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6. (a)  Any dislocation is an example of a linear or 1-D defect. A vacancy is a point
defect.

An ordered arrangement of linear defects results in the formation of a 2-D
defect. Thus, a low-angle boundary is a planar defect. The boundary between a precipitate
and the matrix is a 2-D surface, so it is a planar defect. ,

A spherical cluster of vacancies takes on some 3-D qualities and becomes a
volume defect. A local region of BCC structure within an FCC crystal structure represents a
precipitate, which can be treated as a volume defect.

(b) Cold working and precipitation strengthening, for example. In the former, the
metal would harden due to interaction effects between an increasing density of dislocations;
on heating, the metal would recrystallise and rearrangments of dislocations would result in
softening (the dislocation density decreases). In the second case, precipitation of fine
particles from a saturated solid solution increases the yield stress due to dislocation
obstruction followed by dislocation bowing between precipitates. Increasing the temperature
would result in growth of the precipitate (a corresponding increase in spacing between
neighbouring particles). The yield stress falls.

(©) Set up simultaneous equations:

1

663 =o,+k 1
o+ k( ,———~22‘5) (1)
1
622 = 6o+ k(——=— 2
Go+ (m) )
Subtracting (2) from (1):
1 1
41 =k - '
(-422.5 \/180)

Solving for k gives 301 MPa/zm .

Substituting for k in (1) and solving for o, gives

1

6o = 663 — (301 x =599.5 MPa.
° V225 )
Thus:
1
Gys =(599.5) + (301 x 7‘2) (MPa)

Substituting for d= 11.2um, then oy is equal 689.4 MPa.

11
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7. () Energy (or work) is the product of force and distance. For example, the
attractive force does work as it pulls the atoms together from infinite separation:

U) = f Fdx.

(A similar integration exists for the repulsive force).
Alternatively, we could write:

Y
.

Since equilibrium is defined as the point at which the total force is zero, we can write:

F= aq 0 at equilibrium.
dx

d % represents the slope of the bond-energy curve, and the slope is zero at the bottom of

this curve. Hence, x, corresponds to the minimum of the bond-energy curve.

(b) (i) The magnitude of U(x) at x, or the depth of the energy well, is a measure of
the strength of the bond, where x, is the bond length. The values of bond strength and bond
length are affected by external forces and energy (temperature change, for instance). The
slope of the bond-energy curve at x, is a measure of the force required to displace atoms
which reflects the Young’s modulus E of the material; the steeper the slope, the higher the
modulus. The curvature of the curve at x, is also proportional to E; the smaller the radius, the
higher the bond stiffness.

(ii) Since bond strength is related to the depth of the bond-energy well, and
the application requires high temperature, then we must select material B having the highest
melting point.

(ili) As temperature T increases, the atoms gain energy and are able to “move
up” the sides of the energy well. The average atomic separation distance increases as T’
increases. The curve for material B is nearly symmetric in the vicinity of x, while that for
material 4 is highly asymmetric. This means that coefficient of thermal expansion is greater
for material 4.

(c) Assume the axis of the cylindrical specimen lie along the y axis and the x axis
lie in a radial (transverse) direction. From information given:

o =B (40019-40) _ 00 o

8"‘—4}:—“——1_6_——

12
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£ _~lAx10"

=0.295
E, 4.75x107*

V=

100

E=—"—=210x10°=210GPa
4.75x107*

E 210

G = = = 81.1GPa
20+v)  2(1+0.295)

8. (a) If, for example, an iron poker is left in a burning hearth of coke, carbon atoms
will diffuse (migrate) into the iron. This is solid state diffusion, a process of mass transport
involving the movement of one atom species into another. It can occur by random jumps
from position to position and becomes more rapid as the temperature T increases because of
the higher thermal energy of the atoms. The rate of diffusion can be modelled using the
Arrhenius equation. It becomes more rapid for more “open” structures.

(b)  Factors that affect rate of atomic diffusion include:

e Concentration difference between 2 planes (as this difference
increases the diffusion flux increases
As jump distance decreases, the diffusion flux increases

¢ Temperature.

Thus, diffusion is affected by the density of packing of the material’s structure (it is more
rapid for more open structures); and it is affected by temperature since vibrating atoms
acquire more thermal energy to make “jumps” within the structure, from one atomic plane to
another, for instance.

(©) Diffusion can have adverse effects on engineering structures, e.g., diffusion of
oxygen into the hot metallic components of a jet engine (thermal oxidation).

On the other hand, it can have beneficial effects, in the heat-treatment of precipitation
hardening of alloys to raise yield strength. Here, the super-saturated solid solution “gives up”
its solute atoms by precipitating very small particles of a new crystalline solid to hinder
dislocation movement. ‘

Another beneficial effect is diffusion of dopants (beneficial impurities in Si wafers
the microelectronics industry. A change in spatial distribution of these impurities however by
diffusion can have detrimental effects on performance of the device.

(d) Combining these observations leads to Fick’s first law of diffusion:

J= D(—C-‘Z;—Q—z—) where D is the diffusion coefficient (cm*/s). D

contains information about the temperature dependence of the jump frequency as well as the
interplanar distances, which depend on crystal structure.

13
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This equation can be written as:

dC
J=-D(*2.
([)

Y
D = poexp(——== 1
Doexp( RT) Y]
where Dy is a constant, Q is the activation energy in J/mol for the diffusion process.

The activation energy is the amount of free energy that an atom has to acquire (be
supplied as thermal energy in the form of atomic vibrations, for instance) if the atom is to
move from one position to another.

A mechanism for Zn diffusing in Cu is by substitutional diffusion (the exchange of
positions of the two types of atoms on the copper lattice and by vacancy diffusion.

Calculation based on eqn. 1 and using the data given:

Q
D(T) =3.67x10" = p, exp(-————-
RT
and
D(Ty) = 832x 107 = pyexp(- 0 )
RT,

Dividing the expression evaluated at T} by that at T, and taking natural logs of both sides of
the resulting eqn.:

D(T)
il )= D)~ ()
Solving for Q:
0=~y L,
1000 600
= 190,800 J/mol.
9. Below is a complete answer although it would not be expected in the allotted

time for the candidate to include every point.

(a) (i) There are usually specific areas of component or structure that are anodic
relative to the bulk of the material. These regions corrode preferentially. Examples of
“galvanic corrosion” include: compositional variations in the material, and when 2 dissimilar
metals are in electrical contact (an electrolyte is required). The metal or alloy with the more
negative corrosion potential will corrode preferentially. The galvanic series is a guide for
predicting corrosion behavoiur. It ranks the corrosion potentials of common alloys in
seawater. For example, Zn is anodic to steel and will protect the steel. In contrast, Cr is
cathodic to steel, so once this coating breaks down (scratches), the steel corrodes

14
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(oxidation stops). A coherent oxide structure to the metal substrate structure will generally
make for a protective oxide film because of a strong bond.

(i) It is reasonable to assume from the question that the oxide growth rate
for MgO is linear whilst for NiO it is parabolic. In mathematical terms:

Vi) =Cit (linear oxidation)

[ ym.(t)]z =Cyt +Cs (parabolic oxidation).

The value of C; can be found by noting that

0.17um = C; x 60 s which gives C; =2.833 x 10 pm.
Therefore, yas for 1 hour (3,600 s) exposure is given by:

Vg = (2.833 x 10°pmy's) (3,600s) = 10.2pm.

For nickel, yx(0) = 0, implies that C; = 0. Thus, substituting yy(60) = 0.17um, and solving
for C 2

C; = (0.17um)*/60s = 4.82 x 10™* um?/s
Therefore, yy; for one hour exposure is:

[yni(3,600)] = (4.82 x 10*um/s)(3,600s) = 1.734pum’

ywi(3,600) = 4/1.734 ym* = 1.32um.

(b)  Based on what was said on galvahic couples, the plate material chosen should
be as least as anodic as nickel. The galvanic series shows that steel is the most anodic and is
therefore the best material for the plate.

10. (a) The minimum detectable crack size, ami, is the smallest crack that can be
detected by a specified technique. It is not a constant length and depends on the sensitivity
(resolution) of the particular device used and the skill of the operator. There is always a
possibility, however, that cracks of size greater than am» can go undetected between routine
inspections of components and structures.

A crack reaches critical size a. the following relation is satisfied:

KZ

(1)

dc

15
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preferentially. The problem of the scratched layer of Cr is that it represents a highly
unfavourable anode-to cathode area ratio. On the microscopic level, for example, Cr carbides
can form at grain boundaries when stainless steel in regions of a weldment. Adjacent are
depleted regions in Cr. A region less than 13% Cr is not stainless and becomes anodic with
respect to the bulk material. Adding Ti and Nb to the alloy helps since these elements have a
stronger affinity for C. Post-welding heat-treatment can redissolve the carbides and diffuse
Cr back into solution. In this respect, whenever possible, select single phase alloys for use in
aggressive environments. Solid solution strengthened a;loys is a more judicial choice than
either cold working or the addition of a second phase. It is good practice to subject single-
phase alloys to an additional solution treatment to promote diffusion and chemical
homogenisation.

The severity of the problem depends on:
(1) potential difference between the 2 half-cell reactions;

(2)  kinetic factors, e.g., polarisation and passivation effects;
(3)  ratio of the anodic surface area to the cathodic surface area.

The corrosion rate scales with the current density. This form of corrosion can be avoided by
unnecessary coupling of dissimilar materials, or by keeping the anode-to-cathode area ratio
as large as possible.

(a) (ii) Cathodic protection is based on reversing the direction of the metal
corrosion reaction, i.e., “force” the metal to be the cathode. One way is to set up an external
voltage source to supply the metal with extra electrons. Do this by connecting the metal to
the negative terminal of a DC power supply. It also requires that a piece of scrap iron, for
example, is used as the anode in the impressed voltage cell. (Here, a sketch can be shown of,
for example, a buried steel pipe connected to the negative terminal and the piece of scrap to
the positive terminal of the power supply. The design suffers from an unfavourabl anode to
cathode area ratio, and the scrap iron will heve to be regularly replaced. The problem is
reduced by wrapping the pipe in protective plastic o minimise the amount of exposed pipe to
minimise the area of the cathode.

Another version involves the use of a sacrificial anode. A galvanic cell is formed
intentionally by joining a more anodic metal in electrical contact to the metal to be protected.
Hence, the sacrificial anode corrodes since the protected metal is supplied with electrons. Zn
and Mg can be chosen as sacrificial anodes. Ocean vessels can be protected in this way. So
are car radiators using Zn slugs.

) (i) For an oxide to be protective, it must be continuous, adherent, and
completely cover the material. If the specific volume of the oxide is much larger than the
specific volume of metal consumed to create this oxide, a compressive stress may lead to
cracking or spalling of the brittle oxide layer. In addition, the oxide must have a similar
coefficient of thermal expansion to the metal substrate to prevent spalling during possible
thermal cycling. The rate limiting step in the formation of an oxide layer is dependent on the
diffusion of either oxygen ions metal ions or both through the oxide thickness, and their
relative diffusivities. The parabolic growth rate of an oxide is generally but not always a
characteristic of a protective oxide. If electron motion is the rate limiting step (e.g.,
aluminium oxide), then the oxide is likely to be protective soon after it has initially formed
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where K. is the fracture toughness of the material, oy is the fracture stress of the component
(for elastic fracture), and Y is a geometrical factor that depends essentially on the shape of the
component containing the crack. (More often than not, 7 is included in 1).

The fracture toughness K. is the critical value of the crack tip stress intensity factor K
at fast (unstable) fracture. In fracture mechanics terminology, it is related to the toughness of
the material G. or critical strain energy release rate:

K.=VJEG:..

The design life of a component is some fraction of the time it would take for that
component to fail by fast crack propagation if it were left in service. For example, the design
life could be determined by the time it takes for the crack to attain 50% of the critical crack
size. The critical crack size could be calculated using, eqn (1) by inserting the working
(design) stress for oand known value of K. When combined with a crack growth law and a
knowledge of the initial (inherent) crack size in the component determined by NDT, we can
calculate the time to failure. The design life might then be fixed as the time it takes for the
largest pre-existing crack in the structure to reach a particular length (less than the critical
crack length) that can readily be detected in service. A safety factor is often included in the
design calculation.

(b) For the pressure vessel containing a longitudinal crack loaded cyclically,
AK = 1.12 Aoma (MPa+/m).

Hence, using the data provided:

Ao = ELQ_:?-_X_O_Q =80MPa
0.01

The expected design life is (6 x 365 x 5 = 10, 950 cycles.
The critical crack size at fracture, a, is obtained as follows:
(309

 (1.129)100)' 7
(where Gmax (= 100MPa) is the max. stress that occurs at max. pressure (= 10MPa).

<

This gives a critical crack size of about Smm.

Next, estimate an initial crack size a that will permit a design life of 10, 950 cycles which
requires integrating the crack growth law:

0950 005 da
dN =
‘C 2 85x10~12(1.12A0m)
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or

592 = f ‘Oosfi—az— which gives g, of about 2mm.
d. a

Recall; the non-destructive inspection capability of the aircraft’s maintenance crew is such
that there is a finite probability of an undetected longitudinal crack of 3.5mm length present
in the pressure vessel. Therefore, in-service inspection should be scheduled at intervals such
that a crack 3.5mm deep does not become critical between successive inspections. To
estimate the number of cycles between inspections, N, the following equation should be

solved:

,EVI AN = fxm" da
5310”8 5x1072(1.12A0Vma)

or

5.406 x 107 N, = f‘“’— da

-3 2
.5x10 a

This gives N; of about 2,000 cycles which corresponds to about 10 months.

In summary, the recommendation is to specify a NDT technique that is capable of detecting
cracks as small as (approximately) 2mm and not to miss cracks deeper than 3.5mm. Also, the
pressure vessel must be inspected using the same procedure no longer than 10 months.
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