
EN380 6-wk Exam Solution Fall 2019

1. [20 pts] Rapid Fire/Short Answer

(a) [2 pts] Why does the galvanic series in seawater depict two regions (each) for stainless steels and

Ni-Cr alloys?

These materials undergo passivation and show both an active state and a passive state on the

Galvanic Series (before and after the formation of the passive oxide layer of Cr2O3)

(b) [2pts] 200 Series Nickel and Nickel-Silver alloy are in contact in a structure immersed in seawater.

Which material do you expect to act as the anode and which will be the cathode? Why?

Nickel-Silver will be the anode

200 Series Nickel will be the cathode

This is because Nickel-Silver is higher (more active) on the galvanic series than 200 Series Nickel

(c) [5 pts] Completely label the below diagram of an idealized corrosion cell (be sure to include the

charge on each material and show a closed circuit).

(d) [1 pt] With respect to Depth/Elevation, where do you expect corrosion of an uncoated steel struc-

ture in seawater to be highest?

In the splash zone.
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(e) [3 pts] The polarization diagram below shows conditions for an electrochemical reaction with a

large amount of mixing in the electrolyte. If the reduction reaction were, instead, subject to

concentration polarization, how would the diagram change? Show this qualitatively.

Does ECORR increase or decrease ? (Circle one)

Does ICORR increase or decrease ? (Circle one)

(f) [3 pts]Complete the following table of relations of environmental effects:

• As Temperature increases, Icorr generally increases

• As Salinity decreases, Icorr generally decreases

• As [O2] decreases, Icorr generally decreases

(g) [1 pt] Which of the following sacrificial anode materials is generally unsuitable for protecting

structures in seawater? (Circle one)

i. Zinc

ii. Magnesium

iii. Galvalum II

iv. Galvalum III
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(h) [1 pt] Which of the following is true for the below (balanced) reaction? (Circle one)

2Al + 3Cu2+ → 2Al3+ + 3Cu

i. Copper is oxidized, aluminum is reduced.

ii. Aluminum forms the cathode, copper forms the cathode

iii. Aluminum is oxidized, copper is reduced

iv. Copper loses electrons, aluminum gains electrons

(i) [1 pt] If a reaction is thermodynamically possible, the Gibbs Free Energy is... (Circle one)

i. Zero

ii. Positive

iii. Indeterminate

iv. Negative

(j) [1 pt] The polarization of an unknown material is found experimentally and plotted below. What

phenomenon is the material demonstrating as the potential becomes more oxidizing?

Passivation
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Long Form Problems

2. [20 pts] Sacrificial Anodes. You are to design a 15-year sacrificial anode cathodic protection system

for an uncoated steel structure in the Norwegian Sea with Astructure = 35,000m2, 25m submergence

depth (the entire structure), average environmental temperature of 5◦C, in seawater of [Cl−] = 18 ppt.

Calculate how many Zinc stand-off type anodes of dimension 2m × 0.4m × 0.4m (L×W ×T ) anodes

will be required just to satisfy the design life (only), #Anodes, DL (stop before solving for the anodes

needed for initial polarization). Use a utilization factor of 90%.

From Table 5.1 (Arctic Conditions):

iA = 0.120
A

m2

IA = iA ·Astructure = 0.120
A

m2
· 35,000m2 = 4200A

mDL =

(
8760hr

yr

)
YDLIA

Z · U

From Table 7.3: ZZn = 780Actual A·hr
kg , ρZn = 7130 kg

m3

mDL =

(
8760hr

yr

)
· 15 yr · 4200A

780Actual A·hr
kg · 0.9

= 7.862× 105 kg

#anodes, DL =
mDL

ρZn · V– anode
=

7.862× 105 kg

7130 kg
m3 · (2m× 0.4m× 0.4m)

= 344.56

→ 345 anodes are needed for the design life
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3. [10 pts] Coatings. Calculate the coating breakdown factors, fc, for the two coated structures listed.

Show all work and complete the table.

Category II Coating Category III Coating

Coating Design Life = 17 yr Coating Design Life = 12 yr

tr, CP Sys = 25 yr tr, CP Sys = 8 yr

Water Depth = 20m Water Depth = 90m

k1 0.05 0.02

k2 0.03 0.012

fc(average) 0.335 0.068

fc(final) 0.80 0.116

From Table 5.2:

Category II Coated Structure

k1 = 0.05

< 30m⇒ k2 = 0.03

Coating life < CP system life ⇒

fc (average) = 1− 1− k21
2k2 · tr

fc (average) = 1− 1− 0.052

20.03 · 25
= 0.335

fc (final) = k1 + k2 · tr

fc (final) = 0.05 + 0.03 · 25 = 0.80

Category III Coated Structure

k1 = 0.02

> 30m⇒ k2 = 0.012

Coating life > CP system life ⇒

fc (average) = k1 + k2 ·
tr
2

fc (average) = 0.02 + 0.012 · 8

2
= 0.068

fc (final) = k1 + k2 · tr

fc (final) = 0.02 + 0.012 · 8 = 0.116
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4. [10 pts] Pourbaix Diagrams. The Pourbaix diagram for Iron (overlaid with water) is shown below.

A piece of freely corroding Mild Steel is measured in seawater ([Fe2+] = 10−5, pH = 7.7) to have a

surface potential of −110mV ref Saturated Calomel.

(a) [4 pts] How much must the surface

potential be lowered through cathodic

protection to achieve an inert (stable)

Fe state? Additionally, show this

∆E graphically on the plot.

∆E = −110mV − (−580mV )

∆E = 470mV

(b) [3 pts] What would this new protected potential of

the steel be measured ref the standard H2 electrode?

Use the line below to show your work.

Eprot = −0.3385 V ref SHE

(c) [3 pts] Is water stable once the iron is protected? How can you tell? If unstable, what species is

preferred?

Water is unstable at this potential and pH combination (this point falls below the lower dashed

line, the lower bound of the region where water is unstable). H2(g) will evolve under these

conditions.
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5. [40pts]A Balancing Act. An aluminum rod and a copper rod are suspended by a frictionless balance

in a common aqueous solution containing [Al3+] = 1M and [Cu2+] = 1M , at 25◦C and atmospheric

pressure (shown below). You may assume that the tank is large and well mixed such that the ion

concentrations are constant, that the area ratio of the two rods remains constant, and you should

ignore any buoyant effect of fluid displacement (i.e. treat the masses as though they are in air vice

suspended in electrolyte).

Givens:

mAl rod = 70 g

mCu rod = 50 g

Rbalance = 0 Ω (ideal short circuit)

(a) [8 pts] List the oxidation and reduction half reactions that will proceed thermodynamically and

the standard oxidation/reduction potentials, E 0
OX & E 0

RED, of each. Which material will be the

anode? Which will be the cathode?

Electrode Half-Cell Reaction E0

Anode Al→ Al3+ + 3 e− E 0
OX = +1.662 V ref SHE

Cathode Cu2+ + 2 e− → Cu E 0
RED = +0.342 V ref SHE

(b) [5 pts] Calculate the total cell potential, ECELL.

ECELL = E0
RED + E0

OX = +0.342 V + 1.662 V = 2.004 V

(c) [5 pts] Calculate the Gibbs Free Energy of the cell in [kJ ]. What does this tell you about your

answer to part a.?

n = 3mol e− from the anode, Al

∆G = −n · F · ECELL = −3mol e− · 96,500
J

V mol e−
·+2.004 V = −580,158 J = −580.16 kJ

As ∆G < 0 my selection of anode and cathode is thermodynamically possible.
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(d) [2 pts] Below is the polarization diagram for the corrosion circuit. Find and label the Corrosion

Current [A].

ICORR = 6.31× 10−2 A

(e) [5 pts] Calculate the mass loss rate at the anode for each A in [ g
day·A ].

m = Izt = I
a

n · F
t→ m

I = 1A · t = 1 day
=

a

n · F
· 86,400

sec

day

For Aluminum, a = 26.982 g, n = 3mol e−:

26.982 g

3mol e− · 96,500 A·s
mol e−

· 86400 sec

1 day
= 8.053

g

day ·A

(f) [5 pts] Calculate the mass gain rate at the cathode for each A in [ g
day·A ].

For Copper, a = 63.546 g, n = 2mol e−:

63.546 g

2mol e− · 96,500 A·s
mol e−

· 86400 sec

1 day
= 28.448

g

day ·A
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(g) [5 pts] Calculate the time until the balance is level [days].

Time− to− balance =
∆m

(mloss rate +mgain rate) · ICORR
=

manode −mcathode

(mloss rate +mgain rate) · ICORR

Time− to− balance =
70 g − 50 g(

8.053 g
day·A + 28.448 g

day·A

)
· 6.31× 10−2 A

= 8.68 days

(h) [5 pts] To best reduce the time for the balance to level, should we increase the area of the copper

rod or the aluminum rod? Use the copy of the polarization diagram below to show your work and

justify your answer.

Increase the anode area (this reaction is anodically controlled)
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6. [10 pts] EXTRA CREDIT. A Balancing Act II. The below questions continue from problem 5.

If, instead, the balance is immersed in electrolyte of [Al3+] = 2.3×10−4M and [Cu2+] = 1.7×10−2M

(still at 25◦C and atmospheric pressure):

(a) [5pts] Calculate the oxidation and reduction potentials, EOX &ERED, and the (new) open circuit

cell potential, ECELL.

Use the Nernst equation at STP to calculate EOX & ERED.

At the cathode:

ERED = E0
RED +

0.059 V mol e−

n
· log10

(
[OX]

[RED]

)
[Cu2+] = 1.7× 10−2 M, [Cu (solid)] = 1M, nCu = 2mol e−

ERED = +0.342V +
0.059 V mol e−

2mol e−
·log10

(
1.7× 10−2 M

1M

)
= +0.342−5.22×10−2V = +0.2897V

At the anode:

[Al3+] = 2.3× 10−4 M, [Al (solid)] = 1M, nAl = 3mol e−

ERED = −1.662V+
0.059 V mol e−

3mol e−
·log10

(
2.3× 10−4 M

1M

)
= −1.662−7.155×10−2V = −1.7336V

→ EOX = −ERED = +1.7336 V

ECELL = EOX + ERED = +1.7336 V + 0.2897 V = 2.0233 V
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(b) [5 pts] Using the previous polarization diagram (reproduced below), update the half-reaction

curves based on the new solution and find the time for the balance to reach level.

ICORR = 10−1.15 A = 7.0795× 10−2 A

⇒ Time− to− balance =
70 g − 50 g(

8.053 g
day·A + 28.448 g

day·A

)
· 7.0795× 10−2 A

= 7.73 days
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