
BASIC BASIC BASIC  

The fact/knowledge every PhD/materials science scientist should know is…… 

Prof. Soffa 

 

Here what I will try to do is to classify and mentioned every basic question to diagnose the basis. As they 

are all basic questions, you can simply wiki/google for the answers. The aim is to classify all over the 

materials science field. This can be seen as a syllabus for the whole field and all kinds of quiz for 

different parts. Here I will focus on “double basics”: basic concepts and basic skills which is due to my 

traditional Chinese education philosophy. Any contributed edition is very welcome.  

 

 

 

 

 

 

 

Fundamental sides: 

The big picture of four core courses: 

Crystal→Defect: fundamental and universal knowledge about how materials “constitute” in perfect or 

defect. 

Thermodynamics→Kinetics: fundamental and universal knowledge about how materials “exist” in 

equilibrium or process. 

 

Application sides: 

Processing/Structure/Properties/Performance: 

structure materials and mechanical properties 

functional materials (EMOp) and electrical, magnetic, optical, (thermal), properties 

phase transformation and materials processing 

special materials: ceramic, polymer, composites 

special “reaction”: fracture, corrosion(degradation) 

 



Techniques to study MSE(see other slides): 

Computational:  

first-principle calculation: DFT 

MD/MC simulation 

CALPHAD 

Machine learning 

… 

 

experimental: 

Diffraction: x-ray(photon), neutron, electron 

Microscopy: TEM SEM SPM  

 

 

 

You have to integral the three parts, the fundamental and universal core knowledge (which means it’s a 

little bit abstract), the application part(especially consider the industry potential application) and the 

detailed techniques to attack the problem. 

 

 

 

Crystal/Electron(review HW as well, during the proposal?): 

Crystal=lattice + basis 

 

 

 

 

Crystal structure, 2D and 3D: 

How many 2D crystal 

 



 

What’s the structure of 𝐿10(𝐿12) ? State it in lattice + basis. Example compounds? (Tetragonal P + basis 

AB) 

What’s the differences between HCP and FCC? 

are related with different stacking 

what’s the structure for Diamond and ZincBlend? 

 

Unit cell repeat and no overlaps 

Primitive: smallest 

Conventional: better capture symmetry 

Wigner-Seitz: primitive but in some specific method 



 



 





 
 

 

 

Symmetry 

What’s the minimum symmetry for Cubic? 

 
 



 
 

 

 

Complex crystals 



 
 

Note the difference of stacking in HCP and FCC 

 

Interstitial and substitute. Tetrahedra and octahedral site 

 

 



 

Diffraction 

What’s the structure factor? 

Why we can’t see (001) in bcc-fe electron diffraction pattern? 

What’s the relation for the reciprocal space of bcc and fcc?  

 

State the Bragg’s law clearly?  

 

State the basic source for the diffraction? Electron/x-ray(photon)/ neutron 

 
 









 
 

Peak’s position----lattice 

Peak’s intensity----basis 

Many peak? polycrystal 

 

 

Electronic structure (not too much) 

What’s the Brillouin zone? 

What’s the Fermi surface? 



 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Defects: 

 

Basic elastic mechanics: 

What’s Young’s modulus? And Stress-strain behavior? 

 

 

 

 

 

Point defect: 

What’s the form of point defects? 

Frenkel and Schottky 

 

 

defect-free crystals do not exist due to equilibrium vacancy equilibrium 

 

 

Doping in semiconductor… 

Discuss about the Brouwer diagram? 

 

 

 

 

 

 

 

Dislocation: 

What’s the dislocation? What’s the Burgers vector? What’s the slip plane?  

What’s the difference between edge and screw dislocations?  



 

 

What’s the Peach-Kohler force? 

 

What’s the partial dislocation? 

 

What’s the stacking fault? 

 

What’s the Orowan mechanism? 

What’s the friedel spacing? 

What’s the precipitation hardening? State your understanding about the figure below. 

 

 

Talk about the dislocation core structure, the Peierls-Nabarro model? 

 

 

What’s the cross-slip of dislocation? 

 

What’s the line tension? 

Self-force 

Illustrate the different types of mechanisms for the movement of dislocation?  



 
 

 

“image” torque??? 

Line tension 

 

What’s the estimated stress field of dislocation? What’s the estimated energy of dislocation? Which 

means the feature of dislocation from energy and stress field 

 

𝝈~
𝒃

𝒓
 

𝑬𝒔 =
𝝁𝒃𝟐

𝟐
 

𝑬𝒆 =
𝝁𝒃𝟐

[𝟐(𝟏 − 𝒗)]
 

𝝁 shear modulus, 𝒗 Poisson ratio 

𝒇𝒄𝒍𝒊𝒎𝒃 = 𝝈𝒃 

𝒇𝒈𝒍𝒊𝒅𝒆 = 𝝉𝒃 



𝒇 = 𝒃𝝈𝝃 

 

What’s the Frank’s rule? 

 

 

 

 

 

typical movement of dislocation? 

Climb and glide? 

Climb is achieved by point defect at high temperature 

 

Cross-slip of screw dislocation: overcome an activation barrier 

Rare event 

 

interaction between dislocation? 

Based on Peach-koehler force 

Attraction or Repulsive 

 

Peach - Koehler 

 

Peach-Koehler forces, interaction between dislocations lead to strengthening: 

Pile up 

Taylow hardening equation 

Orowan relation 

Orowan equation 

 

 

 



 

 

Partial dislocation: 

Why perfect to partial dislocation？  

Perfect  to partial separated by stacking faults to reduce energy 

 

What’s antiphase boundary? 

 

 

 

 

 

Dislocation core? 

What’s the basic idea about Peierls-Babarro model? 

Supplement the center region with the function, without the sigma comes to infinite 

disregistry 

 

in order to using this for partial dislocation energy 

generalize the it with disreqistry with the generalized stacking fault energy  

 

𝝈𝒙𝒚(𝒙,𝒚 = 𝟎) =
𝝁𝒃

𝟐𝝅(𝟏 − 𝒗)

𝒙

𝒙𝟐 + 𝝃𝟐 

 

 

No stable stacking faults in BCC structure??? 

 

The elastic field of Solute and dislocation interaction? 

Cottrell atmosphere 

Pinning effect 



 

 

 

 

Distinguish Glissile and prismatic dislocation loops? 

at high T and/or presence of vacancy sinks the 

prismatic loops of vacancy type will shrink 

at vacancy supersaturation (c > c0) the loops can grows 

 

 

 

 
 



 

 



 
 
 
 

 



What’s the kinks and jogs?



 
 

Mechanisms of dislocation multiplication include: Frank-Read source, multiple crossslip, emission of 

dislocation from grain boundaries, etc. 



 
 
 

What’s the Thompson tetrahedron? 
 
 







 
 

 

 

 

 



Interface/2D defects 

What’s the grain boundary? Distinguish  low-angle grain boundaries and high-angle grain boundaries 

 

Low: not block dislocation effectively, can be seen as edge dislocation array 

 

High: block movement of dislocation 

 

 

 

 

 

What’s the interface energy? 

 

How different orientation affects interface energy? 

 



 
  

 

What’s the antiphase boundary? How is it related to stacking fault? 

 

 



 

The surface energy of grain boundary??? 

for small θ, the distance between dislocations is large and the energy of the grain boundary, γGB, is 

proportional to the dislocation density as θ increases, the strain fields of dislocations increasingly cancel 

out and γGB tend to saturate xx when θ approaches ~15º, core regions of the dislocations start to 

overlap and the description of GB in terms of dislocation wall is no longer useful 

 
 

 

 

 

 

Five degrees of freedom: 3 for the relative misorientation of the crystal and two for the direction of the 

grain boundary plane normal 

 

Twist boundaries: axis of rotation of one crystal relative to the other is normal to the plane of the 

boundary 

Tilt boundary: axis of rotation lies in the plane of the boundary 



Coincidence site lattice(CSL) 

1/Σ of the lattice points coincide 

 

 

Singular GBs: low energy interface, low Σ  

 

 

Defect textbook’s summary can be helpful 

 

 

Thermodynamics: 

 
 

Basic law 

State the basic laws for the thermodynamics? (include the 0th law) 

 

 

 



State your understanding for entropy? Discuss the entropy with the system entropy, produced 

entropy, transfer entropy 

 

Origin of entropy?  

Configurational entropy, vibrational entropy, Electronic scale in terms of thermal excitation of 

electrons and spin polarizations, such as magnetic and ferroelectric polarizations. 

 

Talk about the difference between reversible process and irreversible process.  

 

Distinguish state function and process variable for thermodynamic quantity.  

Classify the state function with Extensive and intensive state function. 

 

How to understand enthalpy? 

Bonding, energy in pressure, isobaric process 

 

Why free energy is useful? 

Easy to measure by fixing T,V or T,P 

 

 

In Gibbs free energy, you can see PV is insensitive compare to TS term.  

TS is more sensitive, so it’s easy to change the mechanical properties by the heat treatment 

(processing) 

(mechanical properties will change with temperature) 

Sensitive→  the method to control the microstructure, to adjust 

Insensitive→to protect something 

 

 

 

 

 



Be familiar with the experimental variables: Coefficient of thermal expansion, Coefficient of 

compressibility, Heat capacity (specific heat) 

 

Some quantity has absolute value, some may need reference state? Why is that and state your 

understanding about the reference state? 

 

Derive all thermodynamic energy function and entropy with only heat capacity -temperature data. 

 

Be familiar with the ideal gas related thermodynamic calculation. Equation of state and other specific 

experimental variable form. 

 

 

 

Statistical thermodynamics: 

State the aim of the statistical mechanics and how it connects to the phenomenology theory. 

Connect micro- and Macro- 

State the entropy related formula. 

 

What’s the partition function? Be familiar with how to derive other thermodynamic quantities based 

on partition function. 

State the difference and similarities between different ensemble? (extra) 

 

 

 

Phase diagram? 

From unary/homogeneous to multicomponent/heterogeneous: 

 

 

What’s the chemical potential? 

 



 

What’s the Clausius-Clapeyron Eqn. ? How about the assumptions used in the P-T diagram with the C.-

C. equation? For condensed phase, triple point especially. Note the graphical method used here wit h 

the approximation. 

Slope in the P-T diagram 

 

At least can reproduce the P-T diagram for water. 

 

 

What’s the partial molar properties?  

 

 

What’s the Gibbs-Duhem equation? 

 

What’s the mixing process? 

Mixing is the formation of a solution from its own components (P,T constant) and results in a change 

of state for each component when forming a homogeneous solution.  

 

State the method of Graphical Determination of PMPs? 

 

 

What’s the three types of equilibrium conditions for multicomponent systems? 

 

 

Explain and discuss about the graphic thermodynamics? Check the notes on Zangari and Soffa’s course.  

Graphical Determination of Partial molar properties.  

 

 

What’s the Gibbs-Duhem equation? 

What’s the partial molal properties?  



 

 

What’s the activity? How it connects to the chemical potential? 

Experimental measurements are not aimed however at chemical potential, but instead at activity,  

Δ𝜇 𝑘 = 𝑅𝑇𝑙𝑛𝑎𝑘  (effective concentration?) 

𝑎𝑘 = 𝛾𝑘𝑋𝑘  

Ideal mixing: only ideal entropy produced by randomly distributed. 

𝛾 is an excess term. 

fugacity (effective partial pressure) 

 

 

What’s the dilute solution? 

What’s the Henry’s law and Roult’s law?(Basically, a limit estimation) 

 
Mixing Problem: What’s the ideal mixing? What’s  the regular mixing? What’s the subregular mixing? 

What’s the non-regular mixing? Quasi-chemical theory of mixing? 

ideal mixing 

only randomly distributed, entropy mixing, which is ideal mixing free energy 

regular mixing  

ideal mixing’s entropy+ mixing enthalpy (excess mixing Gibbs free energy) only related to composition 



simplest is 𝑎0𝑋1𝑋2 

subregular mixing  

allows asymmetry in bond energy 

non-regular mixing 

consider T dependence 

they are all about the excess mixing Gibbs free energy 

Quasi-chemical theory of mixing 

Consider bond energy statistically 

 

Be famillar with the clustering vs. Ordering 

 

 

 

What’s the Eutectic, eutectoid, peritectic, monotectic, eutectoid, peritectoid?  

What’s the pearlite? 

What’s the hypoeutectoid, proeutectoid, hypereutectoid, hypoeutectic? 

 



 

 
 

 



 

 

What’s the Lamellar Eutectic Structure? 

 

What’s the miscibility gap? What’s the spinodal decomposition? How to connect it to the graph?  

 

How to connect the phase diagram to the G-X curve? 

 

 

 

 

Cooling curve: 



 
 

 



 

 

 

 

 

Reference state: The choice of reference state for each component must be the same, Be familiar with 

the standard reference state. 

𝑮 − 𝑯𝑺𝑬𝑹, the Gibbs energy relative to the enthalpy of the “Standard Element Reference” ie the 

reference phase for the element at 298.15 K 

With the 3rd Law, Temperature and entropy and heat capacity has the absolute value, but the energy 

function basically doesn’t has this. The only meaningful part of the energy is the energy difference 

which is actually the “driving force” or the “potential” 

 

 

What’s the heat of reaction?  

Heat of reaction = difference between the heat of formation of products and that of reactants 

 

How reaction equilibrium constant connects to the free energy? Consider how it connect to the 

reaction rate with the reaction coefficient. 

 
 

 

Be familiar with the Ellingham diagrams, Predominance diagram and Pourbaix diagram. 

 

 



 

Kinetics: 

 
 

Chemical reaction kinetics 

What is an equilibrium constant? What is a reaction rate constant? How do the forward and reverse 

reaction rate relate to equilibrium constant? 

 

 

 

 

Diffusion phenomena 

What’s the flux for diffusion? The unit? 

 

What’s the driving force for steady-state diffusion? 

 

What’s Fick’s 1st and 2nd law? State it clearly. 

 



What’s the unit for diffusion coefficient? 

 

What’s the feature of the steady-state diffusion? 

 

what’s the Arrhenius equation? 

 

Recognize the different boundary condition for the diffusion? 

 

What’s the activation energy? 

 

Diffusion in multicomponent systems 

 

Discuss the Kirkendall diffusion couple experiment 

 

 

Diffusion phenomena in multicomponent system 

 

 

 

 

Atomistic diffusion 

Derive the atomistic diffusion coefficient based on the random walk? 

 

 

 

Illustrate different kinds of diffusion coefficient?  

Self-diffusion coefficient 

Interdiffusion coefficient 

Intrinsic diffusion coefficient 



Tracer diffusion coefficient 

 
 

 

 

 

 

Rank diffusion coefficient for diffusion with defects? 

The larger free volume, the larger diffusion coefficient. 

 

Similar question: diffusion mechanism, interstitial is faster,  as its activation energy is smaller 

Heterogeneous nucleation, energy barrier. 

 

 

 

 

 

 



Generalized treatment of diffusion 

 

 

 

Phase transformations 

What are the two typical rate controlling steps in passive oxidation? 

 

Explain the meaning of the nucleation theory, homogeneous and heterogeneous? 

 

What’s the spinodal decomposition? 

 

What’s the surface energy? Based on free energy and enthalpy. It also appears in the defects class for 

free surface. Lecture 22 interface. 

 

 

 

 

 

Coherent: large strain energy, small chemical energy 

 

Incoherent: small strain energy, large chemical energy 

May be incorrect 

The chemical energy + structure energy means interface energy 

Incoherent has dominated structure energy (not strain energy) and less chemical energy 

Interface energy for coherent is mostly chemical energy 

 



 
 

 

 



 
 

 

 



 
 

 

 

 

Explain the shape of the TTT diagram?  

 

 



WHAT’S THE DIFFERENCE BETWEEN CCT/TTT diagram? 

CCT consider the non-equilibrium case in the real case, so it will shift the TTT diagram a little bit, As TTT 

consider the isothermal reaction only, which is the ideal situation. 

 

 

 

Capillary force? Driving force for it? 

 

 

What’s the coarsening? Gibbs–Thomson effect? 

 

 

 

Grain growth? Why it exists? 

Reduce surface area to reduce the boundary energy 

Reduce energy for the whole crystal. 

 

 

Microstructural evolution 

What’s the capillary effect? 

 

 

 

 

 

 

 

 

 



Application sides: 

structure materials and mechanical properties 

 

what’s the stress and strain? What’s the yielding? 

  

 

 

 

What’s the Poisson ratio? How it connects the modulus constants in different directions?  

 

What’s the engineering stress-strain behavior? Indicate: modulus of elasticity, Yielding, proportional 

limit, Yield strength, Tensile strength, necking, fracture? 

Compare stress-strain and other behavior for the eternal field and internal response, BH curve, 

polarization and electric field. 

 

 

Bonus: how to compare it with magnetic hysteresis curve? 

Mathematical understanding: eternal field and response 

Why first linear then non-linear? 

Derivative and small perturbation. 

Irreversible thermodynamics provide linear Onsager reciprocal relations 

 

 

What’s the Ductility? How to quantify it? 

 

What’s the resilience? And toughness? 

 

Indicate the difference between engineering stress-strain and true stress-strain? 

Cross sectional area will decrease 



Talk about the ductile strength trade off? 

 

 

What other trade off? 

Example: Hall-Petch effect and its inverse? 

Nucleation’s volume contribution and surface contribution/ TTT/CCT C-curve nucleation growth C-

curve. 

 

Which means you have to balance 

 

 

 

 

 

 

What’s the hardness? 

 
 

 

why we study dislocation for the mechanical properties? 

Dislocation motion and plastic deformation. 



 

 

 

What’s the slip system? 

 

How to strength the materials? And what’s the common strengthening mechanism?  

 
 

 

Strain hardening=cold work=Taylor hardening 

Precipitation strengthening=dispersion hardening=age hardening~~~Orowan mechanism 

 

What’s the dislocation density? Two ways  

 

 

What’s the recover, recrystallization, grain growth?(see also Agnew’s slides) 

Recover 

• There is some relief of internal strain energy by dislocation motion. 



• Dislocation density decreases, and dislocations assume low-energy 
configurations. 

• Some material properties revert back to their precold-worked values. 
 

 

 

 

 

recrystallization 

• A new set of strain-free and equiaxed grains form that have relatively 
low dislocation densities. 

• The metal becomes softer, weaker, and more ductile. 
• temperature increases (at constant heat-treating time), tensile strength 

decreases and ductility increases  
• Plastic deformation of a metal above its recrystallization temperature is hot 

working; deformation below its recrystallization temperature is termed cold 
working. 

 

Grain growth is the increase in average grain size of polycrystalline materials, 

which proceeds by grain boundary motion.  

 

What’s their driving force for recrystallization, grain growth? And what’s their feature? 

 

 

 

 

Phase transformation and materials processing: 

Are you familiar with the lever rule? Make sure you can work out it within ternary system as well.  

 

State the invariant reaction and the meaning for it? 

-oid: solid only reaction 



Eutectic reaction, Peritectic reaction 

What’s the Eutectic, eutectoid, peritectic, monotectic, eutectoid, peritectoid?  

What’s the pearlite? 

What’s the hypoeutectoid, proeutectoid, hypereutectoid, hypoeutectic? 

 

 

What kind of special structure will form during the eutectic reaction? 

 

 

 

 

 

Iron-carbon phase diagram: 

Pearlite: lamellar 

Cementite: Fe3C 

Austenite: 

ferrite 

martensite: 



 
 





 
 

 

 





 
 

 

 

 

Describe the Gibbs phase rule? 

 

 

What’s the two main phase transformation method? 

spinodal decomposition: 

 



nucleation and growth: 

 

 

 
 

 

 

 

 

 

What’s the martensite phase? 

 

 

 

What’s the precipitation? And G.P. zone?  

 

 

 

 

 

 

What’s the annealing and casting?  



 

What’s the overaging? 

 

 

Talk about the strength-time relation during the precipitation hardening? 

 

 
 



 
 


