computed comparison, temperature, pressure, and
environmental chemical potentials may differ.

5. Why can a thermodynamically favorable phase fail to appear? Its nucleation
or growth can be too slow on the processing timescale.

Sources: [1], Chapters 9-11; [2], phase-stability framework. Original
schematics and examples are illustrative, not quantitative process
specifications.
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Choose a structure for a task

Material selection begins with a requirement. A filter needs permeability,
selectivity, mechanical integrity, and chemical stability. A battery electrode
needs a pathway for ions and electrons, reversible storage, and a structure
that survives cycling. A cutting tool needs wear resistance and thermal
stability, but also enough toughness for its loading.

No single family wins all these comparisons. Metals provide many conductive
and formable options; ceramics provide many stable and hard options;
polymers provide chemical flexibility and processability; composites use
interfaces to combine responses.

Metal Ceramic Polymer
carriers + defects |bdnds + charge balance ghains + timescales

Interfaces and processing can modify every family.
Family labels suggest questions; they do not determine every measured property.

The useful question is not which family is best. It is which mechanism supplies
the required response and which tradeoff may limit it. A ceramic membrane's
pores can carry fluid while its solid skeleton supplies stability. A polymer
membrane's chemistry can influence sorption and diffusion while its
morphology affects strength.

Learning goals

Compare alloys, ionic crystal structures, glasses, polymers, composites, and
representative nanomaterials by mechanism. Use property values with stated phases
and conditions. Reference: [1], Chapters 11-16.

MATERIALS SCIENCE HANDBOOK 76



CHAPTER 09 / MATERIAL FAMILIES AND USEFUL COMPARISONS

Alloys and ionic structures

Ferrous alloys use iron as the major constituent. Carbon and other elements
change phase stability, hardenability, corrosion response, and precipitation.
Nonferrous alloys use other major constituents, such as aluminum, copper,
titanium, or nickel, with different density, conductivity, and environmental
advantages.

A small solute addition can have a large effect because it changes the behavior
of defects or phases, not because the average atomic mass changes
dramatically. Heat treatment adds another control over the same composition.

lonic coordination requires chemistry and geometry

A structure must accommodate ion sizes, charge neutrality, and bonding
preferences. Radius-ratio rules are geometric heuristics. Effective ionic radii
depend on coordination and oxidation state; a threshold table is not a universal
crystal-structure predictor.

Structure Formula Key coordination
type
Rock salt AX Cation 6, anion 6
CsCl-type AX Cation 8, anion 8
Zinc blende AX Cation 4, anion 4
Fluorite AXz2 Cation 8, anion 4
Perovskite, ideal cubic ABXs A 12, B 6, X geometry connects octahedra
Normal spinel AB2X4 A tetrahedral, B octahedral sites

CsCl-type is not monatomic BCC: the center and corners contain different
species, so translation from a corner to the center does not reproduce the
identical chemical environment. This is a lattice-plus-basis issue, not merely a
counting preference.

In close-packed anion arrays, tetrahedral and octahedral interstices offer
different coordination. Occupancy and stoichiometry determine the full
structure. Counting available holes does not mean every hole is filled.
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Ceramics, glasses, and phase-enabled
toughness

Silicate structures connect silicon-oxygen tetrahedra in different
arrangements. Network modifiers can alter connectivity and processing
behavior. A glass can retain local tetrahedral coordination while lacking
long-range periodicity.

Ceramic strength is often limited by flaws and pores rather than a directly
measured ideal bond-breaking stress. Reducing porosity can improve
load-bearing capacity. Grain refinement, residual stress, and second phases
can modify fracture, but their effect requires a mechanism.

Zirconia illustrates a phase tradeoff

Different zirconia structures are stable under different conditions and
compositions. In suitably designed materials, a metastable tetragonal region
can transform near a crack, producing a local strain that opposes crack
opening. Stabilizers and grain size help determine whether the desired phase
and transformation behavior are available.

Material Useful mechanism Application connection
Alumina Hard, stable oxide framework Abrasion-resistant components and
insulation

Zirconia-based  Phase stability and transformation Toughened ceramics and dental

systems strains components

Silicon carbide Strong bonding and useful Power electronics and wear-resistant
electronic/thermal response parts

Titanium Conductive refractory compound Hard coatings and optical/electronic

nitride structures

Hexagonal BN Strong sheets with weak interlayer Insulation and thermal/interface uses
interaction

A coating can fail even when its intrinsic hardness is high. Adhesion, residual
stress, thickness, defects, and thermal mismatch determine whether it remains
attached. A material-selection answer should therefore include the interface
when the application is a coating.

Glass transition versus melting

A crystalline fraction can melt through loss of ordered structure. A glass
transition reflects a change in molecular or network relaxation on the
observation timescale. The two temperatures answer different questions. A
polymer can show both because it can contain crystalline and amorphous
regions.
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Polymer chains create several
structural controls

A polymer repeat unit describes the repeating chemical segment. Molecular
weight describes chain size, but a real sample contains a distribution.
Number-average molecular weight weights chains by count; weight-average
molecular weight places more emphasis on heavier chains.

2 NiM; 2 NiM?

M, = - M, =+—
n ZNi ’ w ZNiMi
1 1

Their ratio is dispersity. It is at least one for a nonnegative distribution, with
one representing an ideal single molecular weight. A broad distribution can
influence processing and rheology.

Chains can be linear, branched, cross-linked, or networked. Thermoplastics
can soften and flow under suitable heating; thermoset networks do not simply
melt into independent chains. Chemical degradation can intervene before a
convenient softening or melting process occurs.

Crystallinity and temperature

Packing regularity, chain symmetry, side groups, and processing influence
crystallinity. Crystalline regions can supply strength or stability while
amorphous regions allow different motions. Orientation can make response
strongly directional.

Tg marks a change in segmental relaxation behavior on a particular timescale.
Above or below it, a polymer can respond very differently to the same load.
Cross-links restrict long-range flow; entanglements also impede motion but
are not permanent chemical junctions.

Worked example

Two equal-count chain populations have molecular weights 10 and 30 kg/mol. Mn =
20 kg/mol, weight-average molar mass M, = 25 kg/mol, and dispersity is 1.25. The
difference comes from weighting heavier chains more strongly.

Polymer properties cannot be predicted from bonding type alone. The same
chemistry processed into an oriented fiber, a foam, or an unoriented molded
part creates distinct structures and component responses.
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Composites depend on load transfer

A composite contains a matrix, reinforcement, and interfaces. A matrix can
bind and protect reinforcement, distribute stress, and determine
environmental response. Reinforcement contributes only if stress reaches it
through the interface and geometry.

For an ideal continuous aligned-fiber composite under longitudinal iso-strain
loading, the elastic modulus is a volume-weighted sum. Under an ideal series
or iso-stress model, compliance is a volume-weighted sum. They provide useful
limiting pictures, not one universal composite formula.

E|| =ViEr+ ViEn

1 Ve Ve
Eseries Ef Em

Worked example

For 40% reinforcement with E f = 100 GPa in a matrix with E m = 2 GPa, the
ideal longitudinal value is 41.2 GPa. The series estimate is 1/(0.4/100 + 0.6/2)
= 3.29 GPa. The large difference shows why orientation and load path matter.

Short fibers must be long enough to transfer substantial load through their
surface. Weak bonding permits slip; excessively brittle interfacial behavior can
promote damage. A useful design can balance transfer with energy-absorbing
failure mechanisms.

Porosity is another constituent

Pores reduce solid load-bearing area and can concentrate stress. They can also
provide transport pathways and reduce weight. A porous membrane therefore
uses a feature that a dense structural component might try to eliminate.

Nano reinforcement

High surface area increases the importance of dispersion and interfacial chemistry.
Agglomerated nanoparticles can create flaws rather than deliver the properties of
individually dispersed reinforcement.
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Nanomaterial catalogs: explain the
application

A catalog becomes useful when an application follows from a property. Gold
and silver nanoparticles support optical plasmon responses; platinum-group
particles supply catalytic surfaces; magnetic iron oxides support magnetic
response; semiconductor dots support size- and interface-dependent optical
transitions.

System Mechanism to remember Qualification

Au / Ag Plasmonic absorption and near Shape, aggregation, and medium shift

particles fields response

Pt/ Pd Surface catalytic chemistry Activity depends on facets, ligands,

particles and reaction

Iron oxides Ferri/magnetic behavior and Size, temperature, and timescale
possible superparamagnetism matter

TiO2 / ZnO Semiconducting and photochemical Phase, defects, and illumination
behavior matter

CeO:2 Accessible redox/oxygen chemistry Environment and surface state matter

CdSe /InP/ Carrier confinement and Shell, size, composition, and exposure

PbS dots recombination route matter

ZnO can participate in antimicrobial effects through several pathways,
including reactive oxygen species under suitable conditions, dissolution, and
interactions at interfaces. A single pathway should not be presented as the
only cause in every system.

Toxicity is not a crystal-structure label

Biocompatibility depends on composition, surface coating, concentration,
exposure route, persistence, and biological context. InP being cadmium-free
does not mean every InP formulation is harmless. A nanoscale gold particle is
not automatically safe in every size and dose.

Applications in this handbook connect materials to mechanisms. They are not
medical recommendations or claims of approved clinical use. The competition
task is to explain why a system is investigated, then identify the limitations of
the evidence.
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Practice and explained answers

1. Why is CsCl-type not monatomic BCC? The corner and center species are
different. A translation between them changes the chemical basis
environment.

2. Why can a thermoset fail to melt like a thermoplastic? Its cross-linked
network prevents independent chains from simply flowing; degradation can
occur instead.

3. An ideal longitudinal composite contains 25% fibers at 80 GPa and 75%
matrix at 4 GPa. Its iso-strain modulus is 23 GPa.

4. Does nanoparticle aggregation guarantee improved composite strength?
No. Aggregates can produce poorly transferred loads and critical flaws.

5. Explain why a material's high bulk thermal conductivity does not guarantee
that a particle-filled polymer conducts equally well. The matrix, filler
connectivity, contact resistance, orientation, and interfaces control the
composite.

6. Is a radius-ratio prediction proof of a ceramic structure? No. It is a
geometric heuristic; bonding, valence, composition, and actual structure data
are needed.

Chapter bridge

The next chapter uses bands and carriers to explain electrical response. The
same constituent classifications remain useful, but the available states and
transport paths determine the electrical behavior.

Sources: [1], Chapters 11-16. The composite and polymer examples use
simplified models; check their assumptions before applying them to a real
material.
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Resistance has geometry; resistivity
has context

A current describes charge passing per unit time. A voltage supplies an
electrical potential difference. A uniform conductor in an approximately Ohmic
regime relates them through resistance. Resistivity describes the material
response for the specified state.

V=IR, R = Pes, Oc =p-

The subscript e distinguishes electrical resistivity and conductivity from mass

density and mechanical stress. Published notation often reuses p and o. Units
reveal which quantity a formula means.

A long wire has more resistance than a short wire of equal area and resistivity.
A thicker wire has less resistance because it provides more parallel conduction
area. These geometric comparisons do not establish a change in carrier
scattering or chemical composition.

Worked example

For resistivity 2.0 x 108 Q-m, length 0.50 m, and area 0.20 mm?, resistance is
0.050 Q. At 0.10 V, the model predicts 2.0 A. Heating can change resistivity
and invalidate the fixed-temperature assumption.

Learning goals

Relate conduction to carrier density and mobility, read bands and Fermi occupation,
distinguish direct/indirect and intrinsic/extrinsic behavior, calculate capacitance and
Hall quantities, and identify coupled responses. Reference: [1], Chapter 18.
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Carriers and scattering supply
conductivity

An applied field creates a small drift superimposed on microscopic motion.
Mobility 1 links drift velocity to the field within a regime. Conductivity
depends on how many carriers participate and how effectively they move.

Vag=ME,  Oe=nle|ue + plelun

n and p are carrier concentrations, not atom counts per cell. p has units m?/(V
s). A high carrier population can coexist with substantial scattering. A high
mobility does not imply that many carriers are available.

Lattice vibrations, impurities, defects, surfaces, and interfaces can scatter
carriers. Matthiessen-type addition of resistivity contributions is an
approximation that works when the relevant mechanisms can be treated
sufficiently independently. It can fail when mechanisms interact or transport is
strongly nonclassical.

Temperature trends are mechanism-dependent

In an ordinary metal, increasing temperature often increases phonon
scattering and resistivity. In a semiconductor, increasing temperature can
increase carrier population enough to outweigh mobility loss. The same trend
is not guaranteed across every doped material and temperature range.

A nanoscale metal wire may have increased boundary scattering when
dimensions are comparable to a carrier mean free path. A shorter channel can
instead move toward ballistic transport. These are different comparisons:
cross-sectional confinement and channel-length reduction do not necessarily
cause the same response.

Worked example

Withn = 1.0 x 1022 m—3 and p = 0.10 m?/(V s), a one-carrier model gives ¢ = 1.60 X
103 S/m. Doubling u at fixed n doubles conductivity; doubling dopants does not
guarantee doubling p.
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Bands and occupation are separate
ideas

Bringing atoms into a solid creates interacting electronic states. The resulting
bands describe allowed energies as a function of wavevector. The occupancy
describes which states contain electrons. A metal has states accessible near its
chemical potential; a semiconductor has a gap separating important valence
and conduction states in a basic model.

The Fermi energy at zero temperature marks the occupation boundary. At
finite temperature, the Fermi-Dirac distribution smooths that boundary around
a chemical potential often called the Fermi level.

— 1
RE) = 1 + exp[(E — u)/(kgT)]

\/

T direct gap

_—

Wavevector

Energy

Schematic direct gap with extrema at the same wavevector; occupation is a separate question.

At E = 11, occupancy is one-half in this distribution. Conduction in a metal is
not described accurately by saying only electrons with energy above the Fermi
level exist as free electrons. Changes in occupation near the relevant states,
band velocities, and scattering matter.

Direct versus indirect gaps

A direct band gap has the conduction minimum and valence maximum at the
same wavevector. A basic optical transition can then satisfy crystal-momentum
bookkeeping with a photon whose momentum is small on the relevant scale.
An indirect transition requires another momentum contribution, commonly a
phonon.

Energy and momentum must both balance. An electron does not supply a
photon simply to jump; the external excitation supplies energy. Direct-gap
character often favors radiative transitions, but defects and nonradiative
processes can still dominate.

The gap is not the entire optical spectrum. Selection rules, excitons, phonons,
defects, and absorption coefficients influence which transitions are observed
and how strongly.
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Doping changes carrier bookkeeping

An intrinsic semiconductor's electrons and holes arise from its base material
under the stated conditions. Donors can supply electrons; acceptors can create
holes. Doping introduces states and changes the Fermi level, but also adds
scattering and can modify structure.

In an extrinsic regime, the majority-carrier population is often dominated by
activated dopants. At low temperature, incomplete ionization can produce
freeze-out. At high temperature, intrinsic excitation can become important. A
single approximate expression does not cover all three regimes.

The Hall effect supplies another measurement

A magnetic field transverse to current deflects carriers. A transverse electric
field develops until forces balance in a simple steady state. The Hall voltage
can identify sign and estimate density under an appropriate transport model.

B :
Vy = R”t’ ) Ry = —ﬁ (simple electron model)
t is specimen thickness in the specified geometry. Hole-dominated
single-carrier transport has the opposite sign convention. Multiple bands, both
carrier types, and scattering factors complicate the interpretation.

Worked example

Forn=1.0x102m3, R H= -6.24 x 10>m3/C. WithI =1.0mA, B=0.50T,
and t = 0.10 mm, the magnitude of V. H is 0.312 mV. The sign depends on the
terminal and field conventions as well as the carrier sign.

Avoid a common shortcut
Conductivity alone mixes concentration and mobility. A Hall measurement adds
information, but the inferred density still depends on the model.
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Capacitors store field energy

A capacitor stores separated charge and field energy. Capacitance relates
stored charge to potential difference. For an ideal parallel-plate geometry,
increasing area raises capacitance and increasing plate separation lowers it.

_ 0 _&oKA
C=y=-"73"
A dielectric polarizes in response to the applied field. Electronic polarization
displaces electronic charge relative to nuclei; ionic polarization involves
relative ionic displacement; orientational polarization involves permanent
dipoles. Different mechanisms respond on different timescales.

D=£0E+P

D is electrical displacement and P is polarization. A scalar dielectric constant
is an approximation appropriate to the stated geometry, frequency, and
material; anisotropy and loss can require more information.

Stored energy is not the voltage alone

_ 12 _Q?
U—fCV =5z

For C = 2.0 nF at V=10V, energy is 100 nJ. At fixed voltage, increasing C
increases stored energy. At fixed charge, increasing C lowers stored energy.
The constraint must be stated before assigning a trend.

Dielectric strength is an electric-field limit associated with breakdown, not a
measure of polarization alone. Very thin layers can introduce tunneling
leakage and interface effects. A high dielectric constant does not guarantee
high breakdown strength or low loss.

Frequency matters

If an alternating field changes faster than a polarization mechanism can follow, that
contribution can diminish. Relaxation and energy loss require a frequency-dependent
description.
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Electrical response can couple to heat
and strain

Piezoelectric materials couple stress and polarization or field and strain.
Pyroelectric materials change polarization with temperature. Ferroelectric
materials possess a switchable spontaneous polarization. Ordinary
piezoelectricity does not mean every material is ferroelectric.

Symmetry constrains these effects. A polar structure is a useful starting point,
but switching, boundary conditions, temperature, domains, and defects
determine the observed response. A nominal chemistry such as AIN does not
alone establish conventional ferroelectric switching; specific structures and
alloy systems matter.

Thermoelectric balance

A Seebeck response connects a temperature difference to an electrical
potential difference. A thermoelectric material must balance that response
with electrical and thermal transport.

T = S20.T

- Kthermal

z

The numerator includes the power factor S?c. Lower thermal conductivity can
help retain a temperature difference, but lowering carrier mobility can reduce
electrical conductivity. Quantum dots or interfaces can scatter phonons and
filter carriers, yet the overall improvement requires the full balance, not S
alone. [12]

Worked example

With S = 200 uV/K, 0 = 1.0 x 10> S/m, T = 300 K, and thermal conductivity 1.5
W/(m K), zT = 0.80. The coefficient must be converted from microvolts before
squaring it.

The sign of Seebeck response can support a carrier interpretation, but
complex band structures and conventions prevent it from being an infallible
carrier census.
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Superconductivity, extensions, and
practice

A superconducting state supports zero DC resistivity in an appropriate regime
and a characteristic magnetic response. Critical temperature, current, and
field constrain that regime. The Meissner effect distinguishes expulsion of
magnetic flux during the transition from merely retaining a preexisting
zero-resistance condition.

In conventional BCS physics, coupled electron pairs participate in a collective
state. The simple lattice-distortion picture helps motivate an attractive
interaction, but not every superconductor is explained by the same elementary
mechanism. Type II superconductors can allow flux vortices between critical
fields.

The Kondo effect concerns conduction electrons interacting with localized
magnetic moments. It can produce a low-temperature resistivity contribution
that grows as temperature falls before characteristic saturation. It is not a
general statement that every metal's resistance rises on cooling.

Practice with answers

1. Double wire length and double its area at fixed resistivity. Resistance is
unchanged because L/A is unchanged.

2. At fixed voltage, double capacitance. Stored energy doubles. At fixed charge
it halves.

3. A field is 5 V across 100 nm. Its magnitude is 5.0 x 107 V/m. Small distances
can produce large fields without large voltages.

4. Does a direct band gap guarantee high luminescence quantum yield? No.
Traps, Auger processes, and other nonradiative paths can dominate.

5. Does a larger Seebeck coefficient guarantee larger zT? No. Electrical and
thermal conductivities also enter.

Sources: [1], Chapter 18; [12], thermoelectric measurement context. Quantum
transport and charging are developed further in Chapter 13.
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Junctions and gates turn materials
into devices

When p-type and n-type semiconductors form a junction, carrier diffusion and
the resulting electric field establish a depletion region containing ionized
dopants. Equilibrium involves a balance of drift and diffusion; the two sides do
not simply retain their isolated carrier distributions.

Bias changes the barrier

Forward bias makes the p side positive relative to the n side and lowers the
junction barrier, permitting increased injection. Reverse bias raises the barrier
and widens the depletion region in a simple junction model. Reverse current
remains small before breakdown, but is not identically zero.

A MOSFET uses an insulated gate to change the carrier population near a
semiconductor surface and control a conducting channel. In an n-channel
enhancement device, a sufficiently positive gate-to-source voltage can
establish the channel. The voltage polarity is reversed for the complementary
p-channel case.

Keep carrier bookkeeping explicit

An intrinsic semiconductor has n = p, but both electrons and holes contribute
to conductivity.

o =e(nun + pLp)

Forn=p=10"16 m™-3, 1 n=0.10m?/(Vs),andp p=0.05m?/(Vs), o=
2.40 x 10™—=4 S/m. Electron-only arithmetic would omit a third of the total in
this stipulated example.

M= |RuloO

The final relation gives Hall mobility for the simple single-carrier model used
to interpret R H. Multiple carrier types or a nonunity Hall factor require care.

Classification check

GaAs is a llI-V compound and CdSe is II-VI. GeSe and GeTe are IV-VI compounds.
Chemical group labels follow the constituent elements, not a guess based on the
number of atoms in the formula.
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Dielectric response changes with
frequency

A dielectric can store field energy and dissipate energy. For a sinusoidal
response, a complex relative permittivity separates the storage and loss
components. The sign convention for its imaginary component depends on the
chosen time dependence.

tand ==
Er
Here both quantities are defined as positive storage and loss magnitudes
under the usual loss-tangent convention. A large static dielectric constant does
not guarantee equally large response at every frequency.

A single relaxation time

In an ideal Debye relaxation, a polarization mechanism has a characteristic
time T. Its loss contribution peaks near wt = 1, giving a characteristic
frequency:

1
fC—ZnT

Fort=10"-6s, f cis about 159 kHz. A mechanism much slower than the
oscillating field cannot follow each cycle. Real materials may have distributed
relaxation times, conduction losses, and interfacial effects.

Units before substitution

Resistance R concerns a specimen. Resistivity p concerns its response under stated
conditions: p = RA/L for a uniform bar. Dividing by current instead of length does not
produce resistivity.
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Heat capacity describes stored
thermal energy

Temperature and thermal energy are related but distinct. Heat capacity
describes how much energy must be added to raise temperature under a
specified constraint. Heat capacity at constant pressure, C p, differs from that
at constant volume, C v, because expansion can require work. For many solid
calculations their difference is small enough to approximate, but it is not
identically zero.

Cv= ().

Atoms in solids vibrate about equilibrium positions. Collective quantized
vibrations are called phonons. Phonons provide a language for thermal energy
and heat transport; they are not additional atoms moving through the lattice.
Electronic excitations also contribute, especially in metals.

At sufficiently high temperature relative to a solid's characteristic vibrational
temperatures, the classical lattice heat capacity approaches 3R per mole of
atoms. At low temperature, quantum occupation suppresses many vibrational
modes. The Debye model gives a lattice contribution proportional to T2 in its
low-temperature limit. A metal can also have an approximately linear
electronic term.

Cy=yT +BT3 (low temperature metal)

The coefficients depend on material and units. Do not apply this
low-temperature expression across a phase transition or at temperatures
where the approximation fails.

Learning goals

Distinguish thermal storage from transport; connect absorption to electronic and
vibrational states; distinguish magnetic ordering, hysteresis, and time-dependent
blocking. Reference: [1], Chapters 19-21.
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Thermal conductivity describes energy
flow

Thermal conductivity relates heat flux to a temperature gradient. A negative
sign indicates transport from hotter to colder regions. For one-dimensional
steady flow through a uniform slab, integrate the gradient to find heat flow
rate.

— _1dT N _ KA(Th —T)
ax = ka. Q—f

Heat flux g has units W m~?; heat flow rate has units W. Conductivity k has
units W m~* K-*. A high heat capacity means much energy is stored per
temperature rise; it does not by itself mean rapid heat transport.

Phonon transport depends on energy carried by modes, their velocities, and
their scattering. A useful kinetic picture is k = Cvl/3, where C is volumetric
heat capacity, v a representative speed, and | a mean free path. This is a
simplified isotropic model rather than a universal exact equation.

Defects, boundaries, other phonons, and interfaces scatter heat carriers. In
metals, mobile electrons often carry a substantial fraction of heat. The
Wiedemann-Franz relation links electronic thermal conductivity and electrical
conductivity through a Lorenz number under appropriate transport conditions.

X =lp, Ly=2.44x1078 WQK™2

Worked slab

A slab hask = 2.0 Wm~! K-, area 0.010 m?, thickness 0.0050 m, and a 20 K
temperature difference. Steady conduction gives 80 W. Interfacial resistance,
convection, or radiation may change the complete device heat flow; the slab
calculation covers only that conduction path.
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Expansion can create stress without
an external load

Thermal expansion reflects the asymmetry of a bonding energy well and the
thermal population of vibrational states. In a simple linear range, free length
change is proportional to the temperature change.

AL = al AT

The coefficient can depend on temperature and direction. Some structures
exhibit small or negative expansion over particular ranges. A scalar table value
implicitly assumes a direction or an isotropic average.

If a bar is completely restrained along one direction, wants to expand, and
remains elastic, an approximate stress magnitude is EkAT. Heating produces
compression in this ideal restraint model; cooling produces tension. Multiaxial
constraints require an appropriate elastic model and Poisson effects.

|o| = Ea|AT]| (uniaxial full restraint)

Worked restraint

Take E = 200 GPa, a = 12 x 1079 K-!, and heating by 50 K. The predicted
compressive stress magnitude is 120 MPa. The free strain would be 0.00060. If
yielding, creep, slipping supports, or cracking occurs, the elastic full-restraint
prediction no longer describes the actual stress.

Thermal shock combines rapid temperature changes, uneven expansion, and
limited resistance to fracture. High conductivity can reduce temperature
gradients; low expansion can reduce mismatch strain; greater fracture
resistance can help tolerate the resulting stress. A material family alone
cannot rank thermal-shock resistance reliably.

Interface example

A film and substrate with different expansion coefficients develop mismatch strains
during cooling from deposition temperature. The resulting stress can bend the
assembly, cause cracks, or promote delamination.

MATERIALS SCIENCE HANDBOOK 94



CHAPTER 11 / THERMAL, OPTICAL, AND MAGNETIC RESPONSE

Light interrogates available energy
states

A photon carries energy related to frequency and wavelength. Use vacuum
wavelength when applying the common numerical conversion between
electronvolts and nanometers.

— — hc ~ 1240

A 620 nm photon has about 2.00 eV. A semiconductor with a 2.00 eV gap
therefore has an approximate interband absorption threshold near this
wavelength, subject to selection rules, excitons, defects, and whether the gap
is direct or indirect.

An allowed direct transition can conserve crystal momentum without a phonon
supplying the change between band extrema. An indirect transition generally
needs an additional momentum-carrying interaction, often a phonon. This
affects absorption near the edge; it does not mean an indirect-gap material
cannot absorb or emit light.

Absorption removes intensity from a beam. Reflection redirects energy at an
interface. Transmission sends energy through the specimen. Scattering
redistributes directions and may make a translucent material appear cloudy.

A+R+T=1 (consistent energy accounting)

A specimen's observed color depends on illumination, thickness, absorption
spectrum, scattering, reflection, and viewing geometry. A band-gap number
alone cannot specify every perceived color.

Optical vocabulary

Frequency is unchanged when light passes between stationary media. Wavelength
and phase velocity change with refractive index. Use Ao for vacuum photon energy to
avoid mixing conventions.
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Refraction, attenuation, and emission

Snell's law relates angles measured from the interface normal. Total internal
reflection requires travel from a higher-index medium toward a lower-index
medium and an incidence angle exceeding the critical value, for transparent
media in this simple model.

n1sin6; = n,sin 6, Sin@. =72

A uniform absorbing slab can approximately obey exponential attenuation. The
absorption coefficient has inverse-length units. Beer-Lambert behavior
requires attention to scattering, concentration, path length, and instrument
response.

=1 oe_aabSL
Luminescence occurs when an excited system emits light while relaxing.
Fluorescence and phosphorescence are distinguished through their transition
pathways and associated lifetimes, not by an arbitrary universal time cutoff
alone. Nonradiative pathways compete with photon emission.

A laser uses optical gain and feedback to favor stimulated emission into
selected modes. Pumping supplies energy. Threshold requires gain sufficient
to offset losses. A bright fluorescent solution is not automatically a laser.

Worked attenuation

Ifa abs =1.0 x 10*m~* and L = 100 pm, the exponent is —1, so I/Io = 0.368,
ignoring reflections. Doubling thickness gives e=2 = 0.135. An absorption
coefficient is a material response at a wavelength; changing sample thickness
changes transmission even if that coefficient stays fixed.

Connection

A nanostructure may alter available states, but roughness and aggregation can also
alter scattering. Separate these explanations before assigning an optical change to
quantum confinement.
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Magnetic order is a collective property

Magnetic response comes from electronic orbital and spin contributions
together with interactions among moments. A magnetic field can induce a
response even in materials without permanent collective order.

Response Idealized description Useful distinction

Diamagnetic Induced response opposing applied  Often weak and present generally
field

Paramagnetic Moments partly align with field No persistent bulk order in this

simple picture

Ferromagnetic Aligned moments produce net Domains can hide the net specimen
order magnetization

Antiferromagne  Opposing ordered sublattices Not the same as absence of moments

tic compensate

Ferrimagnetic Opposing sublattices do not cancel Common in several magnetic oxides

In SI notation, magnetic induction B, applied-field variable H, and
magnetization M are related. Confusing the units leads to incorrect numerical
comparisons.

B = uo(H + M)

H and M have units A m~*; B has units tesla. In a simple linear regime M = yH,
but ferromagnetic hysteresis is not globally described by one constant
susceptibility.

Ordering changes with temperature. A Curie temperature marks loss of
ferromagnetic order; a Néel temperature describes an antiferromagnetic
transition. These are not interchangeable with the blocking temperature of a
magnetic nanoparticle measurement.

e
S/

Applied field H

Magnetization M

Schematic magnetic hysteresis showing remanence and finite reverse field for reversal; axes are
arbitrary scales.

Domains lower certain contributions to total energy. Applied fields can move
walls or rotate magnetization. A sample can be ferromagnetically ordered
while its domains yield a small net magnetization before field alignment.
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Hysteresis and superparamagnetism
depend on timescale

A hysteresis loop records magnetic response as the field is cycled. Remanence
is the magnetization remaining at zero applied field along that history.
Coercivity is the reverse field needed to bring a chosen magnetic response to
zero. The loop's area relates to energy loss per cycle with consistent variables
and units.

Soft magnetic materials are designed for easy magnetization reversal and low
losses in suitable applications. Hard magnetic materials retain magnetization
and resist reversal. The words refer to magnetic behavior, not indentation
hardness.

A sufficiently small single-domain particle may reverse its moment by thermal
activation. In a simple anisotropy-barrier model, its relaxation time increases
exponentially with barrier energy relative to thermal energy.

T = Toexp (,%)

K is an effective anisotropy energy density and V is magnetic volume. The
model assumes a suitable reversal mechanism and weak enough interactions
for the approximation. Shape, surface effects, and particle interactions can
matter.

The blocking temperature depends on measurement time: a moment appears
blocked when reversal is slow relative to observation. Above that temperature,
the same particle can show a superparamagnetic response. Blocking is
therefore not a universal intrinsic transition temperature independent of
experiment. Research example [4] compares magnetic nanoparticle behavior
through multiple measurements.

Worked timescale

With to = 10° s and an observation time of 100 s, blocking occurs near KV/(kBT) =
In(10*) = 25.3 in the simple model. Changing observation time changes the
threshold.
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Practice and answers: coupled
responses

1. A material has large heat capacity but small conductivity. Explain why it can
store heat while transporting it slowly.

2. Calculate photon energy at 400 nm. 3. A free 1.0 m bar has o« = 10 x 10-5
K-* and is heated by 80 K. Find its expansion. 4. A transparent medium of
index 1.50 faces air of index 1.00. Find the critical angle.

5. Why does a magnetic nanoparticle not have one measurement-independent
blocking temperature? 6. Which quantities have units A m~! and which have
tesla: B, H, M?

Worked answers

1. Capacity describes energy required for a temperature change. Conductivity
describes flux driven by a spatial temperature gradient. Distinct carrier and
scattering mechanisms control them.

2. E = 1240/400 = 3.10 eV.

3.AL =10 x 105 x 1.0 x 80 = 0.00080 m = 0.80 mm, assuming constant
coefficient and free expansion.

4.0 c =sin"(1/1.50) = 41.8°, measured from the normal. Incidence must be
from inside the higher-index material.

5. Blocking compares a thermally activated relaxation time with the
instrument's observation time. The observation time is part of the criterion.

6. H and M use A m~!; B uses tesla. A relation that adds B directly to H without
the required conversion is dimensionally wrong.

Sources: [1], Chapters 19-21; [4] for time-dependent nanoparticle magnetism.
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Reflection and coatings require an
optical model

For normal incidence between two transparent, nonmagnetic media with real
refractive indices, the reflected intensity fraction is:

R=(gim )

ny +nq

An air-to-glass interface withn 1 =1 and n 2 = 1.5 reflects about 0.040, or
4%, in this model. Reflection is not absorption. A plate with two interfaces
needs both interfaces and, when relevant, internal reflections.

A quarter-wave antireflection coating

An ideal single coating between incident medium n 0 and substrate n_s can
cancel reflection at one design wavelength under normal incidence if:

— ./ _ Ao
nC— nons, t—4_nc

Forn 0=1,ns=1.5and A 0=550nm,n ¢ =1.225 and t = 112 nm. This
assumes a transparent coating with the required index and a suitable
substrate. Performance changes with wavelength and angle.

Optical questions are also structural questions

Pores, inclusions, and refractive-index changes can scatter light. A transparent
crystal does not automatically remain transparent when made into a porous
polycrystal. Grain orientation can matter in optically anisotropic materials.
Grain boundaries alone do not imply equal scattering in every ceramic.

Competition check
For metals or absorbing media, use the appropriate complex optical constants. The
simple real-index expression is not a universal reflectivity formula.
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Photoexcitation can produce current
or emitted light

Photoconductivity occurs when illumination changes the mobile carrier
population and therefore electrical conduction. Luminescence describes light
emission. Absorption may lead to either, both, or predominantly nonradiative
energy transfer, depending on the material and device.

Stimulated emission and lasing

Spontaneous emission occurs without a triggering photon. Stimulated
emission adds radiation matched to the stimulating optical mode. Laser
operation requires gain sufficient to overcome loss and feedback from a
suitable resonator. A population inversion is required for net gain in the usual
elementary laser model.

The pumping mechanism and relevant energy levels differ among solid-state

and semiconductor lasers. An ordinary two-level equilibrium population does
not supply the usual sustained inversion; real laser systems exploit additional
levels or nonequilibrium carrier injection.

Keep time and length definitions straight

An excited-state lifetime measures temporal decay. An absorption coefficient
describes attenuation with distance. If intensity follows I = I 0 exp(—oax), its
1/e penetration depth is 1/a. An electric-field amplitude attenuation length
differs by a factor of two when intensity is proportional to the squared
amplitude.

A useful explanation

State which process creates the excitation, which process removes it, and which
measurement observes it. A bright material is not automatically an efficient
photoconductor.
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From my Q notebook: small magnets
and timescales

My Q notes include research on superparamagnetism: how a small particle can
contain ordered magnetic moments yet show little remanence in a
measurement. The key distinction is between internal magnetic order and the
time over which the particle's overall moment reverses.

A single-domain particle can have an anisotropy energy barrier roughly
proportional to K uV in a simple model. Thermal fluctuations can reverse its
moment. Whether a measurement sees blocked behavior or an averaged
superparamagnetic response depends on temperature, barrier height,
interactions, and observation time.

N
= oo ()

There is no universal particle diameter below which every material becomes
superparamagnetic. The blocking temperature is not the Curie temperature:
loss of blocked behavior does not by itself mean loss of ferromagnetic or
ferrimagnetic order inside the particle.

Alternating fields introduce another design choice

Conductive magnetic cores can dissipate energy through eddy currents.
Laminations limit circulating current paths, and high-resistivity ferrites can
reduce this loss. Hysteresis loss is distinct and depends on the cyclic magnetic
response.

For an approximately linear isotropic response, M = yHandpr=1+y. A
ferromagnet's nonlinear, history-dependent response generally cannot be
represented by one constant permeability over its entire hysteresis loop.
Internal field also depends on the specimen's demagnetizing geometry.

Lesson to keep

“No measured remanence” is a statement about the measurement and timescale. It
is not proof that atomic moments are absent or that the particle has become an
ordinary nonmagnetic solid.
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Small objects expose a large fraction
of their atoms

For a sphere, surface area scales as r? and volume as r3. Their ratio grows as
radius decreases. This is a geometric reason surfaces become increasingly
important at small size.

Vo 4nr3;3 T

A sphere of radius 10 nm has S/V = 3 x 108 m~!. At radius 100 nm it is 3 x 107
m~!. Reducing radius tenfold increases area per volume tenfold, assuming
separate smooth spheres rather than inaccessible aggregates.

Surface atoms have a different environment from bulk atoms: fewer neighbors,
altered bonding, adsorbates, or reconstruction. Surface chemistry can
therefore influence catalysis, dissolution, oxidation, adhesion, and electronic
behavior. More geometric area does not automatically mean more active area;
sites may be blocked or inaccessible.

Surface contribution grows as size decreases.

O

smaller S/V larger S/V

At fixed shape, surface area per volume varies inversely with size; surface atoms have altered
environments.

Specific surface area is area per mass. For ideal nonporous spheres of density
p, it equals 3/(pr). A porous particle, rough surface, or aggregate can depart
strongly from this expression. Gas-accessible area and liquid-accessible area
may differ.

Learning goals

Distinguish surface energy from surface stress; apply wetting models with their
conditions; connect curvature to pressure and chemical potential; distinguish
thermodynamic stability from kinetic persistence.
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Surface energy and surface stress
describe different changes

Surface free energy measures the free-energy cost associated with creating

area under defined chemical and thermodynamic conditions. A clean crystal

may have different energies for different facets. Adsorption can change both
their magnitude and their ordering.

Surface stress describes the mechanical work associated with stretching an
existing surface. In a liquid, an isotropic surface tension can often serve both
roles. A solid surface's energy can depend on in-plane strain, making the
distinction important.

—v5. 4+ 9

fij - V5U + ]

This schematic form of the Shuttleworth relation uses surface free energy per
area y, surface strain ¢, and a surface-stress tensor f under a consistent
convention. Both have units N m~! or equivalently ] m~2 in their respective

definitions, but equal dimensions do not make the physical quantities identical.

Why nanostructures may change lattice spacing

Surface stresses can influence the interior stress state of a small object. The
sign and magnitude depend on material, surface orientation, adsorbates, and
geometry. A claim that every nanoparticle contracts by the same rule ignores
these dependencies.

A calculation of surface energy must specify the reference state. Creating a
surface in vacuum, exposing it to water, and attaching a ligand layer are
different thermodynamic problems.

Model boundary

The equilibrium shape of a supported or ligand-coated particle can differ from the
clean, free particle. Kinetic growth shapes may differ from either equilibrium
construction.
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Equilibrium crystal shape balances
facet energies

An unconstrained crystal with anisotropic surface free energies can lower its
total surface contribution by exposing low-energy facets. The Wulff
construction describes the minimum-energy shape for a fixed volume under its
assumptions. Planes normal to each facet direction are placed at distances
proportional to that direction's surface free energy; their inner envelope
defines the shape. [5]

hi = Ny;

Here h iis the distance from the chosen center to a candidate facet and A
enforces the volume scale. The relation does not say that a high-energy facet
always occupies more visible area. Many candidate planes do not survive on
the inner envelope.

S ——— hi o« i

Facet planes form an inner envelope.
Illustrative faceted shape and center-to-plane distances, not a Wulff calculation for a specified material.

A nearly isotropic y yields a nearly spherical equilibrium construction. Strong
anisotropy produces facets. Sharp corners in an ideal construction may be
rounded at finite temperature or altered by adsorbates and strain.

Growth shape is a different question

During synthesis, facets can grow at different speeds. Fast-growing facets may
disappear as slower-growing facets remain visible. Ligands can slow growth
on selected surfaces. A final nanorod or platelet can therefore record kinetic
constraints rather than a fully equilibrated Wulff shape.

Explain a shape

Name the facet-dependent quantity: equilibrium free energy or growth rate. Then
specify whether the observation concerns a free crystal, supported crystal,
adsorbate-covered crystal, or evolving synthesis product.
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Contact angle describes a
three-interface balance

A drop meeting a solid creates solid-vapor, solid-liquid, and liquid-vapor
interfaces. Young's relation balances their free-energy contributions for a
smooth, chemically uniform, equilibrium surface in the simple model.

Ysv = YsL + YivCOS By

The contact angle is conventionally measured through the liquid. A smaller
angle indicates stronger spreading under those conditions; it does not
measure an absolute surface energy without additional information.

liquid-vapor

solid-vapor
solid-liquid

Contact angle is measured through the liquid at the three-interface contact line; the sketch is
schematic.

Real drops may show advancing and receding angles. Their difference is

contact-angle hysteresis, often associated with roughness, chemical variation,

or pinning. A single photographed angle can reflect a metastable history
rather than the equilibrium value.

Work of adhesion

For the ideal Young-Dupré situation, the reversible work of adhesion per area

between liquid and solid can be related to the liquid surface tension and
contact angle.

WA = YLV(l + COS ey)

Withy LV =0.072 Nm~! and 6 = 60°, W A = 0.108 ] m~2. This is not
automatically the practical peeling energy of a bonded joint: dissipative
processes and a different interface may dominate that measurement.

Read the geometry
Contact angle is measured from the solid surface into the drop. Mixing it with the
angle measured outside the drop reverses the sign of its cosine.
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Roughness changes apparent wetting

The Wenzel model assumes liquid follows the rough surface and fully wets its
texture. Its roughness factor r fis actual area divided by projected area and is
at least one.

cos Oy = rscos By

The model amplifies the tendency of an already wetting or nonwetting surface.
It is not a license to accept a cosine larger than one; that indicates complete
wetting or a model boundary requiring a different interpretation.

A Cassie-Baxter state can involve liquid resting partly on solid and partly over
trapped vapor. For solid fraction f s and ideal vapor contribution, the apparent
angle satisfies the familiar expression.

cosOcg=fs(cosby+1)—1

Worked comparison

Take 6 Y = 110° and f s = 0.20. The Cassie expression gives cos6 CB =
—0.868, or 8 CB = 150°. This assumes the composite interface persists.
Pressure, impacts, condensation, or pinning can trigger another state.

Rough surfaces may support multiple states separated by energy barriers.
Simulations and experiments therefore examine transitions and history, not
only one equilibrium formula. [6]

Common error

Roughness does not always make a surface more hydrophobic. The result depends on
the initial chemistry, whether liquid fills the texture, and which metastable state is
observed.
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Curvature produces pressure
differences

The Young-Laplace relation connects pressure difference across an interface
with its principal curvatures and surface tension. Signs depend on the chosen
normal. For a spherical liquid drop in vapor, its interior pressure is higher by
2y/r.

— (1 1 _ 2y
Ap - V(R_l + R_2>' Apsphere - T
A soap bubble has two liquid-gas interfaces and, in the thin-film
approximation, Ap = 4y/r. Confusing a drop and a bubble doubles or halves an
answer.

Worked drop

Fory = 0.072 Nm~! and r = 1.0 um, the pressure difference is 1.44 x 105 Pa.
Reducing the radius raises the curvature contribution. At molecular
dimensions, a macroscopic constant-tension model may need correction.

Capillary rise in an ideal cylindrical tube follows from balancing capillary force
with the weight of the raised liquid, with negligible meniscus volume and
suitable equilibrium assumptions.

__2ycos®6
h = ogre

For water-like y and density, r t = 0.50 mm and complete wetting give h = 2.9
cm. A nonwetting meniscus can produce depression instead of rise. The tube
radius r t is different from the drop radius used in the preceding example.
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Curvature also changes chemical
potential

Small convex particles can have a higher chemical potential than otherwise
similar larger ones because of surface contributions. A simple spherical
relation scales the difference with 2yV m/r, where V_m is molar volume.

__2YVn
Au =—;

The Kelvin equation expresses the corresponding effect on equilibrium vapor
pressure for an idealized curved liquid surface. Its exponential contains a
molar energy divided by RT.

p(r)\ _ 2YVm
In (5 ) = a7
A small convex drop has higher equilibrium vapor pressure in this model.
Concave menisci can produce the opposite trend under a consistent curvature
convention. At very small radii, continuum and constant-property assumptions
need scrutiny.

Ostwald ripening

In a distribution of particles exchanging matter through a surrounding phase,
higher chemical potential of smaller particles can favor dissolution and growth
of larger ones. This is Ostwald ripening. It does not require two particles to
physically merge.

Coalescence instead combines contacting particles. Sintering can reduce
surface area through neck formation and mass transport. These mechanisms
can occur together, but their geometries and rate laws differ.

Distinguish the movie

Dissolution and redeposition, physical fusion, and diffusion-driven neck growth can all
increase average size. ldentify evidence for the specific transport path before naming
the mechanism.
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Melting and nucleation have
size-dependent competition

A small particle's melting behavior depends on the surface energies of the
solid, liquid, and their environment. Many free nanoparticles show
melting-point depression, but the direction and magnitude are not universal
across coatings, supports, and confinement conditions.

Nucleation combines a favorable bulk free-energy change with an unfavorable
new interface. For a spherical embryo, the volume term scales as r® and the
surface term as r2. Their competition creates a critical radius in the simplest
homogeneous model.

AG(r) = 4nr?y + 5nr3Ag,

r* = —Az_;v (Ag, < 0)

critical radius

:/.§

Free-energy change

Embryo radius (relative)

A positive interface term and negative bulk term produce a barrier in the spherical-nucleus model.

An embryo smaller than r* tends to shrink under this thermodynamic model;
one larger than r* can lower free energy by growing. A positive nucleation
barrier can make a favorable phase kinetically slow to form.

Heterogeneous nucleation at a wall or defect can reduce the barrier through
geometry and interfacial-energy balance. It does not eliminate every barrier or
guarantee immediate transformation.

Stability versus persistence

A particle stable against decomposition may still coarsen. A phase above an
equilibrium free-energy envelope may persist because atomic rearrangement
is slow. Always specify the process being tested: decomposition, melting,
dissolution, coarsening, or mechanical failure.
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Practice and answers: interfaces

1. Compare S/V for spheres of radii 5 and 50 nm. 2. A drop has y = 0.050 N
m~! and r = 2.0 pym. Find the Laplace pressure. 3. Young angle is 60° and
Wenzel roughness factor is 1.5. Find the model's apparent angle.

4. Explain why a measured 150° angle need not establish a unique stable
wetting state. 5. Distinguish Ostwald ripening from coalescence. 6. If y is
doubled while |Ag v| stays fixed, how does critical radius change?

Worked answers

1.6 X 108 and 6 x 10" m~*. The smaller spheres expose ten times more area
per volume.

2. 2y/r = 5.0 x 10* Pa for a single spherical interface.

3.cos0 W=1.5x%x0.5=0.75,s00 W = 41.4°, assuming full wetting of the
texture and applicability of the model.

4. Pinning and energy barriers allow history-dependent states.
Advancing/receding measurements and pressure or stability tests provide
further evidence.

5. Ripening transfers matter through the surrounding phase; coalescence joins
contacting objects. Both can reduce total interfacial area.

6. It doubles, because r* = 2y/|Ag v|. The barrier also changes, but its scaling
is a separate calculation.

Sources: [1] for interfacial and nucleation foundations; [5]-[6] for Wulff
construction and wetting-state research.
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Surface tension: follow the force and
the energy

My surface-chemistry notes approach surface tension in two ways: as a force
per length and as an energy per area. The two descriptions fit together
because N/m and J/m? have the same dimensions. For a simple equilibrium
liquid interface, the reversible work of increasing area is y dA under the
appropriate fixed conditions.

A liquid film has two faces

Imagine a film held in a wire frame with a movable edge of length 1. Moving
the edge by dx increases the combined area of the two faces by 21 dx. If both
faces have the same uniform surface tension, the resisting force is 2yl.

F=2vl, dA = 2/ dx, dW =vydA

For y =0.030 N/mand 1 = 0.040 m, F = 2.4 x 10™—=3 N. A single liquid
interface would not have the same factor of two.

Where does the force act?

The surface-tension traction across an imaginary cut is tangent to the
interface and perpendicular to the cut's boundary. The interface does not need
a physical wire around every part of it for surface tension to exist. Curvature
lets those tangential forces produce a net normal pressure effect.

A picture to keep

Draw the boundary first, then draw a force tangent to the liquid surface and
perpendicular to that boundary. This helps separate the interfacial force from the
pressure jump caused by curvature.

A liquid surface is sometimes compared with an elastic skin. Use that image

for its tendency to contract, but remember that a liquid interface is not an
ordinary solid membrane with a fixed elastic reference shape.
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Measure wetting with a force balance

My surface notes include the Wilhelmy plate and capillary-rise methods. Both
connect an interfacial force to a geometry, and both require attention to the
contact angle.

Wilhelmy plate

For a thin vertical rectangular plate, the wetted perimeter is P = 2(w + t),
where w is width and t is thickness. The capillary contribution to the vertical
force is:

Fcap = YPcos 6

A balance also responds to the plate's weight and buoyancy. Subtract the
appropriate baseline and correct for immersion before interpreting the
measured change as capillary force. The method determines y cos6 unless 0 is
independently known or complete wetting is justified.

For P = 0.040 m, y = 0.050 N/m, and 6 = 60°, the capillary force is 1.0 mN.
Assuming 0 = 0° instead would give an inferred y of 0.025 N/m, half the
stipulated value.

Circular capillary

For a narrow round tube in the small-meniscus-volume approximation, balance
the vertical perimeter force against the weight of the raised liquid column.

2nrycos 6 = Ap gnir’h

__2ycos®6
h= Apgr
Take y = 0.072 N/m, 6 = 0°, Ap = 1000 kg/m?3, r = 0.50 mm, and g = 9.81 m/s2.
The predicted rise is 0.0294 m, or 2.94 cm. A negative cosine predicts
depression rather than rise under the same sign convention.

Measurement check

Record the tube radius rather than its diameter. Keep the surface clean, specify
temperature, and check whether the quoted contact angle is advancing, receding, or
an equilibrium estimate.
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Curvature: a round tube is not a flat
slit

A sketch of the meniscus helps decide which radii belong in the Young-Laplace
equation. The two principal radii describe curvature in mutually perpendicular
directions on the local surface; they are not automatically the dimensions of
the container.

— 1 1
Bp =Yz +7;)
A spherical droplet has R 1 = R 2 = R and a pressure jump of 2y/R. A long
cylindrical interface has one finite principal radius and one infinite principal

radius, giving y/R. A circular capillary meniscus approximated as a spherical
cap has two equal radii, not one infinite radius.

Circular tube versus parallel plates

For a circular tube of radius r and spherical-cap approximation, the meniscus
curvature magnitude uses R = r/cos6. A narrow slit between wide parallel
plates separated by b instead has one approximately flat principal direction
and a cross-gap radius b/(2cos0).

2y|cos 6 2y|cos 6
|Ap|tube =¥: |Ap|slit=%

These expressions give magnitudes; define which side's pressure is subtracted
before attaching a sign. Gravity changes pressure with height, so a large drop
or meniscus need not maintain uniform curvature.

Compare gravity with surface tension

The capillary length supplies a length scale, and the Bond number supplies a
dimensionless comparison.

_ % _ Dpgl?
C™ V DMog '’ Bo= Y

Bo much smaller than one indicates weak gravitational distortion at scale L. A
dimensional “capillary constant” cannot be compared with the bare number
one without specifying units and a comparison scale.
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Contact angles can change without
changing the liquid

A contact angle reflects all three interfaces. It is tempting to explain wetting
from liquid surface tension alone, but the solid-liquid and solid-vapor energies
matter too.

Surface chemistry and patterns

A self-assembled monolayer can change the chemical groups exposed at a
surface. Patterning regions with different chemistry can help position droplets
or guide liquid in a microfluidic device. The outcome also depends on
geometry, contact-line pinning, and the liquid's composition.

Adsorption can change the solid-vapor surface free energy. If y SV~0
describes a chosen clean reference and y SV~ eq describes the equilibrated
adsorbed surface, an equilibrium film pressure can be defined by their
difference.

e
Me = Yoy — Vsv
Use the equilibrated interfacial energy in Young's balance when that is the

model being considered. Do not subtract a film-pressure correction again if the
quoted y SV already includes adsorption.

Advancing and receding angles

A contact line may remain pinned while a droplet changes shape. The
advancing angle marks the condition for moving into a previously unwetted
region; the receding angle describes withdrawal. They often differ because of
roughness, chemical variation, and other barriers.

A better measurement description

Instead of reporting only “the angle,” record the liquid, substrate treatment,
temperature, measurement method, and whether the result is advancing or receding.
A high apparent angle does not automatically mean a droplet slides easily.

In the tilted-plate method, a locally horizontal meniscus gives a convenient

reference for measuring the angle. A droplet tilted until it moves is a different
setup and can reveal advancing and receding behavior at its front and back.
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Adhesion, cohesion, and spreading
answer different questions

Cohesion concerns separating like material; adhesion concerns separating an
interface between different phases. Reversible separation work is an energy
per area. It should not be confused with the total energy dissipated in an
actual peel, scratch, or fracture test.

We=2vyLv, W3 =Ysv+ Yiv— Vst

For partial wetting under Young's assumptions, Young-Dupre gives W a =
y LV(1 + cosB). Spreading a liquid replaces a solid-vapor area with solid-liquid
and liquid-vapor interfaces.

S=Ysy—Vs.—Yiv=Wy— W,

Positive S favors complete spreading in this ideal comparison. The sign is
important: spreading is favored when the adhesion work exceeds the cohesion
work, not when the inequality is reversed. For an actual finite Young angle, S
=y LV(cosO — 1), which is nonpositive.

Free energy is not the same as released heat

If Ag =y SL — y SV is the interfacial free-energy change per area for a
consistently defined immersion process, its enthalpy change is:

— _ 1(%A9
Ah=0g-T(57)
Surface energies and the contact angle can depend on temperature. Even if an
ideal angle stays zero, the liquid surface tension can change with temperature;
the derivative term does not automatically vanish. Actual immersion
calorimetry may also include adsorption and other processes.

Keep the quantities separate

Thermodynamic work of adhesion, measured fracture energy, contact angle, and
immersion enthalpy are related through models. They are not interchangeable labels
for one measurement.
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Dimensionality is defined by available
motion

A structure can be geometrically thin without producing strong quantum
confinement. Confinement matters when a dimension becomes comparable to
relevant carrier wavelengths or bound-state lengths and the confining
potential restricts motion. Thermal energy and disorder can obscure the
discrete structure.

A quantum well confines motion in one direction while allowing motion in two.
A wire confines two directions and allows motion along one. A dot confines
three. The labels 2D, 1D, and 0D describe the remaining extended motion in
this electronic model; they do not mean a dot has literally zero spatial volume.

System Confined Extended Ideal spectral signature
directions directions

Bulk 0 3 Continuous bands with 3D density of states

Well 1 2 Subbands and step-like DOS

Wire 2 1 Subband-edge singularities

Dot 3 0 Discrete levels broadened by real conditions
Well —\Wire —DPot—

1 confined direction 2 confined directions 3 confined directions

Confinement produces subbands or discrete levels; the remaining extended motion defines the
dimensional label.

The boundary can be physical, as in a heterostructure barrier, or electrostatic,
as in a gate-defined device. A nanoparticle with many interacting atoms can
still require a complex electronic model rather than one free electron in a box.

Learning goals

Connect length to quantization; distinguish density of states from occupation;
distinguish diffusive, ballistic, and coherent transport; explain plasmons and charging
through their mechanisms.
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A box provides a controlled scaling
argument

An ideal particle of effective mass m* confined by infinite barriers in a
one-dimensional region of length L has standing-wave states. Its energy levels
grow with the square of the integer quantum number and shrink with the
square of length.

_ n?m?h? —
n_m, n_1,2,3,---
The infinite barrier is a model assumption. Finite barriers allow wavefunction
penetration and alter the energies. Effective mass approximates the curvature
of an appropriate band; it can depend on direction and energy.

Worked scale

Using electron mass and L. = 10 nm gives E1 = 3.76 meV. For L = 5 nm the
energy is four times larger, about 15.0 meV. An effective mass 0.10 times the
electron mass increases these values tenfold within the model.

At room temperature kBT is about 25.9 meV. Comparing level separations with
this energy provides one check on whether thermal occupation blurs a
proposed discrete effect. Broadening from coupling or disorder is another
check.

The energy zero is chosen at the bottom of the box potential. This E: is not
automatically a semiconductor band gap, a molecular excitation energy, or the
wavelength of light emitted by an actual particle.

Useful habit
First derive the proportionality E « 1/(m*L2). Then insert numbers. A fourfold change
on halving length is easier to recognize than a long calculator output.
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Density of states counts possibilities,
not occupants

The density of states g(E) counts available states per energy interval, with
normalization specified per volume, area, length, or object. Occupation also
depends on distribution statistics and chemical potential. A large DOS does
not mean every state is filled.

For a single parabolic band with an isotropic effective mass, the ideal
dimensional trends follow from counting wavevectors. Let EC be a subband or
band edge.

g3D(E) xVE—Ec

g2p(E) « constant, g1p(E) « %

VE—E.

The 2D constant applies within each occupied subband, producing steps as
additional subbands open. A 1D edge has an ideal singularity; real
temperature, disorder, interactions, and finite lifetimes broaden it. A 0D
system has discrete levels, often represented by peaks rather than a bulk
continuum.

3D 2D subband 1D subband

DOS

E — edge E — edge E — edge

Ideal parabolic-band DOS shapes; actual edge features are broadened and occupation must be supplied
separately.

A van Hove singularity originates from stationary features of a dispersion
relation and the resulting wavevector-to-energy mapping. It is not unique to
carbon nanotubes, and its shape depends on dimensionality and band
structure.

Avoid a shortcut

Quantum dots do not possess a smooth constant DOS in the ideal isolated-dot model.
Nor does every thin film show the clean textbook staircase: thickness uniformity,
band structure, and broadening matter.
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Bands arise from waves in a periodic
potential

In a perfect periodic potential, electronic eigenstates can be written as Bloch
waves: a plane-wave phase factor multiplied by a lattice-periodic function. This
structure allows electronic bands indexed by wavevector.

Wnk(r) = e® Tup(r)

The periodic factor has the lattice periodicity. A band gap is an interval
without allowed states for the relevant band model; it is not an ordinary empty
pore between atoms.

Disorder, defects, finite surfaces, and interactions complicate this ideal
picture. Some perturbations can be treated as scattering between Bloch
states; stronger disorder can localize states. A periodic crystal is a starting
model, not proof that all electrons move without resistance.

Phonon dispersion and group velocity

Lattice vibrations also have wavevector-dependent frequencies. Acoustic
branches approach zero frequency as wavevector approaches zero in an
ordinary unpinned crystal. Optical branches in multi-atom bases involve

different relative motions and need not all be optically active.

— dw
Vg = K
Group velocity is the slope of dispersion, not simply frequency divided by

wavevector in every case. Flat branches have small group velocity, but may

still contribute to stored thermal energy.

Vibrational entropy depends on occupation and mode frequencies. A change in
phonon spectrum can change phase stability or heat capacity. Counting atoms
alone cannot tell the full thermal response without the force constants and
accessible modes.
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Ballistic and diffusive transport
compare lengths

Diffusive transport involves many scattering events over a device length.
Ballistic transport refers to carriers traversing the relevant region with few
momentum-randomizing events. Compare device length with mean free path
rather than assuming every nanoscale object is ballistic.

Phase coherence concerns preservation of quantum phase relationships and
has its own characteristic length. A carrier may remain phase coherent while
being elastically scattered. Ballistic and coherent are related ideas but not
interchangeable definitions.

A two-terminal coherent conductor can be described by transmission
probabilities between reservoirs. At low temperature and small bias, with spin
degeneracy included, the Landauer expression gives conductance.

G= %ZTH

Each T n lies between zero and one for an ordinary transmission channel. The
conductance quantum 2e?/h is about 77.5 uS. Perfect transmission through
one spin-degenerate channel corresponds to resistance h/(2e2?) = 12.9 kQ in
this two-terminal framework.

Contact and reservoir effects remain important even when the channel itself is
ballistic. A 2016 transport study [7] examines assumptions linking reservoir
relaxation and the steady-state Landauer description; the elementary formula
should be applied within its relevant regime.

Worked channels

Three channels with transmissions 1.0, 0.8, and 0.2 give a sum of 2.0. Conductance is
about 155 uS and reciprocal resistance is about 6.45 kQ. Counting three channels as
perfectly transmitting would overestimate conductance.
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Charging energy can block
single-electron transport

Adding an electron to a small isolated conductor changes its electrostatic
energy. In a simple capacitance model, the charging-energy scale grows as
capacitance falls.

2
_ €

For C = 1.0 aF, E C = 0.080 eV. This exceeds room-temperature kBT by a
factor of roughly three. That comparison alone does not guarantee a clean
Coulomb-blockade device: tunnel barriers, offset charge, level spacing, and
coupling also matter.

Coulomb blockade suppresses low-bias transport when adding charge costs
energy that available thermal or electrical energy cannot readily supply. Gate
voltage can change the energetic conditions and produce conductance peaks.
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Bias (relative scale)

Schematic low-bias suppression from charging energy, with additional device conditions required.

A dot's capacitance describes its electrostatic coupling to its environment. It is
not simply its geometric volume. Nearby electrodes, dielectric surroundings,
and screening change the energy scale.

Quantum Hall response

A two-dimensional electron system in strong perpendicular magnetic field can
show quantized Hall conductance associated with Landau levels. The integer
effect is not the same as the small-field single-carrier Hall coefficient used in
Chapter 10. The relevant field, temperature, disorder, and geometry must be
stated before using an integer plateau formula.

Two scales

Single-particle level spacing and charging energy both grow important in small
structures. They represent different mechanisms and should not be combined as if
they were the same term.

MATERIALS SCIENCE HANDBOOK 122



CHAPTER 13 / QUANTUM STATES AND NANOSCALE TRANSPORT

Plasmons are collective charge
oscillations

A plasmon is a collective electronic charge oscillation. In a simple
free-electron model, the bulk plasma frequency depends on carrier density and
effective mass.

ne?

¥
Eom
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Actual optical response includes bound-electron contributions, damping, and
frequency-dependent dielectric functions. Noble-metal nanoparticle spectra
are not described completely by this single bulk frequency.

A localized surface plasmon resonance is associated with finite metal
structures. Its frequency and linewidth depend on size, shape, environment,
losses, and particle coupling. A propagating surface plasmon polariton is a
coupled electromagnetic-charge mode along an interface. LSPR and
propagating SPR are therefore distinct geometries.

v

_ ¥ collective charge
oscillation

&
<

Localized polarization of a small metal particle; resonance depends on geometry, environment, and
losses.

For a small isolated sphere in a uniform dielectric environment, a quasistatic
model predicts resonance near Re(e m) = —2e& d when damping is moderate.
This is a model condition, not a universal peak formula for rods, shells, large
particles, or strongly coupled aggregates.

At sufficiently small length scales, nonlocal response, electron spill-out, and
tunneling between close particles can challenge a purely local classical model.
At larger size, retardation and multipolar modes become important.

Interpret color carefully

A spectral shift can arise from shape, aggregation, surrounding refractive index, or
composition. Size is one variable among several. Never infer a unique diameter from
an unspecified photograph alone.
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Practice and answers: quantum
models

1. A box length is reduced from 8 to 4 nm with the same mass. How does E1
change? 2. Why is DOS different from carrier density? 3. Two channels have T
= 0.50 and 0.25. Calculate low-temperature spin-degenerate conductance.

4. Compute E C for C = 2.0 aF. 5. Distinguish ballistic and coherent transport.
6. Give two reasons an LSPR shift is not unique proof of particle-size change.
Worked answers

1. It increases fourfold because E1 « L.=2.

2. DOS counts available states per energy interval under a specified
normalization. Carrier density integrates occupied states, requiring an
occupation distribution and chemical potential.

3.G =77.5puS x 0.75 = 58.1 pS. Its reciprocal is about 17.2 kQ in this simple
two-terminal model.

4. E C = e?/(2C) = 0.040 eV. Halving capacitance would double this energy.

5. Ballistic refers to little momentum-randomizing scattering over the device;
coherent refers to maintained phase relationships. Their characteristic lengths
differ.

6. Changed dielectric surroundings and changed interparticle coupling can
both shift resonance. Shape changes and compositional changes provide
additional possibilities.

Sources: [1], electronic and optical foundations; [7] for transmission-model
scope.
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A quantum dot is a confinement
system

A semiconductor quantum dot is a structure in which carriers can be confined
in three spatial directions. Its properties depend on composition, size, shape,
crystal phase, interface potential, and surface chemistry. Calling an object a
nanoparticle establishes its size class; calling it a quantum dot makes a
stronger statement about its electronic behavior.

An exciton is a bound electron-hole pair. The electron and hole attract through
screened Coulomb interaction. Their effective masses and the material's
dielectric response influence the spatial scale of the bound state.
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This hydrogen-like expression uses a reduced mass 1 and a suitable dielectric
constant. It is an approximation appropriate to certain Wannier-type excitons,
not a universal molecular-exciton radius.

Strong confinement is often discussed when the particle dimension is small
compared with relevant excitonic lengths. The exact classification depends on
electron and hole lengths and the model. A dot of one composition can be
strongly confined at a size where another material is not.

Learning goals

Use confinement scaling without treating it as an exact size ruler; distinguish
core/shell band alignments; connect lifetime and quantum yield; identify evidence
needed for a carbon-dot claim.
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Confinement competes with attraction

An effective-mass spherical-dot model estimates how an optical transition
differs from the bulk gap. A commonly used Brus-type expression combines a
positive kinetic confinement term with a negative electron-hole attraction
term. Additional polarization, finite-barrier, and band-structure effects may be
needed. [3]

E(R)zEg,bu|k+ﬁ< L+2 )— Lge”

2RZ \m; ~ mj 4neoe R

The confinement contribution scales as R~2; the attraction contribution as
—R~!. Smaller dots often show larger transition energies within the range
where the model applies. This shifts absorption or emission toward shorter
wavelengths relative to the otherwise comparable larger dots.

2.5 -

2.0 -

15 - 1 1 1 1 I
2 3 4 5 6 7 8
Radius (nm; model example)

Transition energy (eV)

Illustrative confinement-plus-attraction trend for the declared model parameters in this chapter, not
measured data.

The expression treats a simplified spherical geometry and effective masses. It
does not automatically account for atomically small clusters, trap emission,
broad distributions, or every coated structure. Its derivation should guide
qualitative reasoning rather than encourage an exact diameter assignment
from one emission peak.

Radius convention
R is radius. Substituting a measured diameter doubles the length and reduces the
kinetic term fourfold. Check the geometry label before calculating.
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Worked confinement estimate

Consider an invented model material with bulk gap 1.50 eV, electron effective
mass 0.10mo, hole effective mass 0.50mo, relative permittivity 10, and
spherical radius 3.0 nm. This is an illustrative calculation, not a measured
specimen.

The convenient constant n?h2%/(2mo) is approximately 0.376 eV nm?. The
inverse relative masses sum to 10 + 2 = 12.

AEyin = 2215712 = 0.501 eV

Using e?/(4neo) = 1.440 eV nm gives an attraction term of magnitude 1.8 x
1.440/(10 x 3.0) = 0.0864 eV.

E(R)=1.50 +0.501 — 0.0864 =1.91 eV

The corresponding photon wavelength is about 1240/1.91 = 648 nm. The
answer represents this approximate transition model. Measured emission can
occur after relaxation and can involve states not described by this estimate.

Check the trend

At R = 6.0 nm, the kinetic term falls fourfold to 0.125 eV and attraction
magnitude halves to 0.0432 eV. The estimate becomes 1.58 eV. This
comparison isolates size by holding every other parameter fixed.

Do not overfit

Different size, effective mass, dielectric response, or trap pathways can influence
spectra. A good model calculation declares those quantities instead of hiding them
inside an unexplained fitted diameter.
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Core/shell structures control carrier
locations

A shell can protect a core from chemical attack, reduce certain surface traps,
and alter carrier confinement. Its effect depends on band alignment, interface
quality, thickness, strain, and lattice mismatch. A shell is not automatically a
perfectly inert barrier.

In an ideal type-I alignment, both electron and hole energetically favor the
same region, commonly the core. In type-II alignment, electron and hole favor
different regions. Quasi-type-II describes situations where one carrier is
strongly localized while the other is more delocalized.

Type | Type ll

>
2 I
—
(7]
c
i ﬂ U
I I I 1 I I
shell core shell  shell core shell

Schematic core/shell offsets: type | favors both carriers in the core; this type-Il example favors electron
in core and hole in shell.

The words normal or inverted are used differently across some material
systems. State the actual conduction- and valence-band offsets and the favored
carrier regions rather than relying on an isolated label.

Spatial separation can reduce electron-hole overlap and alter radiative rate. It
may aid charge separation for some applications, yet can reduce brightness
under other conditions. Strain and confinement can modify the simple
bulk-offset picture.

Design variable Possible benefit Possible limitation
Passivating shell Fewer accessible trap pathways Imperfect interfaces or strain defects
Thicker barrier Better environmental protection Reduced transport or altered

confinement
Separated carriers Longer-lived separated charge Reduced radiative overlap

Ligand coverage Colloidal stability and surface Insulating transport barrier or
control exchange sensitivity

Sketch before naming

Draw conduction and valence edges for core and shell, then locate the electron and
hole. Remember that a hole favors the energetically appropriate valence-band
location; do not treat it as an electron in the conduction band.
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Quantum yield and lifetime answer
different questions

A simple excited population decays through radiative and nonradiative rates. If
each pathway is first order and rates remain constant, the total population
lifetime is reciprocal total rate. Photoluminescence quantum yield is the
fraction of decay events producing the counted radiative emission.

— 1 —_ _ kr
T_kr+knr' (D_kr+kn,
A long lifetime does not guarantee high quantum yield. It can reflect a small
radiative rate. A short lifetime can accompany efficient emission if the
radiative rate is large.

Worked rates

For Tt = 20 ns and ® = 0.80, total rate is 5.0 x 107 s~*. The radiative rate is ®/t
= 4.0 X 107 s%; the nonradiative rate is (1 — ®)/t = 1.0 x 107 s~*. Radiative
lifetime alone would be 25 ns.

Surface traps can supply nonradiative pathways. Trap-assisted recombination
is often described through Shockley-Read-Hall frameworks in suitable
semiconductor systems. Auger recombination transfers energy to another
carrier rather than emitting a photon and can become important for
multicarrier populations.

[
1

Excited population

o
1

2 3 4 5
Time / lifetime

o
=

Single-population exponential decay illustrates the sum of radiative and nonradiative rates.

Actual dot ensembles may show multiexponential behavior due to
heterogeneity or multiple states. Applying the single-rate formulas to a fitted
average lifetime requires care about the averaging and the experiment.
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Blinking, spectral shifts, and ensemble
broadening

Single emitters may switch between bright and dark or dim states. Charging,
trapping, and changes in recombination pathways contribute to blinking in
many systems. There is no single universal mechanism that fits every dot
composition and surface condition.

An electric field can shift transition energies through the quantum-confined
Stark effect. Carrier separation can change overlap and lifetime. The shift
depends on geometry, field, and electronic structure, not only on particle
radius.

An ensemble spectrum combines many emitters. A distribution of sizes,
shapes, compositions, or environments broadens it. Individual line broadening
and instrumental response also contribute.

Observation Candidate explanation Useful additional evidence

Red-shifted Larger effective Size distribution and absorption changes

emission confinement length

Longer lifetime Reduced radiative overlap Quantum yield and band alignment

Lower brightness More nonradiative decay Absorbance-normalized yield and
lifetimes

Broad peak Ensemble heterogeneity Single-particle or fractionated
measurements

Time-dependent Blinking or chemistry Single-emitter traces and environmental

intensity controls

Changing concentration can change apparent brightness through absorption
of excitation light, reabsorption, aggregation, or optical geometry. Do not
compare raw fluorescence counts as if they were intrinsic quantum yields.

Experimental habit

Preserve excitation wavelength, detector settings, optical geometry, concentration
convention, and absorbance range when comparing emission. Record which variables
were intentionally changed.
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Carbon dots require evidence beyond
fluorescence

Carbon-dot samples can contain carbonaceous nanoparticles,
surface-associated emitters, molecular fluorophores, and mixtures whose
relative contributions depend on synthesis and purification. A fluorescent
solution alone does not prove that semiconductor-like quantum confinement
causes its emission.

A formation study using combined spectroscopic approaches [14] illustrates
why molecular chemistry and particle formation must be examined together.
The study is a case example, not a universal description of all carbon-dot
preparations.

Useful evidence includes separated fractions, chemical analysis, morphology,
size distributions, and optical changes after purification. Drying residues for
microscopy can create structures that do not represent the liquid's dispersed
emitters. Particle images and fluorescence spectra must be connected
carefully.

Distinguish mechanisms

Core electronic states, surface states, and molecular emitters can coexist.
Excitation-dependent emission may reflect heterogeneity rather than one
smoothly tunable band gap. A pH-dependent peak or intensity can arise from
protonation, aggregation, or changing molecular states.

Claim ladder

Observation: the sample fluoresces. Stronger claim: fluorescent species are
associated with a nanoparticle fraction. Still stronger claim: a specific electronic
mechanism explains that fraction's emission. Each step requires new evidence.

A responsibly written laboratory report states what was measured and which
interpretations remain alternatives. It should not invent nanocrystal
dimensions from fluorescence color alone or claim microscopy that was never
performed.
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Practice and answers: dots

1. In the box-like confinement term, what happens if radius doubles? 2. In a
type-II structure, are electron and hole necessarily both in the core? 3. A
simple emitter has T = 10 ns and ® = 0.30. Find k r and k nr.

4. Why can a long-lived emitter be dim? 5. A solution becomes brighter after
neutralization. Give two explanations that do not require particle-size change.
6. Why is diameter not interchangeable with radius in the spherical
confinement expression?

Worked answers

1. The kinetic contribution falls to one quarter. The Coulomb magnitude falls
to one half; these different scalings should remain separate.

2. No. Type-II alignment favors different carrier regions in the idealized
picture. Draw the actual offsets to identify those regions.

3. Total rate is 1.0 x 108 s~1. Radiative rate is 3.0 x 107 s~%; nonradiative rate
is 7.0 x 107 s~* under the one-population model.

4. Radiative decay may itself be slow. Yield depends on the competition of
rates, while lifetime depends on their sum.

5. Protonation changes could alter an emitter; aggregation or optical
absorption could change. A molecular fluorescent species is another
candidate. Controlled spectra, absorbance, and fractionation help distinguish
them.

6. Diameter is twice radius. Using it as R produces a fourfold error in the R~2
term and a twofold error in the R~! term.

Sources: [3] for the effective-mass confinement model; [14] for carbon-dot
formation evidence; [1] for semiconductor foundations.

MATERIALS SCIENCE HANDBOOK 132



CHAPTER 15 / CARBON AND OTHER LOW-DIMENSIONAL MATERIALS

Bonding makes carbon structurally
versatile

Carbon forms several networks because its bonding can support different local
arrangements. Diamond has a three-dimensional tetrahedral network.
Graphite has strongly bonded hexagonal sheets with much weaker interlayer
interactions. Graphene is an individual sheet in the corresponding ideal
description.

The labels sp? and sp® are useful bonding models for these arrangements. They
summarize local hybridization rather than giving a complete electronic or
mechanical description of every defective or curved structure.

Graphitic carbon is highly anisotropic. Its in-plane and through-thickness
transport and mechanical responses differ. A powder of randomly oriented
flakes need not exhibit the response of a pristine individual sheet.

layered network three-dimensional bonding

NS

Cartoon comparison of layered and three-dimensional networks; it is not an atomically complete lattice
projection.

Amorphous carbon can contain mixed bonding environments. Its properties
depend on the sp?/sp? distribution, hydrogen, density, and structural
organization. Calling all black carbon powders graphene ignores these
distinctions.

Learning goals

Connect topology to curved carbon structures; use nanotube indices and their limits;
distinguish ideal-sheet measurements from composite performance; compare
low-dimensional families without assigning carbon properties to all of them.
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Fullerenes curve a network through
topology

A fullerene is a closed carbon cage built from a network of bonded atoms. Ceo
has a familiar truncated-icosahedral arrangement of pentagons and hexagons,
but the fullerene family includes other sizes and shapes.

For a closed, three-connected cage made only of pentagons and hexagons with
spherical topology, Euler's relation requires twelve pentagons. The result
follows from counting vertices, edges, and faces; it is not a rule that every
nanoscale cage has twelve identical defects.

V-E+F=2, 3V=2E,  5P+6H=2F
P=12

Open structures, different ring sizes, altered connectivity, or different
topology change the counting. Boron nitride cages, for example, need not obey
every structural detail of carbon fullerene chemistry; heteroatom bonding
imposes additional constraints.

Gaussian curvature is the product of the two principal curvatures.

Ks = k1k2

A sphere has positive Gaussian curvature, a saddle negative curvature, and an
ideal cylinder zero Gaussian curvature despite being bent in one direction. The
sum ki1 + k2 relates to mean curvature, not Gaussian curvature.

Geometry check
Curvature is local geometry. Ring topology and elastic strain connect to it, but a
drawing of a curved sheet does not by itself identify a specific chemical cage.
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Nanotube indices specify a wrapping
direction

An ideal single-walled carbon nanotube can be described by rolling a graphene
sheet along its chiral vector. The pair of integers (n,m) selects a vector in the
sheet lattice.

C,r=na; + ma

d=%\/n2+nm+m2

Here a_g is graphene's lattice-vector length, approximately 0.246 nm in the
common convention, not the carbon-carbon bond length of about 0.142 nm.
The V3 relation between them is an important convention check.

Armchair tubes have n = m; zigzag tubes have m = 0. Other pairs describe
chiral tubes. For the usual 0 = m = n convention, the chiral angle can be
written as follows.

— 3m
tan® = 5575

Worked tube

For a (10,10) tube, the square-root term is v300 = 17.32. Diameter is 0.246 X
17.32/m = 1.36 nm. Its ideal chiral angle is 30°. For (10,0), diameter is about
0.783 nm and the angle is 0°.

wrapping vector
sets (n, m)

diameter d

Cylindrical geometry and diameter; electronic classification additionally depends on the chiral indices.

Real tubes can contain defects, bundles, strain, adsorbates, or multiple walls.
The ideal wrapping description gives a starting structure rather than a
complete specimen characterization.
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Nanotube electronic and Raman
signhatures

In the simplest zone-folding classification, an ideal nanotube is metallic when n
— m is a multiple of three and semiconducting otherwise. Curvature and other
effects can open small gaps in some nominally metallic non-armchair tubes.
Ideal armchair tubes retain the special metallic classification within the
appropriate model.

One-dimensional subbands give characteristic density-of-states features.
Optical transitions depend on allowed transitions, excitonic effects, and
environment. A tube's electronic response is not fixed by diameter alone.

Raman spectroscopy can probe graphitic networks. A radial breathing mode
involves collective expansion and contraction of a tube's circumference. Its
frequency is often represented approximately as A/d + B, with coefficients
depending on environment and calibration. Reference [11] uses resonant
Raman evidence to determine nanotube structural assignments.

~A
(A)RBM~H+B

The G feature is associated with graphitic bond vibrations. A D feature is
activated through defect-related scattering processes in suitable graphitic
systems. Its interpretation depends on excitation energy, structure, and
disorder regime. A larger D/G ratio is not a universal linear count of every
defect across all carbon forms.

Worked classification

(12,3) gives n — m = 9 and is nominally metallic in the simplest rule. (11,3) gives 8
and is semiconducting in that rule. State the approximation rather than promising a
measured zero gap in every actual tube.

MATERIALS SCIENCE HANDBOOK 136



CHAPTER 15 / CARBON AND OTHER LOW-DIMENSIONAL MATERIALS

Graphene's exceptional sheet
properties need conventions

Ideal graphene has a hexagonal carbon network and low-energy electronic
dispersion often described by Dirac-like bands near particular wavevectors.
Defects, doping, strain, substrate interactions, and patterning modify the
response.

A landmark membrane measurement [15] reported a two-dimensional elastic
stiffness of about 340 N m~! and intrinsic strength around 42 N m~1.
Converting these to three-dimensional units uses an assumed thickness; the
commonly quoted approximately 1 TPa stiffness and 130 GPa strength use the
graphite interlayer spacing convention. They are not guaranteed properties of
a bulk flake composite.

E>p = E3pt

The intrinsic-sheet experiment and a manufactured component ask different
questions. Wrinkles, grain boundaries, contact resistance, load transfer, and
orientation can dominate a practical film or composite.

Bilayer graphene's band structure differs from monolayer graphene. Breaking
inversion symmetry through a suitable perpendicular field can open a tunable
gap in particular bilayer configurations. Merely stacking two arbitrary carbon
sheets does not guarantee the intended device behavior.

Graphane describes a hydrogenated graphene-related network in a particular
bonding picture. Graphene oxide contains oxygen functional groups and
disrupted conjugation; reduced graphene oxide does not automatically recover
pristine graphene's structure or transport.

Unit discipline

For an atomic sheet, force per length can be a more direct reported mechanical
quantity than stress in pascals. Always state the thickness convention when
converting between them.
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Nanodiamond and carbon synthesis
are not one recipe

Nanodiamond retains diamond-like bonding over a small crystal core, but its
surface can contain functional groups and non-diamond carbon. Particle size,
defects, aggregation, and purification change its response.

Diamond can be synthesized through high-pressure/high-temperature routes
and through chemical vapor deposition under suitable conditions.
Nanodiamond is also associated with other specialized routes, including
detonation-derived materials. These are distinct processes with distinct
products and impurities.

Excluding oxygen alone does not turn carbon into diamond. Bonding
rearrangement requires a relevant thermodynamic and kinetic pathway.
Likewise, heating an organic precursor can produce carbonaceous material
without proving a crystalline diamond or graphene structure.

Characterization question

An X-ray diffraction pattern can support a crystal-phase assignment; Raman
can probe bonding-related features; microscopy can show size and
morphology. Surface-sensitive chemical measurements can reveal functional
groups. No one of these observations supplies every structural claim.

Carbon Central structural feature Important specimen variable

material

Diamond Tetrahedral network Defects and surface termination

Graphite Stacked graphitic layers Orientation and stacking

Graphene Single graphitic layer Substrate, defects, thickness
verification

CNT Cylindrical graphitic network Chirality, walls, bundling

Carbonaceous Mixed possible emitters and Purification and chemical

dot sample particles heterogeneity

Naming discipline
Name a product according to demonstrated evidence. Carbon-containing residue,
graphitic carbon, graphene, diamond, and quantum dot are different claims.
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Low-dimensional materials extend
beyond carbon

Hexagonal boron nitride has a layered structure with alternating boron and
nitrogen. Its wide-gap electronic response differs from graphene even when a
drawing of its honeycomb lattice looks similar.

Transition-metal dichalcogenides have compositions commonly written MX>
and layered metal-chalcogen structures. Phase, layer count, and composition
influence whether a particular material is semiconducting or metallic. Some
semiconducting members show a change from indirect to direct gap when
reduced to a monolayer; that statement is not universal for every MX: phase.

MXenes are a family of layered transition-metal carbides, nitrides, or
carbonitrides commonly discussed with surface terminations. Their
conductivity, chemistry, and stability depend on composition and termination,
not simply on the family name.

Networks and percolation

Dispersing conductive flakes or tubes in an insulating matrix can create a
conducting path once sufficient connectivity develops. The percolation
threshold depends on aspect ratio, orientation, dispersion, contacts, and
tunneling distances. Above threshold, interface resistance may still control
device performance.

A three-dimensional aerogel assembled from two-dimensional flakes is
geometrically a bulk network. Its low density and porosity affect mechanics
and transport. Calling the building blocks two-dimensional does not make the
entire object a flat sheet.

Structure-to-property answer

Compare chemistry, electronic states, topology, and interfaces. Similar shape is not
sufficient evidence of similar stiffness, band gap, catalytic behavior, or environmental
stability.
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Practice and answers: carbon
structures

1. Compute diameter of an ideal (8,0) tube using a g = 0.246 nm. 2. Apply the
simple metallicity rule to (8,0), (9,0), and (6,6). 3. State the topological
assumptions behind twelve pentagons.

4. Ts a cylinder's Gaussian curvature the sum of its principal curvatures? 5.
Why is 1 TPa for a graphene sheet not automatically the modulus of a
graphene-filled polymer? 6. What further evidence would justify calling a dried
fluorescent carbon residue a crystalline quantum dot?

Worked answers
1.d =0.246 x 8/1 = 0.626 nm.

2. (8,0) is semiconducting in the simple rule; (9,0) is nominally metallic with
possible curvature-related small-gap corrections; (6,6) is armchair and
metallic in the ideal model.

3. A closed three-connected cage of spherical topology composed only of
pentagons and hexagons. Changing those assumptions changes the count.

4. No. Gaussian curvature is the product. An ideal cylinder has one zero
principal curvature, so the product is zero.

5. Composite modulus depends on filler fraction, matrix modulus, orientation,
dispersion, and load transfer. The sheet's three-dimensional modulus also
requires a thickness convention.

6. Connected evidence for size, crystallinity, composition, confinement, and
the emitting species is needed. A photograph of fluorescence alone does not

supply it.

Sources: [1] for carbon bonding and composites; [11] for nanotube Raman
assignments; [15] for graphene membrane measurements.
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Choose a route by the structure it
must produce

Top-down fabrication starts from a larger object and removes or subdivides
material. Bottom-up fabrication builds structures through atoms, molecules,
clusters, or precursor reactions. A complete process can combine both: deposit
a film, pattern it lithographically, then assemble it into a device.

The useful question is which route controls the desired variables. These
include composition, phase, size distribution, orientation, interface quality,
shape, porosity, and contamination. A synthesis label alone does not guarantee

those outcomes.

Goal

Possible route

Variable requiring evidence

Fine alloy powder

Conformal coating
Epitaxial film

Patterned
microstructure

Polymer fiber mat

Colloidal particles

Mechanical milling

ALD
MBE or suitable CVD

Lithography and
etching

Electrospinning

Solution synthesis

Contamination and particle/grain
distinction

Saturation, accessible surfaces, nucleation
Lattice mismatch and defects

Resolution, selectivity, damage

Fiber distribution and residual solvent

Nucleation, growth, purification

Scale-up adds constraints: throughput, reproducibility, energy use, handling,
and integration with later steps. A process that makes one excellent
microscopy specimen may not produce a uniform large-area film.

Learning goals

Explain the mechanism behind milling, spinning, deposition, patterning, and solution
growth; compare process variables; distinguish conceptual descriptions from
executable laboratory protocols. References: [1], processing foundations; [8]-[9],
selected modern techniques.
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Mechanical milling balances fracture
and cold welding

In energetic milling, collisions between media and powder repeatedly deform
particles. Ductile particles can flatten and cold-weld; brittle particles can
fracture. Repetition can mix compositions, refine internal grains, and
introduce strain and defects.

Particle size and crystallite size are different. A large powder particle may
contain many small crystallites. An X-ray broadening result and a microscopy
size distribution can therefore be different without contradicting each other.

deform » | cold-weld [» fracture [» repeat

Particle morphology and internal grain size evolve differently.

Collision-driven milling balances deformation, welding, fracture, and defect accumulation.

Important variables include collision energy, milling time, media-to-powder
ratio, media material, temperature, atmosphere, and process-control agents.
Increasing time does not indefinitely improve every property. Contamination,
excessive agglomeration, phase changes, or heating can become important.

Cryomilling uses low-temperature conditions to alter recovery, welding, and
fracture behavior. Cooling can suppress some thermally activated
rearrangements, but it does not ensure zero contamination or a single
universally optimal grain size.

Direct milling can refer to milling feedstock directly to the desired refined
product, while indirect routes may use mechanically activated precursors
followed by reaction or consolidation. These labels vary; describe the actual
sequence.

Evidence check

Report both powder morphology and internal structure. Distinguish a decrease in
aggregate size from grain refinement, and distinguish lattice strain from
small-domain diffraction broadening.
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Electrospinning stretches a charged
fluid jet

In a typical conceptual setup, an electric field acts on a polymer-containing
fluid at an emitter. Electric stress competes with surface tension. Above
suitable conditions, a cone-like meniscus and charged jet form. The jet
stretches, follows an unstable whipping path, and solidifies as solvent leaves
or the melt cools.

stretching jet
emitter

collector

Charged jet formation, stretching, bending, and collection in a conceptual electrospinning arrangement.

The main conceptual stages are meniscus formation, jet initiation, stretching
and bending, and collection with solidification. The deposited product may be
a nonwoven mat or a more aligned arrangement depending on collector
geometry and motion.

Solution viscosity, molecular entanglement, concentration, conductivity,
surface tension, solvent volatility, flow, electric field, distance, temperature,
and humidity can all affect morphology. Their effects interact, so a claim that
raising voltage always reduces diameter is unreliable.

Too little chain entanglement can encourage beads or droplets rather than
continuous fibers. Incomplete solidification can flatten or fuse fibers. High
viscosity can inhibit stable flow. Reference [9] surveys electrospinning's
structural possibilities.

Read a result

A fiber diameter is a distribution, not only the most attractive image. Measure enough
independent regions to identify variation, beads, fused junctions, and orientation.
State whether the reported size is dry, swollen, or coated.
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Physical vapor deposition moves
material through vapor

PVD routes include evaporation and sputtering. In evaporation, a source is
heated or otherwise energized so material enters the vapor phase and reaches
a substrate. Geometry, sticking, substrate temperature, and incident flux
influence film structure.

Sputtering uses energetic particles, commonly ions from a plasma, to eject
atoms from a target. A target's sputter yield is atoms ejected per incident ion
under specified conditions. Deposition rate also depends on ion flux, transport,
geometry, resputtering, and sticking; yield is not identical to film-growth rate.

| target |

]‘\ T‘[ \ijected p{\ . T\

| substrate |

lons transfer energy to a target; ejected material can deposit on a substrate. Geometry is schematic.

DC sputtering is commonly used with conducting targets. RF excitation can
accommodate insulating targets by reducing persistent charging in an
appropriate system. Magnetron arrangements use magnetic fields to confine
electrons near the target and sustain useful plasma conditions.

Reactive sputtering introduces a reactive gas to form compounds during
deposition. Target poisoning, composition control, and rate stability can
complicate the process.

A nominal target composition does not prove identical film composition.
Preferential sputtering, reactive chemistry, volatility, and substrate effects can
matter. Cross-sectional structure and surface roughness likewise require
measurements.

Compare routes

Evaporation and sputtering both produce deposited films, but the arriving particles'
energies, angular distributions, and interactions can differ. These differences affect
adhesion, density, texture, damage, and stress.

MATERIALS SCIENCE HANDBOOK 144



CHAPTER 16 / SYNTHESIS AND FABRICATION

CVD, MBE, and ALD control growth in
different ways

Chemical vapor deposition uses vapor-phase precursors that react or
decompose to form a solid on a surface. Precursor supply, surface reaction,
transport, and byproduct removal all influence the outcome. A reaction-limited
regime differs from a transport-limited regime.

Molecular beam epitaxy uses directed material beams in a high-vacuum
environment for controlled growth, often emphasizing crystalline epitaxy.
Matching a substrate orientation does not remove every defect: mismatch,
thermal stress, and interfacial chemistry still matter.

Atomic layer deposition separates complementary surface reactions into a
repeated cycle. In an ideal self-limiting sequence, precursor A reacts with
available sites, excess A and byproducts are removed, precursor B reacts, and
excess B and byproducts are removed. [8]

A exposure p purge »| B exposure p purge

Repeat saturated half-reactions; growth per cycle is measured.

An ideal separated ALD cycle; each half-reaction and purge must be sufficient for the actual surface.

Self-limiting means that a half-reaction saturates under suitable exposure; it
does not mean exactly one complete atomic monolayer always grows per cycle.
Steric hindrance, nucleation delay, site density, and incomplete reactions can
change growth per cycle.

Worked thickness estimate

After a measured steady growth regime is established at 0.10 nm per cycle,
200 cycles predict 20 nm. If an initial nucleation delay consumes 30 cycles

with negligible growth, this simple estimate would instead be about 17 nm.
Use the measured growth regime for the actual substrate and chemistry.

Conformality
ALD can coat complex accessible surfaces when exposure and transport suffice. A
closed pore, insufficient dose, or precursor depletion can prevent a uniform coating.
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Lithography transfers a pattern into a
material

Lithography defines where a later process acts. A resist responds to exposure,
and development removes selected regions. In a positive resist, exposed
regions are typically removed; in a negative resist, exposed regions are
typically retained after appropriate processing.

coat resist p expose > develop p transfer

Positive and negative resists retain different exposed regions.

Pattern definition precedes material transfer; the process sequence determines the remaining features.

Optical lithography, electron-beam lithography, and imprint methods differ in
exposure mechanism and throughput. Feature size depends on more than the
nominal writing beam: resist response, proximity effects, alignment,
development, and pattern transfer matter.

Etching removes the underlying material through patterned openings. Wet
etching can be isotropic or crystallographically selective depending on
chemistry. Reactive ion etching combines chemical reactions with energetic
ion effects and can produce directional profiles.

The Bosch process alternates etching and passivation in a deep-silicon-etching
context, producing characteristic sidewall scalloping under some conditions.
The name identifies a process family, not an exact recipe included here.

Lift-off and damascene

Lift-off patterns a resist, deposits material, then removes the resist and
material resting on it, leaving selected features. Damascene forms recesses,
fills them, and removes excess material, commonly through planarization.
Their process order and integration constraints differ.

Resolution is not enough
A fine resist line is not yet a functioning feature. Check adhesion, sidewall profile, etch
selectivity, residues, alignment, and electrical continuity after transfer.
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Lasers and arcs create energetic
growth environments

Pulsed laser deposition directs energetic light onto a target to generate an
expanding plume. Species reach a substrate and form a film under selected
conditions. Target composition, fluence, atmosphere, plume transport, and
substrate temperature influence transfer and growth.

Laser ablation in liquid instead generates material and reactions within a
liquid environment. Particle formation, fragmentation, aggregation, and
surface chemistry can occur together. The resulting size distribution depends
on pulse conditions and liquid chemistry.

=

laser

Conceptual pulsed laser deposition: a laser drives ablation and a plume supplies deposited species.

Arc-discharge methods use an electrical discharge between electrodes. In
carbon systems, vaporized carbon can condense into products including soot
and nanostructures, with catalysts and conditions influencing which structures
form. The raw material is usually a mixture requiring characterization and
separation.

A spectacular plume or arc is evidence of an energetic process, not evidence of
a particular final crystal phase. Strong heating can evaporate, decompose,
melt, or chemically react material along different pathways.

Process Primary initiating mechanism Important product question
PLD Laser-driven target ablation Film stoichiometry and particulates
Ablation in Ablation plus liquid interactions Particle distribution and surface
liquid species

Arc discharge  Electrical plasma and vaporization Mixture composition and purification

Conceptual scope

These descriptions explain mechanisms and comparisons. They do not provide
operational settings for high-energy apparatus or hazardous reagents; experimental
work requires the relevant laboratory's validated procedures.
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Solution routes separate nucleation
from growth

Solution synthesis starts with dissolved or dispersed precursors and drives
formation through changes in chemistry or conditions. Supersaturation
provides a thermodynamic driving force, while nucleation and growth compete
kinetically.

A burst of nucleation followed by growth can help narrow a size distribution in
an idealized picture. Continuing nucleation, aggregation, unequal growth, and
ripening can broaden it. Ligands can bind facets, influence shape, stabilize
colloids, or alter later electronic transport.

Sol-gel processing forms a connected inorganic network through precursor
reactions, often described through hydrolysis and condensation for
appropriate chemistries. Gel drying and heat treatment can strongly influence
porosity and shrinkage.

Hydrothermal and solvothermal routes use heated liquid environments under
pressure in suitable vessels. Their products depend on precursor chemistry,
temperature history, solvent, and reaction time. They are not interchangeable
with simply boiling an open solution.

Self-assembly uses interactions among building blocks to organize structures.
It can be driven by electrostatics, hydrogen bonding, hydrophobic interactions,
ligand binding, or other forces. Equilibrium organization and kinetically
trapped aggregation can look similar without being the same process.

Connection to properties

Ligands that improve dispersion can obstruct charge transfer. Heat treatment that
improves crystallinity can remove functional groups or cause coarsening. Optimize
the intended performance rather than maximizing one isolated metric.
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Process comparison requires
controlled evidence

To compare two synthesis routes, start with a target outcome and define how
it will be measured. Matching nominal composition while changing phase or
porosity is not a clean test of only particle size.

A meaningful comparison may report yield, composition, phase fraction, size
distribution, morphology, accessible area, residual chemicals, and
repeatability. The relevant list depends on the application. A coating used as a
barrier needs thickness continuity evidence; a catalyst needs active-site and
stability evidence.

Comparison claim Minimum supporting evidence Confounder to check

Smaller grains Domain/grain measurement with Particle size or strain mistaken for
method grain size
More uniform Thickness across relevant Only one easy-to-image region
coating geometry
Better optical yield Calibrated or relative yield Different absorbance and
protocol concentration

Higher conductivity Geometry-corrected measurement Contacts and film porosity

Better catalyst Normalized activity and durability = Different loading or accessible
area

Batch variation belongs in a report. A single successful specimen cannot
establish process reproducibility. Record which variables were controlled and
which were merely observed.

Designing a study

Hold the composition and analysis method fixed, change one process variable
or use a designed multivariable experiment, and repeat enough batches to
estimate variation. If several settings change together, say the result concerns
the combined process rather than assigning it to one setting.

Competition answer
State the route, the structural mechanism it controls, one useful variable, one
limitation, and the measurement that would confirm the intended structure.
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Practice and answers: fabrication

1. Distinguish particle size and crystallite size after milling. 2. Why does ALD
not necessarily grow exactly one atomic monolayer per cycle? 3. For a positive
resist, which exposed regions remain after ideal development?

4. Why is sputter yield not the same as deposition rate? 5. Name two
interacting electrospinning variables. 6. A film grows at 0.080 nm per cycle
after nucleation. Estimate thickness after 250 productive cycles.

Worked answers

1. A particle is a physical powder object; a crystallite is a coherently ordered
domain. One particle can contain many domains. Agglomeration adds another
size scale.

2. Surface-site density, steric effects, incomplete reactions, and growth
initiation affect uptake. Self-termination describes reaction saturation, not an
exact full-layer count.

3. Exposed regions are removed in the usual positive-resist description. The
unexposed resist remains as the mask.

4. Yield counts ejected atoms per incident ion. Rate additionally depends on
ion flux, transport, geometry, sticking, and other losses.

5. Examples include viscosity and flow, conductivity and field, or solvent
volatility and humidity. The direction of their effect depends on the regime.

6. 250 x 0.080 = 20.0 nm. The word productive excludes a separately
specified growth delay.

Sources: [1] for processing fundamentals; [8] for self-limiting ALD chemistry;
[9] for electrospinning.
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Start with the question before
choosing the instrument

Characterization links an observation to a structural or chemical claim. The
same specimen can have several relevant size scales: aggregate, particle,
grain, coherent domain, pore, and hydrodynamic diameter. Different methods
measure different scales.

A useful workflow states the question, selects a signal that responds to it,
identifies the sampling region, and lists plausible confounders. An attractive
image is not automatically a representative sample, and a fitted peak is not
automatically a unique chemical species.

Question p Signal »| Sampling p|Interpretation

State the claim, then test alternative explanations.

A measurement is useful when its signal and sampling region match the analytical question.

Question Candidate evidence Important limitation

What phase is Diffraction plus composition Minor phases and overlap

crystalline?

How large are particles? Microscopy statistics Preparation and sampled area

What is the surface XPS, IR, complementary Surface sensitivity and charging

chemistry? analysis

What is dispersed in DLS plus Intensity weighting and

liquid? separation/microscopy aggregation

Why does it emit? Absorption, lifetime, yield, Several emitters can coexist
chemistry

How stiff is it? Mechanical test with geometry = Contacts, rate, and specimen

state

Report instrument conditions and data treatment that affect interpretation.
Include calibration, background subtraction, resolution, and uncertainties
where relevant. These details explain what the measurement can support.

Learning goals

Match tools to signals; recognize sampling-depth and preparation effects; apply
diffraction and DLS calculations with assumptions; distinguish a data fit from an
identified mechanism.
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Optical microscopy changes contrast,
not just magnification

Bright-field microscopy commonly forms contrast through absorption,
scattering, or changes in illumination reaching the image. Dark-field rejects
the direct beam and emphasizes scattered light. Phase contrast and
differential interference contrast convert optical-path differences into intensity
features through different arrangements.

Polarized-light microscopy can reveal anisotropic optical response and
orientation-dependent contrast. Confocal microscopy rejects out-of-focus light
through spatial filtering, improving optical sectioning. Fluorescence
microscopy detects emitted light after excitation and can be highly selective if
the label or emitter is well characterized.

Mode Useful contrast Interpretation caution

Bright field Absorption and transmitted Transparent features may be faint
intensity

Dark field Scattering Brightness is not direct particle mass

Phase contrast Optical path variation Halos and processing artifacts

Polarized light Anisotropy and orientation Contrast depends on sample rotation

Confocal Optical sections Resolution still limited by optics

Fluorescence Excited emission Bleaching, background, and labeling

specificity

Resolution and magnification are different. Magnifying an unresolved blur
enlarges the blur. A common diffraction-limited scale is roughly A/(2NA), with
a precise criterion depending on imaging conditions.

d~/\

SNE NA =nsina

For A = 550 nm and NA = 1.0, this estimate is 275 nm. A smaller particle can
produce a detectable scattered or fluorescent spot without its shape being
spatially resolved. Detection is not the same as resolving internal structure.
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Electron microscopy probes small
scales through multiple signals

SEM scans an electron beam across a specimen. Secondary-electron contrast
often emphasizes near-surface morphology; backscattered-electron contrast
can emphasize composition and geometry. Detector configuration, voltage,
charging, and topography influence both.

TEM transmits electrons through a sufficiently thin specimen. Diffraction,
mass-thickness effects, phase contrast, and imaging conditions shape the
image. A dark feature cannot be assigned to one composition without
considering contrast mechanisms.

STEM scans a focused beam through a thin specimen and uses selected
detectors. High-angle annular dark-field images often show strong
atomic-number-related contrast under suitable conditions, but thickness and
channeling can also matter.

SEM TEM / STEM
[Thin Specimen 1
bulk specimen l

SEM commonly collects emitted signals from a scanned bulk surface; transmission methods require a
suitably thin specimen.

FIB uses focused ions for milling and related imaging or preparation. It can
create cross sections, yet implanted ions and damage can alter the region
examined. Environmental SEM permits selected gas conditions, while
cryogenic methods preserve particular low-temperature states; neither makes
preparation effects disappear.

Electron-probe microanalysis uses characteristic X-rays for compositional
analysis. EDS is commonly available in electron microscopes; WDS provides
different spectral resolution and quantitative capabilities under suitable
conditions.

Sampling reminder

One high-resolution image can establish that a feature exists in that region. It does
not establish the full batch's particle-size distribution, purity, or frequency of defects
without representative sampling.
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Scanning probes measure local
interactions

AFM uses a tip-sample interaction and cantilever response to map a surface.
Contact, tapping, and other dynamic modes choose different force regimes.
Tip shape broadens narrow lateral features; a measured width can exceed the
true object's width even when height is reasonably measured.

STM uses tunneling current between a conducting tip and a suitably
conducting specimen. Current depends strongly on separation and available
electronic states. An STM image can therefore combine geometric height and
electronic contrast.

ltunnel < e~ 2Kz

This exponential dependence is schematic; barrier properties enter k. STM
does not universally image every insulating surface without special
arrangements.

Method Measured interaction Useful extension

AFM Force or force-related dynamics Mechanical and adhesion mapping

STM Tunneling current Local electronic spectroscopy

KPFM Electrostatic/contact-potential Work-function-related contrast with
response calibration

MFM Magnetic force gradients Magnetic-domain contrast with tip effects

Conducti  Local current under contact Contact and surface effects

ve AFM

Field ion microscopy uses field-ionized imaging gas to visualize surface atomic
arrangements in suitable high-field specimens. Atom-probe methods extend
related field-evaporation concepts toward compositional reconstruction, with
their own trajectory and reconstruction limits.

Probe caution
A scanning-probe map is an interaction map. Name the measured signal before
interpreting it as a direct map of hardness, magnetization, voltage, or atom positions.
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Diffraction identifies periodic order

Diffraction peaks occur when scattering from a periodic arrangement
reinforces in particular directions. For a cubic lattice, plane spacing relates to
Miller indices through the lattice parameter.

dhkl=+; nA =2dsin@

Vh? +k? +1?
Most powder diffractograms label the horizontal axis 20. Substitute half the
plotted angle into Bragg's law. Reflection conditions, composition, intensities,
and multiple peaks together support an assignment.

Worked spacing

A peak is recorded at 26 = 40.0° using A = 0.154 nm. Withn =1, d = 0.154/(2
sin20.0°) = 0.225 nm. If it is a cubic (111) peak, a = v3d = 0.390 nm. The
conditional indexing must be stated.

Intensity

90

I 1 I I
20 30 40 50 60 70 80
26 (schematic degrees)

Illustrative powder-diffraction peaks: positions, intensities, and widths contain different information.

Preferred orientation changes relative intensities. Overlapping phases
complicate indexing. Texture, strain, small coherent domains, defects, and
instrumental effects can change peak shapes.

A powder pattern that resembles one known phase is useful evidence, but
absence of a visible peak does not prove absence of every minor phase.
Detection depends on fraction, contrast, background, crystallinity, and
instrument conditions.

Cross-check

Assign several peaks with one lattice parameter and consistent allowed reflections.
One peak plus a desired material name is weak evidence when other phases share
similar spacings.
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Peak width is not automatically
particle size

The Scherrer expression estimates a coherent-domain size from broadening
attributed to finite domains. Its shape factor K depends on geometry and the
definition of width. Instrumental broadening must be handled, and strain can
contribute separately. [16]

~ KA
D= Bcos 6

B is the corrected width in radians of the 26 coordinate under the chosen
line-profile convention. It is not a peak position, and degrees must be
converted to radians.

Worked estimate

With K = 0.90, A = 0.154 nm, corrected B = 0.0050 rad, and 6 = 20°, D = 29.5
nm. Using 0.0050 degrees instead would produce a very different answer
because the numerical width would be smaller by a factor of about 57.3 after
conversion.

The estimate describes coherent diffraction length, not necessarily a whole
particle. A larger polycrystalline particle can contain multiple small domains.
An anisotropic crystallite can give different widths for different reflections.

KA :
BcosO =% + 4esin6

This simplified Williamson-Hall relation illustrates separating size and strain
contributions under specific profile assumptions. A convenient straight-line
plot does not guarantee those assumptions hold.

Profile convention

Gaussian and Lorentzian contributions combine differently. Do not universally
subtract instrumental widths linearly or in quadrature without declaring the assumed
line shape.
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XPS describes near-surface elemental
and chemical evidence

X-ray photoelectron spectroscopy measures energies of emitted electrons. A
binding-energy relation connects photon energy, measured kinetic energy, and
the instrument's work-function reference under an appropriate calibrated
convention.

EB=h\)—EK—¢

XPS usually probes a near-surface region because electrons lose energy while
escaping. Its information depth depends on energy, material, and emission
geometry; it is not a universal fixed number. Hydrogen and helium are not
ordinarily identified by standard XPS elemental analysis.

Peak positions, shapes, and intensities can support chemical-state and
composition analysis. Charging, contamination, overlapping peaks,
background choice, and inappropriate fitting can mislead. Guide [13]
emphasizes defining the analytical question and physically meaningful
interpretation.

A commonly quoted sensitivity around 0.1 atomic percent is only a rough
typical scale; it depends strongly on the element, matrix, signal, and
acquisition conditions. It is not a universal parts-per-trillion detection limit.

Techniq Main signal Useful information

ue

XPS Photoelectrons Near-surface elements and chemical states

AES Auger electrons Surface-sensitive elemental analysis

EDS/WD Characteristic X-rays Elemental analysis over an interaction volume

S

XRF X-ray fluorescence Elemental analysis with sample-dependent depth
EELS Electron energy loss Electronic, bonding, and elemental features

Fitting discipline

A numerically good curve fit can be chemically wrong. Constrain interpretations with
plausible chemistry, known signal structure, calibration, and complementary
evidence.
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Vibrational and advanced spectra
require assignments

Raman scattering measures energy shifts between incident and scattered light
associated with excitations such as vibrations. Infrared absorption probes
transitions that change the electric-dipole response. Raman and IR selection
rules differ, making the methods complementary.

A peak assignment depends on composition, structure, stress, isotope content,
temperature, excitation, and instrument calibration. Generic peak lists are
starting clues rather than complete identifications.

Photoluminescence spectra describe emitted photons; absorption spectra
describe removed incident light. Excitation spectra track emission while
changing the excitation wavelength. These measurements answer different
questions about a fluorescent sample.

Metho Primary question Key caution

d

Raman  Which scattering-active excitations? Laser heating and fluorescence
background

IR Which absorption-active vibrations? Overlapping bands and preparation

PL What emits after excitation? Multiple pathways and optical artifacts

RIXS Which resonant inelastic excitations? Complex energy and momentum
dependence

XPCS How do structures fluctuate over time? Coherence and correlation-model

assumptions

X-ray reflectivity can support film thickness, roughness, and density-profile
models. Small-angle scattering probes structures through ensemble
scattering; model fitting requires shape and contrast assumptions. An inferred
sphere radius is not model-free proof that every object is spherical.

Assignment ladder

Identify a feature, compare plausible assignments, test expected accompanying
features, and seek another method. Avoid turning one ambiguous spectral band into
an entire structural story.
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DLS reports hydrodynamic size
through motion

Dynamic light scattering analyzes time fluctuations in scattered intensity from
moving dispersed objects. In a simple dilute Brownian-sphere model, diffusion
coefficient D relates to hydrodynamic diameter dH through Stokes-Einstein.

_  ksT
D - 3nndy
Hydrodynamic diameter includes the effect of solvation and attached layers on
motion. It can differ from a dried core diameter measured by TEM. NIST
protocol [10] describes sample preparation and conditions needed for
meaningful dilute-suspension measurements.

Worked diameter

At 298 K, take viscosity n = 0.0010 Pa s and diffusion coefficient D = 2.2 X
10-** m? s~!. The inferred dH is about 20 nm under the spherical model. A
wrong viscosity or temperature produces a systematic size error.

Large aggregates can dominate intensity-weighted scattering. In the Rayleigh
limit for otherwise comparable particles, intensity scales strongly with
diameter, approximately as d®. This scaling does not apply unmodified to every
size and optical regime.

Converting intensity-weighted distributions to number-weighted distributions
requires model assumptions. A sharp-looking software plot is not evidence that
those assumptions match the sample.

Complementarity

Combine DLS with separation, microscopy, concentration checks, and repeat
measurements where relevant. A small population of aggregates may be optically
important even if most particles by number are small.
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Build a chain of evidence for a
material claim

Suppose a study claims a new nanocrystalline fluorescent material. Break it
into questions: Is there a dispersed particle fraction? Is it crystalline? What is
its composition? Which fraction emits? Does the emission follow the proposed
electronic mechanism?

Microscopy and diffraction address morphology and order, while spectroscopy
and chemical analysis address composition and states. Fractionation can link
emission to a population. Lifetimes and quantum yields test competing decay
pathways. No single picture establishes the whole chain.

Particles? + Order? » | Chemistry? p Emitter?

Complementary evidence connects observations to a full claim.

A nanomaterial claim consists of several independently testable structural and optical statements.

A control tests an alternative explanation. A solvent blank tests background.
An unreacted-precursor sample tests precursor emission. A pH-matched
sample tests protonation effects. A dilution series tests optical and
aggregation effects under suitable conditions.

Measurement uncertainty and model uncertainty are distinct. A precisely
measured peak can still have an ambiguous assignment. Repeatability
improves confidence in the observation but does not automatically select the
correct mechanism.

Write the conclusion

State the strongest claim directly supported by the data, then distinguish the

proposed interpretation and the additional test that would discriminate it. This
produces a stronger report than claiming certainty from incomplete evidence.
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Practice and answers: methods

1. A diffraction peak at 26 = 60° uses A = 0.154 nm. Find d forn = 1. 2. Why
can a TEM diameter differ from DLS diameter? 3. Does a narrow software fit
establish a unique XPS chemical state?

4. For fixed temperature and viscosity, what happens to the spherical diffusion
coefficient when hydrodynamic diameter doubles? 5. Name two sources of
diffraction broadening besides domain size. 6. Is detecting a fluorescent spot
equivalent to resolving its nanometer shape?

Worked answers
1.6 =30°sod=0.154/(2 x 0.5) = 0.154 nm.

2. TEM may measure a dried core or projected structure. DLS infers the
motion of solvated objects, with attached layers and intensity-weighted
sensitivity to aggregates.

3. No. Overlap, charging, inappropriate constraints, and chemistry can make a
fit nonunique or incorrect. Use calibration and supporting evidence.

4. It halves under Stokes-Einstein's assumptions because D « 1/dH.

5. Instrumental response and microstrain. Faults, compositional variation, and
other defects can also affect profiles.

6. No. A small emitter can produce a diffraction-limited spot whose size is set
mainly by the imaging system. Signal detection and spatial resolution are
different.

Sources: [1] for microscopy and diffraction foundations; [10], [13], [16] for
method-specific cautions.
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A practice set should test model
selection

The following problems combine chapters rather than follow one formula in
sequence. Use the stated constants and assumptions to choose the right
model, then explain why it fits the problem.

Use four passes: identify the quantity, select the model, check units, and
interpret the result. For a conceptual question, name both the mechanism and
an alternative explanation that the evidence does not exclude.

Set A: structure and transport

Al. A hypothetical FCC element has atomic mass 60.0 g mol~! and radius
0.140 nm. Find lattice parameter and theoretical density. Use the hard-sphere
model.

A2. A cubic crystal gives a first-order (200) peak at 26 = 50.0° using
wavelength 0.154 nm. Find a. Explain whether this single peak proves an FCC
structure.

A3. A wire has length 0.20 m, area 0.50 mm?, and resistivity 2.0 x 10-8 Q m.
Find resistance. What happens when length doubles with area and
temperature fixed?

A4. A transport channel has two spin-degenerate modes with transmissions
0.90 and 0.60. Find its Landauer conductance and reciprocal two-terminal
resistance under low-temperature, small-bias assumptions.

Before solving

Identify which radius relation belongs to FCC, which diffraction angle enters Bragg's
law, whether the wire area is squared, and whether the transport modes are perfectly
transmitted.
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Set B: mechanical and interfacial
response

B1l. A metal follows 0 y = 0o + k_ (1/Vd) over the stated range. Let oo = 100
MPa and k. = 0.30 MPa vm. Compare yield strengths at d = 100 and 25 pm.
Give one reason extrapolating this rule to arbitrarily small d is unsafe.

B2. A crack model uses K I = YoV(ma). Take KIC =25 MPavm, Y = 1.0, and
crack size parameter a = 0.50 mm. Find the model's critical stress. State one
mechanical condition needed to interpret KIC'

B3. A free bar has length 0.40 m and a = 15 x 10-¢ K-1. Find expansion after
heating by 60 K. If uniaxially fully restrained with E = 150 GPa and remaining
elastic, find thermal-stress magnitude and sign.

B4. A spherical drop has radius 5.0 pm and liquid-vapor surface tension 0.060
N m~!. Find its excess internal pressure. How would the thin soap-bubble
result differ at the same radius and surface tension?

B5. A smooth Young angle of 120° is combined with a stable Cassie interface
of solid fraction 0.25. Find the model's apparent contact angle. Name a
process that could invalidate the assumed state.

Interpret the answer

A high critical stress in a small-crack calculation does not establish defect-free real
strength. A high apparent contact angle does not establish permanent robustness
under impact or pressure.
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Set C: optical and nanoscale response

C1l. An emitted photon has wavelength 520 nm. Estimate energy in eV. If
another peak is at 650 nm, which photon has higher energy?

C2. In a one-dimensional box, m* = 0.20mo and L = 5.0 nm. Use m?h?/(2mo) =
0.376 eV nm? to find Ei1. Compare with kBT = 0.0259 eV at 300 K.

C3. A simple fluorescent population has lifetime 40 ns and quantum yield 0.60.
Find radiative and nonradiative rates. Does lifetime alone establish yield?

C4. A nanoparticle is represented as an isolated smooth sphere with radius 10
nm. Compute S/V. If radius becomes 2 nm, what happens to area per volume
and what limitation should be checked before applying bulk continuum surface
models?

C5. A dispersed object gives diffusion coefficient 1.1 x 10-!* m? s~! at 298 K in
a liquid of viscosity 0.0010 Pa s. Estimate its hydrodynamic diameter under
Stokes-Einstein. Why need not this equal its dry crystalline-core diameter?

Distinct lengths
Box length, particle radius, exciton radius, and hydrodynamic diameter are not
interchangeable. Their definitions determine the model and numerical factors.
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Solutions A: connect geometry to
measurement

Al. FCC gives a = 2v2r = 0.396 nm. Convert to 3.960 x 102 cm. Volume is
about 6.21 x 10723 cm?3; mass is 4 X 60.0/NA = 3.99 x 10722 g. Density is
approximately 6.42 g cm~3.

o= 4(60.0)
Na(3.960 x 1078)3

A2. 0 = 25.0°. Plane spacing is d = 0.154/(2 sin25.0°) = 0.182 nm. For (200), a
= 2d = 0.364 nm. This is conditional on the indexing. A single (200) reflection
is allowed in both ideal FCC and BCC structures and is insufficient to
distinguish them. More peaks and composition evidence are needed.

A3. Area is 5.0 x 107 m?2. R = p_eL/A = 0.0080 Q. Doubling length doubles
resistance to 0.016 Q while resistivity remains fixed under the assumptions.

~6.42 gcm™3

A4. Transmission sum is 1.50. G = 77.5 uS x 1.50 = 116 uS. Reciprocal
resistance is about 8.60 kQ. Treating two imperfect channels as perfect would
produce an incorrect larger conductance.

Why these problems belong together

The cell, wire, and quantum channel require different geometries and models.
The common discipline is to connect the physical object to the formula before
substituting. A density formula cannot answer a resistance problem merely
because both contain a length cubed or squared.
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Solutions B: keep mechanism and
conditions

B1. At 100 pm, vd = 0.010 vm, so k_/¥d = 30 MPa and ¢ y = 130 MPa. At 25
pm, vd = 0.0050 vm, giving 60 MPa and 0 y = 160 MPa.
Grain-boundary-mediated deformation or changed dislocation mechanisms can
invalidate unlimited extrapolation.

B2.a =5.0 x 10~* m. Critical stress is 25/V(1t X 5.0 x 10-%) = 631 MPa.
Interpreting KIC requires relevant plane-strain, linear-elastic
fracture-mechanics validity and appropriate specimen conditions. Geometry
and the definition of a must match Y.

o.=—2 =631 MPa
(5.0 x 1074)

B3. Free expansion is 15 X 1076 x 0.40 x 60 = 0.00036 m = 0.36 mm. Full
elastic restraint gives E«AT = 135 MPa in compression on heating. Yielding or
partial restraint would change the prediction.

B4. Ap =2 x 0.060/(5.0 x 10-6) = 24 kPa. A thin soap bubble has two
interfaces, giving about 48 kPa in the stated idealization.

B5. cos® CB = 0.25(—-0.5 + 1) — 1 = —0.875, giving 6 CB = 151°. Texture
filling under pressure, defects, or condensation could destroy the assumed
trapped-vapor state.

Unit check
The square root in the crack expression includes meters. Leaving a in millimeters
while retaining toughness in MPa vm introduces a factor of v1000.
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Solutions C: optical quantities and
length scales

Cl.E =1240/520 = 2.38 eV. The 650 nm photon has about 1.91 eV, so the
shorter-wavelength photon is more energetic.

C2. E1 =0.376/(0.20 x 25) = 0.0752 eV. This is about 2.90 times the supplied
thermal energy. Compare level separations and broadening as well before
asserting a resolved quantum effect.

C3. Total decay rate is 1/(40 x 107°) = 2.5 x 107 s~1. Radiative rate is 0.60
times that, or 1.5 x 107 s~!; nonradiative rate is 1.0 x 107 s~t. Lifetime gives
their sum and does not alone establish their ratio.

C4.S/V=3/(10 x 102 =3.0 x 108 m~*. At 2 nm it is 1.5 x 10° m~?, five times
larger. At small atomic dimensions, continuum geometry, constant surface
energies, and bulk properties may need revision.

C5. Using kB = 1.380649 x 10-23 J K- gives dH =4.0x 10®*m = 40 nm.
Solvation, attached layers, shape, and aggregation affect the hydrodynamic
result; a dry core measurement concerns a different physical definition.

_ (1.380649 x 10723)(298) __
dy = 31(0.0010)(1.1 x 10-1%) 40 nm

Review the failure mode

If an answer differs by factors of 2, 4, V1000, or 57.3, inspect radius versus
diameter, squared length scaling, crack-length units, and degrees versus
radians. Those predictable errors deserve attention before unusual scientific
explanations.
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Experimental case: a fluorescent
carbon preparation

This case is a reasoning exercise based on the kinds of questions in the
preparation notes. It does not claim that any experiment or measurement
described here has actually been performed.

Suppose a carbon-containing preparation fluoresces under ultraviolet
illumination. After neutralization, emission intensity increases. A classmate
concludes that neutralization made smaller quantum dots with a larger gap.
Evaluate that conclusion.

The observations establish fluorescence and an intensity change under the
viewing conditions. They do not establish particle dimensions, crystallinity, or
confinement. Protonation, aggregation, molecular emitter chemistry,
absorbance changes, or altered nonradiative pathways are plausible
alternatives.

A discriminating comparison

Compare samples at matched concentration, optical path, excitation,
instrument settings, and suitably low absorbance. Record pH and the added
volume. Include solvent and unreacted-precursor controls. Measure
absorption as well as emission. A dilution series can reveal optical or
aggregation effects.

Fractionation or purification can test whether fluorescence follows a
particle-containing fraction or a small-molecule fraction. Microscopy and
chemical analysis can strengthen the structural claim, but their results must
refer to the same relevant population.

Report wording

The measured fluorescence increased after the pH change under matched viewing
conditions. Protonation-dependent emission is one candidate explanation.
Particle-size change would require independent structural evidence.

This wording is specific, useful, and testable. It does not weaken the report; it
makes the proposed mechanism accountable to evidence.
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Experimental case: quenching is not
always energy transfer

Suppose adding a second substance lowers fluorescence. Forster resonance
energy transfer is one possible mechanism, but it is not the only one.
Quenching can also involve collisional processes, complex formation, electron
transfer, aggregation, or optical attenuation.

An inner-filter effect occurs when the added substance absorbs excitation or
emission light along the optical path. It can lower measured intensity without
changing the emitter's intrinsic decay rate. Absorption spectra and path-length
or dilution controls help test this alternative.

Forster transfer depends strongly on separation and on donor-acceptor
spectral overlap within an appropriate dipole-coupling model. The transfer
efficiency can be represented through a characteristic distance Ro.

1

ErReT = 150y

At r = Ro, the ideal expression gives efficiency 0.50. At r = 2Ro, efficiency is
1/65 = 0.0154. The distance sensitivity does not prove FRET from an intensity
change alone.

A decrease in donor lifetime can support an added excited-state decay
pathway, but identifying that pathway still requires suitable controls. Static
quenching and heterogeneous populations can complicate intensity-lifetime
comparisons.

Claim test

Ask whether the added substance changes absorbance, lifetime, association, or
aggregation. Then choose evidence that distinguishes the proposed energy-transfer
mechanism from these alternatives.
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Study strategy: retrieve, explain, then
compress

A strong reference sheet comes from repeatedly using the underlying models.
Organize it around questions: How many atoms belong to the cell? What path
carries load? Which states absorb light? Which signal measures the surface?
This arrangement makes model selection faster than an alphabetized pile of
unrelated equations.

For each formula, record a quantity definition, units, and one condition. For
example, Bragg's law needs 6 rather than the plotted 20; Hall-Petch needs a
relevant grain-size regime; Scherrer needs corrected width in radians; a
single-lifetime yield calculation needs a compatible decay model.

A three-session cycle

First, reconstruct one chapter's main ideas without looking. Second, solve a
mixed problem and explain why the tempting alternative formula is unsuitable.
Third, revisit errors and add a short trigger to the reference sheet. Repeat
difficult topics after a delay rather than rereading only familiar pages.

Use diagrams for geometry and mechanism. Redraw the FCC contact diagonal,
the lever-rule tie line, a core/shell band alignment, and the difference between
a particle and a coherent domain. If the sketch cannot be explained in words, it
is decoration rather than understanding.

Final practice prompt

Choose a material and propose processing that changes one structural feature.
Predict one mechanical and one transport effect, state a tradeoff, and select
measurements that could reject the prediction. This links the entire handbook's
reasoning chain.

Sources: [1]-[16] as cited in the supporting chapters.
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From my Q notebook: counting an
ionic unit cell

The Q section asks about NaCl density and MgO packing. These questions look
like familiar cubic-cell calculations, but they require the counting and contact
geometry of the compound rather than a one-element metal.

Density counts formula units

A conventional rock-salt cell contains four formula units. For the ideal
nearest-neighbor contact model, a = 2(r + + r —). The mass of each formula
unit includes both ionic species.

_AMi +M_)
p - NAa3
Using NaCl radii 0.102 and 0.180 nm gives a = 0.564 nm. With molar masses
22.99 and 35.45 g/mol, the calculated density is approximately 2.16 g/cm?3. The
hard-sphere radius model is a geometric approximation; measured lattice
parameters are preferable when supplied.

Packing uses both sphere volumes

For rock-salt MgO with radii 0.072 and 0.140 nm, a = 0.424 nm. Four ions of
each species contribute to the ideal sphere-volume sum.

3 3
APF =T 1) < 0.685

The value is not automatically the one-element FCC packing fraction even
though each sublattice is FCC. Different ionic radii change the sum of
volumes.

Lesson to keep

Match the unit-cell count to the mass being counted. Four formula units multiplied by
a compound molar mass is consistent; eight ions multiplied by that same compound
molar mass is not.
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From my Q notebook: standard flow
and residence time

A CVD question in my Q notes asks how gas flow specified in sccm relates to
residence time at low pressure and high temperature. Standard cubic
centimetres per minute represent a flow referenced to specified standard
conditions, not necessarily the volume flowing per minute in the reactor.

For ideal gas behavior at steady state, negligible consumption, and the stated
reference conditions, convert the combined standard flow Q s to the operating
volumetric flow Q a.

— PsTa _V
Q=07 T=g
For CH 4 at 5 sccm plus H 2 at 50 sccm, Q s = 0.055 L/min. Take T s =
273.15K, P s =760 Torr, T a =1273.15K, P a=1Torr,and V=1 L.

Q,=0.055(22)(222-2) = 194.8 L/min

T min = 0.308 s

=_1_
194.8

The hot, low-pressure gas occupies much more volume per amount of gas than
at the reference conditions. Using 55 cm3/min directly with the reactor volume
would describe the wrong volumetric condition.

Lesson to keep

State the reference temperature and pressure: different instruments may use
different “standard” conventions. V/Q is a nominal residence time, not a complete
description of the residence-time distribution or reaction kinetics.
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From my Q notebook: when an angle is
not finite

A wetting question in my notes compares surface energies before and after a
change. Young's equation predicts a finite equilibrium angle only when the
interface balance permits partial wetting.

Ysv — YsL
Yiv

cosf =

Fory SV =10.50, y SL = 0.10, and y LV = 0.072 J/m?, the ratio is 5.56. This is
outside the domain of an inverse cosine. It is a signal to examine the wetting
regime, not a reason to accept an invalid angle.

S=Ysyv—VsL.— YLv

The stipulated spreading coefficient is S = 0.328 J/m?, positive in this ideal
comparison. The interpretation is complete wetting rather than a finite Young
angle. A second set, 0.42, 0.04, and 0.030 J/m?, also gives positive S = 0.350
J/m?2. Thus both idealized cases predict spreading; a finite-angle comparison
would miss that distinction.

A research habit worth retaining

When an equation yields a forbidden value, inspect the model's conditions
before adjusting the arithmetic. Contact-angle observations can also depend
on roughness, contamination, hysteresis, and nonequilibrium motion. Those
effects require additional information.

Lesson to keep
Clipping an inverse-cosine input to 1 can hide the physical reason the finite-angle
model failed. Explain the spreading criterion explicitly.
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Formula reference: structure and
diffusion

These equations are reminders, not substitutes for selecting a model. Symbols
must be defined in the context of each problem.

Quantity Relation or convention Condition
SC contact a=2r Ideal equal spheres
BCC contact V3a =4r Ideal body-diagonal contact
FCC contact V2a = 4r Ideal face-diagonal contact
Density Cell mass / cell volume Match count and cell choice
Cubic spacing a / V(h2+k2+I?) Cubic lattice
Bragg geometry nA = 2d sin® Use half the plotted 26
zniMi
P= T

__n(4nr3/3)
APF = v
Line density has inverse-length units; planar density inverse-area units. Plane
indices come from reciprocal intercepts. Direction indices come from
displacement ratios. The relation [hkl] normal to (hkl) is a cubic convenience,
not a universal rule.

| = _Dz_g’ D = Doe~@/RT

C-Co X

= erfc(—=—=
Cs—Co (2\/ Dt )

The final expression assumes a semi-infinite solid, uniform initial

concentration, constant surface concentration, and constant diffusion

coefficient. The characteristic diffusion length scales as VDt; its numerical

coefficient depends on the definition and boundary conditions.

Constants
NA = 6.02214076 x 1023 mol-1; kB = 1.380649 x 10723 K-t = 8.617333 x 10-5> eV
K-1;, R = NAkB =~ 8.314463 | mol-1 K-,
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Formula reference: mechanics and
interfaces

— F _ AL —
o—A—O, E—H, o=Ee¢

or=0(l+¢€), er=In(l+¢)

The engineering-to-true conversion assumes uniform, approximately
volume-conserving deformation; it is not a local-neck conversion after
localization.

TR = 0COSPCOSA, 0, =0g + k,d ™1/

o2

K,=Yovna, Ur=5¢

Schmid angles refer to loading axis versus plane normal and slip direction.
Hall-Petch is regime-dependent. The crack formula requires a consistent
geometry factor and crack parameter. Resilience assumes linear elasticity up
to yield.

— Omax — Omin __ Omax * Omin

Om = >

AL = al AT, |Othermal| = Ea|AT]|

The thermal stress estimate uses full uniaxial elastic restraint. Heating gives
compression in that model.

Ysv — Ys. = YLvCOS By

_ 2y S —
Apdrop =T v

S| W

Use a single spherical liquid interface for the drop expression. A thin soap
bubble has two interfaces. Contact-angle models require a defined surface
state and geometry.
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Formula reference: electrical, optical,
and quantum

R= ez, O =nle|ue + plelun

__ EoKA 1 2 __S%0.T
c=2%, y=lcv?, 1=20

Capacitor trends depend on whether charge or voltage is held fixed.
Thermoelectric S must be converted to V K=! before squaring.

— hc ~ 1240

_ n’m’h? _ e’
n=omz Ec

—2C
2
G=23T,
n

The box uses infinite barriers. Charging energy is electrostatic. Landauer
conductance uses the specified spin degeneracy, channels, and transport
regime. These are three separate models.

— 1 — Kk
T_kr+knr, q)_kr-l-knr

Single-population lifetime and yield relations require compatible decay and
measurement assumptions. Long lifetime alone does not imply high yield.

Constants

e =1.602176634 x 107*°C; h = 6.62607015 x 1034] s; h = h/(2n); c = 299792458
m s~1; mo = 9.109384 x 10-3! kg; €0 = 8.854188 x 10-'2 F m~1. Exact Sl defining
constants are shown without treating material-model parameters as exact.
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Formula reference: characterization
and error checks

~ _KA
Dscherrer = Bcos@

—  ksT
Dgrownian = 3nndp

The first D is a coherent-domain size; the second D is a diffusion coefficient.
Equal symbols do not establish equal physical quantities. Use corrected
diffraction width in radians. Use the relevant liquid viscosity and
hydrodynamic model for DLS.

Frequent mistake Numerical or conceptual Repair

consequence
Diameter used as radius Factor 2 or 4 in size terms Label geometry explicitly
Degrees used as radians Width scale error = 57.3 Convert angular width
20 used as 6 Incorrect Bragg spacing Halve the plotted angle
mm? treated as m? Millionfold area error Square the length conversion
MPa and Pa mixed Millionfold stress error Use one coherent unit system
Intensity called quantum Optical artifacts mistaken for Normalize to absorbed
yield efficiency excitation
Domain called particle Wrong physical size claim State method and definition

A dimensional test

A formula should produce the unit of the requested quantity. Resistance is Q;

resistivity is Q m. Fracture toughness is stress times square root of length;
energy density is stress. Surface energy per area and surface stress share
dimensions but describe different derivatives.

Final check

Does the sign match the direction? Do fractions sum to one? Does the limiting case
make sense? Is the reported precision justified by the inputs and the model? If any
answer fails these checks, inspect the setup before rounding.
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Glossary: structure and mechanics

Term

Meaning in this handbook

Basis
Coherent domain

Coordination
number

Dislocation
Epitaxy

Grain

Lattice
Microconstituent
Phase

Primitive cell

Stacking fault

Atoms or other constituents associated with each lattice point
Region over which diffraction-relevant crystal order remains coherent

Number of neighboring sites under a defined neighbor criterion

Line defect carrying a Burgers-vector displacement

Crystalline growth with an orientational relation to the substrate
Crystalline region with a particular orientation

Translational framework of repeated points

Recognizable structural mixture, such as pearlite

Distinct approximately homogeneous structure/composition state
Cell containing one lattice point

Interruption of a normal layer sequence

Unit cell Region that reproduces a structure through translation
Term Meaning in this handbook

Creep Time-dependent deformation under sustained load

Ductility Capacity for plastic deformation under stated test conditions
Fatigue Damage or failure associated with repeated loading

Fracture Resistance to crack extension under defined conditions
toughness

Hardness Localized indentation resistance measured by a specified method
Resilience Recoverable elastic energy density to the chosen elastic limit
Strength Stress associated with a stated yield or failure criterion
Toughness Energy absorption before fracture in a specified test

Young's modulus

Uniaxial elastic slope in the applicable regime

Use precise nouns

A powder object, an agglomerate, a grain, and a coherent domain may have
different sizes. A composition, a phase, and a microstructure describe different
information. Choosing the noun is part of choosing the measurement.
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Glossary: transport and nanoscale

evidence

Term

Meaning in this handbook

Ballistic transport
Bloch wave
Carrier mobility
Density of states
Exciton

Fermi level

Hydrodynamic
diameter

LSPR

Mean free path
Quantum confinement
Quantum yield
Surface free energy

Surface stress

Term

Traversal with few momentum-randomizing scattering events
State expressed through a plane-wave factor and periodic function
Drift response per electric field within a defined regime

Available state count per energy interval and normalization

Bound electron-hole pair

Electronic chemical potential under stated conditions

Size inferred from motion including surrounding interactions

Localized collective charge resonance in a finite structure
Characteristic distance between specified scattering events
Restriction of motion producing altered/discrete states
Counted radiative events relative to absorbed excitations
Free-energy contribution per created surface area

Mechanical response to stretching an existing surface

Meaning in this handbook

Blocking temperature
Contact-angle hysteresis
Metastable

Ostwald ripening
Percolation

Self-limiting reaction
Selection rule

Wulff construction

Temperature associated with relaxation versus observation time
Difference between advancing and receding wetting angles
Locally persistent state despite a lower-energy alternative
Growth through matter transfer favoring larger particles
Formation of connected pathways across a system

Reaction uptake saturating under suitable exposure

Constraint on allowed transitions within a model

Fixed-volume shape minimizing anisotropic surface energy

Definitions have conditions

These compact entries help retrieval. The supporting chapters explain which
assumptions, units, timescales, and specimen states matter when using the

terms in an answer.
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Sources and further reading

The references in this section give you places to continue when a short
explanation is not enough. Callister and Rethwisch is a useful starting point for
the foundations. The research papers cover more specific topics, including
graphene, quantum dots, and characterization methods.

My preparation notes

[P1] Mat Sci: my chapter notes and Q section. The Q section collects questions
I needed to research further, including ionic unit cells, resolved shear stress,
CVD residence time, wetting, and small magnetic particles.

[P2] Nats Matsci CS: my condensed competition reference sheet.

[P3] Nats Q: additional questions and explanations on electronic, optical, and
nanoscale topics.

[P4] Nats Q (1): supplementary question notes.

[P5] Surface Chem: my notes on surface tension, contact angles, wetting
measurements, adhesion, and wear.

How to use the sources

You can find links to my four shared preparation documents on the companion
website: https://davidxumaterials.com.

If a calculation is unfamiliar, start with the physical quantity and the
assumptions. Then look for a derivation or measurement method in the
references. For Science Olympiad, check the rules for your season before
deciding what to prioritize or include in a reference sheet.

The figures labeled schematic show a mechanism or trend. Treat them as
explanations, not measured data. Worked examples use the conditions printed
beside them.
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About me

My name is David Xu, and I am a student at Harriton High School and a
member of its Science Olympiad team. I am interested in materials science and
chemical engineering. I made this book to help underclassmen find a starting
point in Materials Science and build the confidence to keep asking questions.

Selected individual achievements

* First place in Materials Science at the UPenn Invitational, 2025-2026
season.

* Second place in Materials Science at regionals, 2025-2026 season.

e Materials Science medalist at states and the Princeton Invitational,
2025-2026 season.

* Chemistry Lab medalist at nationals and second place at states, 2025-2026
season.

Team achievements

With Harriton's Science Olympiad team, I competed during the 2024-2025 and
2025-2026 seasons. The team placed second overall at nationals in 2024-2025
and fifth overall in 2025-2026, and first overall at states and regionals in both

seasons.

Why share these notes?

The questions that took more research belong in a study guide too. I want this
book to give younger competitors both the explanations and the next question
to ask when a solution does not make sense yet.

Questions or corrections? Email me at davidxu.materials@gmail.com.
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Subject finder 1

Foundations
Why structure belongs in every answer — 7
Properties that sound similar but are not — 11

Units and estimates keep the science grounded — 12

Crystal geometry

A crystal repeats a pattern — 15

Find the contact direction before calculating — 19
Density converts a cell into a macroscopic property — 22
Direction indices: subtract before reducing — 27

Planes: intercept, reciprocate, reduce — 28

Four indices make hexagonal symmetry visible — 29
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