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MBSE Core Competency Exam 
 

 
Wednesday, June 5, 2024 

10:00 am – 1:00 pm 
 
 
 
 
Instructions: 
 
 
• You have three hours in which to complete the exam.  
 
• Answer all four questions — they all carry the same weight, and they all require 

approximately the same effort and length of answer.  Note that the questions are arranged so 
that each appears on a separate page. 

 
• Be sure to read each question carefully, and please ask for clarification if you don’t understand 

the meaning. 
 
• Please start your answer to each question on a new page. 
 
• Include all the details of your thought process, along with any sketches, graphs, equations, and 

derivations needed to support your arguments.  Be sure to label all sketches and graphs clearly, 
define all variables that you use, and clearly state all relevant assumptions. 

 
• Your answers must contain only your own work. You may not consult any outside sources 

(written, spoken, or electronic) during the exam. 
 
• You will find some potentially useful tables at the end of this document.  
 
 
Good luck! 
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Question 1 

 
 
Bonding-structure-property relationships. 
 
Part A 
 
(a) If you are tasked to select a material for cutting sapphire, what material would you choose? 

Explain your reasoning.  
 
(b) Now you are asked to cut steel. Would you still use the same material selection in (a) for the 

cutting blade?  If not, what material would you choose? Explain your reasoning.  
 
(c) In order to lower cost, you are asked to design a transition metal-based ceramic for cutting 

tool applications.  Please describe your design principles and your reasoning.  
 

 Hint: Materials that can be effective in cutting structural materials require high hardness, high 
incompressibility, and good thermal stability.  

 
(d) You are getting bored and tired of working on ultra-hard and ultra-incompressible materials 

after spending years researching them.  Just for fun, you want to “play” with metals that are 
so soft that you can cut them with a kitchen knife. What metals would have such properties? 
Explain your reasoning.  

 
 
Part B 
 
You are interviewing for a job in a battery company.  One of their priorities is to develop 
inorganic solid-state ion conductors that can replace liquid electrolytes.  Through conversations, 
it became obvious that, if you can propose strategies to realize that goal, you have a good chance 
of getting the job.  Using the knowledge of crystal structures that you have learned in MBSE 
210, please describe some ideas you can pitch to the company.  
 

Hint: Think in terms of the characteristics of different crystal structures and the properties that would enable a solid-
state compound to conduct ions efficiently.  
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Question 2 

 
 
Structure, physical properties. 
 
Restingtonite is a polymorphic mineral; its crystal structure is tetragonal below 63.1°C (a-
polymorph) and orthorhombic at 63.1°C and above (b-polymorph).  Both polymorphs are 
optically transparent.  Thin wafers prepared from single crystals are being evaluated as possible 
substrates for optoelectronic devices. 
 
(a) If the in-plane thermal expansion coefficient of these substrates is to be isotropic at 

temperatures in the range 50°C to 60°C, what should the orientation of the wafers be relative 
to the crystal axes of the a-polymorph?   

 You may specify “orientation” in terms of the angles between the crystal axes and the 
normal to the wafer. 

 
(b) What can you predict about the optical behavior of the substrates prepared in (a) when they 

are observed at temperatures in the range 50°C to 60°C between crossed linear polarizers? 
 
(c) If the substrates prepared in (a) are used at temperatures in the range 70°C to 80°C, would 

their in-plane thermal expansion coefficient remain isotropic?  Explain your answer 
carefully. 

 
(d) If the substrates prepared in (a) are characterized at temperatures in the range 70°C to 80°C, 

what can you predict about their optical behavior when they are observed between crossed 
linear polarizers? 

 
(e) To guarantee that substrates used at temperatures in the range 70°C to 80°C exhibit isotropic 

in-plane thermal expansion at those temperatures, what should the orientation of the wafers 
be relative to the crystal axes of the b-polymorph?  The principal thermal expansion 
coefficients of the b-polymorph are 1.5 × 10!"	K!#, 1.8 × 10!"	K!#	and		2.4 × 10!"	K!# 
along axes designated 𝑋#, 𝑋$ and 𝑋% respectively. 

 
(f) Under what circumstances would the substrates prepared in (e) be optically isotropic? 
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Question 3 

 
 
Thermodynamics, stability. 
 
The molar Gibbs free energy 𝐺1 of a uniform binary solution at some fixed temperature 𝑇 and 
pressure 𝑃 may have a dependence on the mole fraction 𝑥 of one of the components that looks 
qualitatively like this: 

 
 
(a) In light of the curve, explain qualitatively but in some detail the reasons why such a solution 

might be stable, metastable, or spontaneously unstable under these conditions.  As (a small) 
part of your explanation, be sure to address the basic meaning of the notion of stability under 
the specified conditions. 

 
(b) In light of your explanation, identify quantitative criteria for defining the boundaries between 

composition ranges in which the solution is stable, metastable, and unstable, and sketch those 
boundaries relative to the curve. 

 
(c) Show how to obtain from the graph the chemical potentials of the two species for all 

compositions 𝑥 (i.e., the entire domain 𝑥 ∈ [0, 1]) at the temperature and pressure 
corresponding to the curve. 

 
(d) Explain how to obtain the phase compositions in all phase-separated states.  Use a sketch to 

define clearly and unambiguously any values needed in your method. 
 
(e) Explain how to obtain the phase fractions in all phase-separated states.  Write down explicit 

formulas for them, and use a sketch to define clearly and unambiguously any values needed 
as input. 

 
(f) How (and why) would the curve change if the temperature is increased and if it is decreased? 
 
(g) Sketch a qualitatively reasonable representation of the temperature-composition (𝑇-𝑥) phase 

diagram at the fixed pressure 𝑃, and label clearly the significant regions and points.  On your 
diagram, indicate the temperature corresponding to the 𝐺1	curve above. 

 
(h) In light of your phase diagram, explain in some detail what happens in the system when 𝑇 

starts out at a high (relative to any features on your phase diagram) value and heat is removed 
at a constant rate that is slow enough to keep the system in equilibrium. 
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Question 4 

 
 
Mechanical properties. 
 
(a) During the course of your MBSE studies, you have encountered multiple ways to quantify 

the “strength” of a material subjected to tensile loads.  They include (i) proof strength, (ii) 
elastic limit, (iii) proportional limit, (iv) offset yield strength, (v) ultimate tensile strength, 
(vi) breaking strength, and (vii) the quantity 𝜎& in the Weibull distribution of failure 
probability.  Carefully describe how each of these parameters is defined and properly 
interpreted. 

 
(b) How does microstructure affect the measures of “strength” listed in (a)? 
 
(c) Some of the above measures of “strength” can be expressed as both “nominal” and “true” 

values.  How are “nominal” and “true” defined, and which of the measures of “strength” 
listed in (a) can be expressed in both ways?  Why can’t all the measures of “strength” listed 
in (a) be expressed in both ways? 
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Useful Information 
 

Crystal 
system  

Characteristic/ 
defining symmetry 

Viewing directions  Point group /  
crystal class  
(full symbol) 

1st 
letter  

2nd 
letter  

3rd 
letter  

 Triclinic  1-fold symmetry  1 or 1   1 or 1 

 Monoclinic  One 2-fold (diad)  b (c)   2, m, !! ! 

Orthorhombic  Three 2-folds (diad)   a  b  c 222, 2mm, !!
!
!

!
! 

 Tetragonal  One 4-fold (tetrad)  c  a [110] 
4, 4, !! 
422, 4mm, 42m, !!

!
!

!
! 

 Trigonal  One 3-fold (triad)  c  a [210] 
3, 3 
32, 3m, 3 !

! 

 Hexagonal  One 6-fold (hexad)  c  a [210] 
6, 6, !! 
622, 6mm, 62m, !!

!
!

!
! 

 Cubic  Four 3-folds (triad)  a [111] [110] 
23, !! 3 

432, 43m, !! 3
!
! 

 
 
 

Periodic Table of Elements 

 


