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Part IA Paper 2 2013  Section B: Materials G J McShane 

Q7 (Short) 

(a) Formation of positive metal ions:  M → M2+ + 2e- 
 Formation of negative oxygen ions:  O2 + 4e- → 2O2-  
 Formation of the oxide:  M2+  + O2-  → MO 
  

Free energy of oxidation:  The net free energy change that takes place during the reaction. It 
can be interpreted as the thermodynamic driving force for the reaction.  Positive free energy 
change: there is no driving force, the reaction will not spontaneously happen.  The more 
negative the change: the greater the driving force for the reaction. 

(b)  

 

 

Q8 (short) 

 (a)  (i) 

 

 (ii) Dislocations glide through the material in response to an applied shear stress (as 

shown above). Passage of the dislocation results in a permanent shear deformation of 

the crystal lattice. The cumulative effect of a large number of gliding dislocations 

leads to macroscopic plastic deformation. 

line direction and Burgers 

vector (b) are perpendicular 

line direction and Burgers 

vector (b) are parallel 

screw 

dislocation edge 

dislocation 

Change in mass 

time 

Linear growth: oxide layer does not provide a 

barrier to further oxidation, so oxidation rate 

remain constant with time. 

Parabolic growth: oxide layer provides a barrier 

to further oxidation, reducing oxidation rate as 

the oxide layer thickness increases 



(b) Any two of the following: 

Microstructural feature Parameter that can be controlled 

Precipitate (precipitation hardening) 

 

Precipitate size and spacing 

Other dislocations (work hardening) 

 

Dislocation density, through plastic straining 

Solute atoms (solid solution hardening) 

 

Type and weight fraction of solute atoms 

Grain boundaries 

 

Grain size 

 

Q9 (short) 

(a)   

BCC unit cell: Atom D lies in the centre of a 

cube with one atom at each corner.  Atomic 

radius is R.  The atoms touch along ADC 

(atoms shown smaller, for clarity). 

        

                      

    
  

  
 

(b)  

FCC, atoms per unit cell:       
 

 
    

 

 
      

Size of the unit cell (Data Book):                 m 

 

D 

a 



Molar mass of aluminium (Data Book):            kg kmol
-1 

Mass per atom:     
 

  
 

      

          
             kg atom

-1
  (NA = Avogadro's number) 

Theoretical density:   
  

  
       kg m

-3
 

 

Q10 (short) 

(a) Consider a free body diagram for an element of column of height y : 

Tensile force at y (vertical equilibrium): 

          

Tensile stress at y : 

    
 

 
     

 

 

 

(b) Survival probability for non-uniform stress distribution (from Data Book): 

             
 

  
 
   

  
 

  

 (  ,   , m are material constants).  Evaluating the integral for the stress distribution in 

the column: 

  
 

  
 
   

  
 

   
   

  
 
    

  
 

 

 

 
  

  
 
  

  
 
    

   
 
 

 

  
  

  
 
      

       
 

 Hence: 

            
  

  
 
      

       
  

 

  

y

g

F 

Weight: Mg = ρAyg 



Q11 (long) 

(a) (i) Primary bonds in metals behave as stiff elastic springs, with force-displacement 

response of the form: 

The gradient of the force-displacement plot at 

the equilibrium separation gives the bond 

stiffness (which is approximately constant for 

small changes in separation).  The bond 

stiffness is directly related the Young's 

modulus. 

 

 (ii) Thermoplastics consist of long molecular chains (formed by strong covalent 

bonds) bonded together via relatively low stiffness secondary bonds. The stretching of 

these secondary bonds determines the Young's modulus of the polymer. 

 

(b) Define compressive strains positive. The total strain is the sum of elastic and thermal 

components: 

          
 

 
     

 

   
                    

  

 
                      

 (Note: these are nominal stresses and strains. Many candidates overcomplicated the 

analysis by attempting to work out the evolution of true stress. Another common error 

at this stage was not accounting correctly for the signs of tensile and compressive 

strains - a clear sign convention is essential.) Eliminating   and rearranging: 

      
  

 
      

 

F 

∆T 

Maximum ∆T :  At a critical ∆T the 

material will yield, and the above 

relationship no longer holds. The critical 

∆T  depends on the yield strength.   

Ed∆d 

(gives E) 

0 

αEd
2 

(gives α) 



(c) (i)  The total strain in each direction is the sum of elastic and thermal components: 

          .  The thermal strain is all directions will be the same:          .  The 

total strain in all directions will be the same, due to the constraint:      .  The elastic 

strains will therefore also be the same in all three directions, and hence so will the 

stresses. 

 (ii)  Taking tensile stresses and strains positive, and            ,  the elastic 

strain in any direction: 

    
 

 
   

 

 
 

 

 
  

 

 
               

  

  

 The thermal strain in any direction: 

                             

 The total strain in any direction: 

                                        

 Hence, substituting (1) and (2) into (3) and rearranging:  

 

 
               

    
     

      
 

 (Note: care is also needed with signs at this stage. With the tensile strain positive sign 

convention, a negative temperature change   , i.e. thermal contraction, will lead to a 

positive tensile stress in the constrained adhesive.)  Substituting in the given values:  

E = 2.5 GPa,   = 0.40,        °C
−1

,        °C: 

   
                     

       
          

  

   

  

    



Q12 (long) 

(a) Maximum bending moment:     
   

 
 

 Bending stress in the cross-section for a distributed load  : 

  
  

 
 

   

 
 
 

 
 

  

         
 

    

         
       

 The mean stress in the beam is therefore:  

                         

 Similarly, bending stress range relates to the distributed load range   : 

   
     

         
                            

  To apply Basquin's law using the given constants, the stress range at mean stress    

needs to be transformed to the zero mean stress equivalent using Goodman's rule: 

    
  

  
  

   

 
    

  
     
   

           

 Basquin's law, using the constants provided, gives the number of cycles to failure: 

    
  

   
 
   

  
   

     
 
      

                  

 

(b) (i)  For a reference solid square cross-section of area      : 

     
   

  
 

  

  
 

 The area of the shaped cross-section: 

                   

 Substituting for   into the expression for     : 

     
          

 

  
 

 Using the given expression for   , the shape factor: 

  
 

    
 

  

          
  

            

  
 

             

       
  

       

       
 



 (ii)  Objective equation, beam mass:          

  Constraint equation, tip deflection (using Structures Data Book beam formulae):   

  
   

   
 

   

       
 

     

     
 

 Eliminate the free variable from the objective using the constraint, and group material 

and shape terms: 

   
    

    
                     

    

    
 

 

   
 

  

    
   

 Therefore, the performance metric to maximise:           

 (iii)  Using the selection charts in the Materials Data Book, wood has a slightly higher  

     than Al alloy (~100 versus ~98), if oriented longitudinally.  But wood will have 

a much lower maximum shape factor   due to a low E and manufacturing constraints. 

Hence, Al alloy is likely to give the lightest solution, accounting for shaping. 
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