
Materials Science and Engineering  
PhD Qualifying Exam  

 
 
WRITTEN EXAM: Tuesday, May 21st, 2024 

9:00AM-1:00PM, 15 Saint Mary’s Street, Room 105 
    

• NO ELECTRONIC DEVICES (smartphone, iPad, smartwatch) permitted 
• Calculators and a ruler are allowed. 
• CLOSED BOOK. Only the notes indicated below will be allowed. 

 
INSTRUCTIONS:  
 

1) Write your EXAM NUMBER on every sheet of paper  
 

2) Write clearly and legibly as the exam may be scanned to faculty for grading.  
 

3) Answer 5 out of 6 questions completely in the three required sections below: 
 

Section I:   
• Problems 1 and/or 2: Electrical, Optical and Magnetic Properties of Materials (MS 577/PY 

543, Swan/Hu)  
o CLOSED BOOK, NO NOTES 

Section II: Problems 3 and/or 4: Thermodynamics and Statistical Mechanics (MS 505, Pal) 
o CLOSED BOOK, 1-ONE-SIDED FORMULA SHEET & GRAPH PAPER 

Section III: Problems 5 and/or 6: Kinetic Processes in Materials (MS 503, Basu)  
o CLOSED BOOK, NO NOTES 

*AM refreshments and grab n go lunch boxes served  
 
ORAL EXAM: Thursday, May 23rd 9:00AM – 5:00PM 

Friday, May 24th 2024 10:00AM – 1:00PM 
15 St. Mary’s Street, Room 105 

    
Oral Exam Schedule 
Thursday, May 23rd 

Time Slot Student Committee 
9AM – 10AM   
10AM – 11AM   
11AM -12PM   
12PM – 1PM   
1PM – 2PM   
2PM – 3PM   
3PM – 4PM   
4PM – 5PM   



 

Friday, May 24th 
Time Slot Student Committee 
10AM – 11AM   
11AM – 12PM   
12PM – 1PM   
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1. Crystal structure and scattering.  
NaCl has a rocksalt structure, where the conventional unit cell is 
shown in the figure. The atomic numbers are 11 (Na) and 17 (Cl). 

 

a) What lattice structure is the conventional unit cell? What is 
the basis? 

b) What lattice structure does the reciprocal lattice have? What 
is the reciprocal lattice constant?   

c) Consider the x-ray scattering peaks related to the 110 plane.   

i. Draw the reciprocal lattice points in the 110 plane unit cell and label with their G 
vectors.  

ii. What is the structure factor for each peak?  

d) If you were to observe the X-ray pattern, not knowing anything about the crystal, how would 
you be able to tell that the crystal has a basis beyond (000)? 

 

 

 

2. Electronic structure. Consider a simple cubic lattice with one atom 
per unit cell (highly unusual). The lattice constant is a. The figure 
shows the reciprocal unit cell, i.e. the 1st Brillouin Zone (BZ). Explore 
what happens to the electronic system as we vary the number of 
electrons per unit cell, as well as interaction strengths. 
 

a) Find the positions X, M,R,  in terms of the G vectors, 
2𝜋

𝑎
(ℎ, 𝑘, 𝑙).   

b) Calculate and plot the free electron dispersion R--X--M for 𝐺 =
2𝜋

𝑎
(000). Set the energy at 

the X point as EX, and give all other energies in terms of as EX.   

c) Calculate the dispersion for one nonzero G vector for the--M direction that continue from 
the dispersion you already have. (pay attention to signs). If we considered a more realistic 
case of an FCC crystal, what differences would you have to consider? 

d) Find the Fermi vector for the case of 1 and 2 electrons per atom.  Comment and sketch the 
shape of the Fermi surface relative to the reciprocal unit cell.  Mark the Fermi level in the 
band diagram you drew above (label “1 el” and “2 el”) 

e) Now consider gaps opening at X, R and M for the cases of two electrons/atom. All gaps are 

𝐸𝑔𝑎𝑝 =
1

4
𝐸𝑥 . Sketch these cases for X--M--R. Is the material a metal or insulator? Discuss. 

If a metal, what does the Fermi- surface(s) look like? Will there be electron pockets in the 2nd 
BZ? 

 

a 
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Formulas 

Volume of sphere  𝑉𝑠𝑝ℎ𝑒𝑟𝑒 =
4𝜋𝑟3

3
 

Kinetic energy  𝐸𝑘𝑖𝑛 =
𝑚𝑣2

2
=

ℏ2𝑘2

2𝑚
 

k-state density: reciprocal unit cell holds 2N states, N=# of unit cells 

Wave vector  𝒌 − 𝑮ℎ𝑘𝑙 = (𝑘𝑥 − 𝐺𝑥)�̂� + (𝑘𝑦 − 𝐺𝑦)�̂� + (𝑘𝑧 − 𝐺𝑧)�̂� 

Structure factor   𝑆ℎ𝑘𝑙 = 𝑆𝑙𝑎𝑡𝑡𝑖𝑐𝑒 ⋅ 𝑆𝑏𝑎𝑠𝑖𝑠, 

(cubic conventional cell)  𝑆𝑏𝑎𝑠𝑖𝑠=∑ 𝑓𝑖𝑒2𝜋𝑖(ℎ+𝑘+𝑙)𝑁
𝑖  

Form factor 𝑓𝑖 ~𝑍, N - number of basis points 

 



Materials Ph.D. Qualifying Examination (May 2024) 
(Allowed 1-page open notes/formulae one-side) 

No cell phones/laptops 
 

1. a. A piece of copper (2 moles) at a uniform temperature of 273 K is initially placed in contact 
with another piece of copper (2 moles) at 373 K in an adiabatic enclosure. Calculate the 
temperature of the 2-piece (4 moles) copper system when thermal equilibrium is attained. 
Calculate the amount of heat transferred between the copper pieces and the total entropy 
change as a result of the heat transfer. The molar specific heat of copper at constant pressure 
is 22.64 + 6.28x10-3T J/mole-K. 
 
b. Can a spontaneous process result in a decrease in the entropy of the system. Justify your 
answer. 
 
c. While applying the phase rule what does degrees of freedom at equilibrium mean?   
 

2. a. Lithium Boride vapors dissociate according to: 
 

LiBr (g) = Li (g) + ½ Br2 (g) 
 
The standard free energy change of the above reaction is 333,900 – 42.09 T (K) J/mole. 
 
The gas is heated at constant total pressure of 1 atmosphere. At what temperature does the 
partial pressure of Li (g) in the system reach 10-6 atm. and what is the partial pressure of Br (g) at 
that temperature? 
 
b. If the total pressure in the system increases how will the equilibrium constant of the above 
reaction change? Will the above reaction move forward or backward as the pressure increases? 
 
c. How many degrees of Freedom define the equilibrium for the LiBr(g)/Li(g)/Br2(g) system? 
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Closed book, NO additional notes 
 

Some physical constants, equations and tables that may or may not be relevant: 
 

Gas constant, R = 8.314 J/mole-K 
Avagadro's constant, NAv = 6.023X1023 mole-1 

Plank's constant, h = 6.626X10-34 J-s 
Boltzman's constant, k = 1.381X10-23 J/K 

Charge of an electron, e = -1.602X10-19 Coulombs 
1ev = 1.602X10-19 J  

 
Fick’s	Laws	and	solutions: 	𝐽 = 	−𝐷 !"
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𝐎𝐭𝐡𝐞𝐫	𝐠𝐞𝐧𝐞𝐫𝐚𝐥	𝐝𝐢𝐟𝐟𝐮𝐬𝐢𝐯𝐢𝐭𝐲	𝐫𝐞𝐥𝐚𝐭𝐢𝐨𝐧𝐬𝐡𝐢𝐩𝐬:	𝑥	~	`𝐷𝑡, 		𝐷 = 	𝐷-𝑒𝑥𝑝 J−
𝑄
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𝑞
𝑘 

Broken	bond	model	and	nucleation: DG = VDGV + As 
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For FCC: √2𝑎 = 4𝑟 

For an equilateral triangle of side ‘x’, area of triangle =	√I
J
x2 
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Problem 1        
The solubility limit of atomic H in Ta at 1000°C is 2wt%.  A 5mm thick Ta 
sheet at 1000°C, is saturated with H. The sheet is coated on one side and all 
the edges with a TaN coating. Since H diffuses rapidly in Ta, the sheet is 
subjected to a degassing anneal by placing in a vacuum furnace at 1000°C.  
This causes H atoms in the sheet to diffuse to the only exposed (non-coated) 
surface, and quickly desorb as gas phase H2 which is quickly removed by 
the pump (see figure on right, where the sheet is shown in cross-section).  
 
Since the desorption step is much faster than the diffusion step, it can be 
assumed that the concentration of H atoms at the exposed surface of the sheet 
is maintained at 0wt% at all times. Further, assume that the diffusivity of H 
in TaN is many orders of magnitude slower than in Ta, so the coated surfaces 
can be considered to be effectively zero flux planes, making the H diffusion 
through the exposed surface a 1-D problem. The initial concentration profile 
in the sheet is shown in the figure to the right. Note that x = 0 is at the exposed 
surface of sheet. Please use this axis system for all your answers.  
 
a) If the activation energy, Q, of diffusion of atomic H in Ta is 1eV/atom, and 
D0 = 0.913 cm2/s, calculate diffusivity of hydrogen, DH, at 1000°C.        
 
b) Sketch qualitatively, the change in the concentration profile in the sheet as a function of time, 
assuming 1-D out-diffusion of H. The profile at t = 0 is shown.        

 
c) How long will it take for the concentration at a depth of 1mm from the exposed surface to reach 
1wt%? Justify which solution you have chosen. Assume error tolerance is 1%.  
HINT: Always start with the simplest RELEVANT solution, and then check if the choice is valid.  
 
d) How long will it take to remove 90% of the initial H in the Ta? Justify any assumption you 
make.            
 
Problem 2.  
a) During solidification of some metals with FCC crystal structure, the 
general shape of nuclei is shown in the figure on the right. The nuclei have 
six {100} faces and eight {111} faces. The relative areas of the two types 
of faces depend on their relative surface energies. Calculate 𝜎1--/𝜎111 for 
this FCC crystal based on the broken bond model. Clearly sketch out the 
geometry used to calculate the number of broken bonds/atom and 
atoms/area.       
 
b) Based on the calculations above, do you think that the sketched shape of a nuclei is reasonable 
in terms of the relative areas of the two surfaces?  
         
c) Can you explain qualitatively why the nuclei would not just be bounded by the lower energy 
faces, i.e., why would it not be a cube bounded by {100} faces if 𝜎1-- was lower, or a tetrahedron 
bounded by {111} if 𝜎111was lower?       
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