
THEORETICAL BACKGROUND AND LITERATURE REVIEW
CHAPTER II

Corrosion is one of the most important damage modes for engineering 
structure that are construct from metal. Among all the Industries that have to cope 
with corrosion, the power industry is one of the most vulnerable. The CANDU reac
tors, such as at the Point Lepreau Generating Station (PLGS), are the most seriously 
affected for experiencing the highest thinning rates in the piping especially in the 
outlet feeder pipes of the primary heat transport system.

2.1 CANDU® Nuclear Reactor

The CANDU reactor is a world leading nuclear reactor in terms of reliabil
ity and power production developed in Canada. The acronym CANDU stands for 
"CANada Deuterium Uranium". This is a reference to its deuterium-oxide (heavy 
water) moderator and its use of natural uranium fuel. Although this type of nuclear 
reactor originated in Canada, it has been sold and used in many countries such as Ko
rea, Romania, Argentina, and China.
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Figure 2.1 Schematic of a CANDU nuclear reactor.



4

A CANDU reactor uses a fission-controlled reaction which is similar to 
most classic nuclear power plants in design. The generated heat from the nuclear re
action is carried by the heavy water (D2O), which is the primary coolant through car
bon steel pipes and headers to the steam generator. The hot heavy water generated in 
this primary cooling loop is passed into heat exchangers heating light water in the 
less-pressurized secondary cooling loop. This water turns to steam and powers a 
conventional turbine which turns a generator to produce electricity. A schematic of 
the CANDU nuclear reactor illustrating these features is shown in Figure 2.1.

2.1.1 CANDU Primary Coolant Loop
Heavy water is the common name for D2O, deuterium oxide. It is sim

ilar to light water (H2O) in many ways, except that the hydrogen atom in each water 
molecule is replaced by heavy hydrogen, or deuterium (a non-radioactive isotope of 
hydrogen). The deuterium makes D2O about 10 per cent heavier than ordinary water. 
Deuterium is much more efficient as a moderator than light water, thus allowing the 
use of natural uranium as a fuel. The deuterium separation is an added initial capital 
cost which, over the plant lifetime, is offset by the lower natural uranium fuel costs.
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Figure 2.2 Primary coolant system of CANDU reactor (Emoscopes, 2006).
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The reactor coolant circulation is called the primary coolant system as 
shown in Figure 2.2. The primary coolant loop consists of three main components: 
the steam generator, the reactor core, and the piping system. The primary coolant 
D2O enters the reactor core at 265 °c to remove heat from the nuclear reaction then 
leaves the core at 310 ๐c . Chemicals are added to the coolant flow for two major re
quirements. The first one is to minimize dissolved oxygen by dissolving hydrogen 
within specification of 3-10 cm3/kg at STP. Another reason is to maintain the alkalin
ity by adding lithium hydroxide to within the specification of pH (Lister et al., 1998).

2.1.2 Feeder Pipe Material and Conditions
For the piping system, the material of construction is A-106 grade B 

carbon steel since it can be used as the construction material of CANDU feeder pipes 
for long term operation. Carbon steel A-106 grade B contains iron as the main com
ponent with small-amounts of carbon, chromium, cobalt, manganese, nickel, copper 
and other elements trace. The amount of chromium in steel is an important factor in 
the thinning phenomenon because chromium can form an oxide that protects thé sur
face of steel (Robertson and Forrest, 1991).

Table 2.1 Normal outlet feeder conditions at Point Lepreau Generating Station

Property Normal Value
Temperature 307-312°c Average: 310.7 °c

Pressure 10.3 MPa
Two-phase quality 0.2-19% Average: 1.06%
Time in two-phase 0-94% Average: 49%
Average Velocity 6.5-14.5 m/s Average: 12.2 m/s

pHa Operating 10.2-10.4 since 1996
Dissolved O2 Specification <0.01 mg/kg
Dissolved D2 Specification 3-10 mL(STP)/kg
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The average primary heat transport system conditions over the normal 
range of operations are summarized in Table 2.1. It is under conditions of high tem
perature, high flow velocity and low dissolved oxygen concentration that outlet feed
ers develop their characteristic magnetite film. These conditions coupled with the 
under saturation of iron in the coolant, are believe to be sufficient to cause FAC and 
thereby produce hydrogen (Kelly et al., 2007).

2.2 Coleson Cove Generating Station

Coleson cove is an oil fired generating station located in New Brunswick, 
Canada. It went in service since 1976 with a full power of 978 MW. The heat from 
burning fossil fuels is converted to electricity by using steam generators. Wall thin
ning due to corrosion in utility boiler water-wall tubing is a significant operational 
concern for boiler operators..

Figure 2.3 Integral furnace industrial boiler for oil and gas firing (Babcock and Wil
cox, 1972).

2.2.1 Steam Generators
Steam generators, or boilers, use heat to convert water into steam for a

variety of applications such as electric power generation and industrial process heat-
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ing. Technical and economic factors indicate that the most effective way to produce 
high pressure steam is to heat relatively small diameter tubes containing a continuous 
flow of water. Subcooled water enters the tube to which heat is applied. As the water 
flows through the tube, it is heated to its boiling point, bubbles are formed, and wet 
steam is generated. In most boilers, a steam-water mixture leaves the tube and enters 
a large vessel (steam drum) where steam is separated from water. The remaining wa
ter is then mixed with the replacement water and returned to the heated tube (Bab
cock and Wilcox, 1972).

2.2.2 Boiler Water Walls Tubing
Boiler surface is defined as the tubes, drums and shells which are part 

of the steam-water circulation system and which are in contact with the hot gases. 
While boilers can be classified as shell, fire tube and water tube types, modem high 
capacity boilers are of the. water tube types which allows greater boiler capacity and 
higher pressure than the other types. In the water tube boiler, the water and steam 
flow inside the tubes and the hot gases flow over the outside surfaces (Babcock and 
Wilcox, 1972).

Figure 2.4 Boiler water walls tubing.

In a large plant, the furnace temperature is quite high and conse
quently. the refractory material may get damaged. In such cases, refractory walls are
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made hollow and air is circulated through hollow space to keep the temperature of 
the furnace walls low. The recent development is to use water walls as shown in Fig
ure 2.4. These tubes form the walls of the boiler and are hence called water walls or 
water wall panels. The water walls have advantages due to the following reason. First 
of all, these walls provide a protection to the furnace against high temperature. They 
avoid the erosion of the refractory material and insulation. Besides the evaporation 
capacity of the boiler is increased.

2.2.3 Boiler Blowdown
Boiler water always contains dissolved minerals and solids which will 

accumulate within the boiler system. These minerals and solids must be removed to 
prevent blocked connections, impaired heat transfer, hot spot or boiler damage. The 
purpose of boiler blowdown is to control the dissolved solids of the recirculating wa
ter. It reduces the concentration of .solid corrosion products (metal oxides). Blow
down protects boiler surfaces from severe scaling or corrosion problems that can re
sult otherwise.

2.3 Corrosion of Steel

2.3.1 Definition of Corrosion
Corrosion is defined as the destruction or deterioration of a material 

because of reaction with its environment. Higher temperatures and pressures usually 
involve more severe corrosion conditions. In industry when the corrosion occurs, it 
does not only damage the equipment but also affects its working efficiency, expense, 
and safety in the plant. However, corrosion is a beneficial or desirable in some cases. 
For example, anodizing of aluminum is a beneficial corrosion process used to obtain 
better and more uniform appearance in addition to the protective corrosion product 
on the surface (M. G. Fontana, 1986).

2.3.2 Corrosion of Steel in Water System
The corrosion of metals in an aqueous system involves two or more 

electrochemical reaction. Carbon steel corrosion can be represented by two simple
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reactions as the following,
Anodic reaction: Fe -» Fe2* + 2e~ (2.1)
Cathodic reaction: 2H20  + 2e~ -» H 2 + 20H~ (2.2)

Iron metal is corroded and converted to iron ions, ferrous (Fe2+), 
formed at the anodic surface. In deaerated solution or solution without air, hydrogen 
molecules are formed at the cathodic surface. In slight alkaline and in the absence of 
oxygen; the condition in the primary coolant system of a CANDU reactor, the oxide 
of metal produced from the corrosion process is predominately magnetite, Fe3Û4 as 
shown below (Taenumtrakul, 2004).

3Fe + AH2o  -» Fe3(94 + AH2 (2.3)
Therefore, it can be concluded that in high temperature water, iron can 

be corroded and forms a magnetite oxide film, Fe3C>4; covering the metal surface.

2.3.3 Flow-Accelerated Corrosion (FAC)
Flow-Accelerated Corrosion (FAC) or Flow-Assisted Corrosion is one 

form of corrosion which is defined as the acceleration or increase in the rate of dete
rioration or attack on the metal because of the relative movement between the corro
sive fluid and the metal surface (Fontana, 1986). A magnetite oxide film formed on 
the carbon steel surface protects the surface by limiting the diffusion processes. In 
FAC process, a protective oxide layer on a metal surface dissolves from the surface 
as dissolved iron, or forms a solid corrosion product which is mechanically swept 
from the metal surface. The underlying metal corrodes to re-create the oxide, and 
thus the metal loss continues as shown in Figure 2.5. The oxide film formation at the 
metal surface equals its dissolution at the oxide-coolant interface, at steady state. An 
increase in the fluid velocity can increase the flux of removed oxide to the bulk cool
ant. Therefore, the rate of FAC depends on the flow velocity. FAC often affects car
bon steel piping carrying ultra-pure, deoxygenated water or wet steam.
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Figure 2.5 Simplified mechanism for FAC (M. D. Silbert, 2002).

Lister et al. (1998) explained the effect of FAC on the carbon steel ox
ide film formed in high temperature water. It is confirmed that the oxide film formed 
on the carbon steel limits the corrosion, and is mainly composed of magnetite 
(Fe3 0 4 ). FAC can be described by two processes in series. The first one is magnetite 
film dissolution followed by mass transport of the dissolved iron to the bulk coolant. 
If the coolant is under saturated in dissolved iron, dissolution of the oxide layer to the 
bulk coolant will occur and cause the oxide film to be reduced. By increasing the flu
id velocity, the mass transport of iron ions to the bulk solution can be increased 
which results in a higher mass transfer coefficient and the flux of iron ions into the 
bulk coolant. Thus, if the mass transfer of iron ions emerging from pores at the ox
ide-coolant interface to the bulk coolant is faster than oxide precipitation, no outer 
layer will form. At steady-state, the oxide formation at the metal-oxide interface 
equals its dissolution at the oxide coolant interface.

2.3.4 FAC on the Feeder Pipe of CANDU Reactor
The FAC effect can be investigated in the primary heat transfer circuit 

of the CANDU reactor. The outlet feeder pipes experience more FAC than inlet 
feeder pipes, since the coolant temperature rises from 265 to 310 ๐c  during flow 
through the reactor core, where there is no source of iron, resulting in higher solubil
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ity of the oxide film. Consequently, the inlet feeder pipes carry the saturated coolant 
with dissolved iron, which results in a lower corrosion rate and a relatively thick ox
ide film compared with outlet feed pipes.

2.4 The Effect of Temperature on the Corrosion Rate

The corrosion rate of metals is known to conform to the kinetic Arrhenius eq
uation. However, anomalies in the form of breaks are observed on the temperature- 
dependence curves of the corrosion rate since the structure of the metal changes with 
temperature.

Figure 2.6 shows the effect of temperature on the corrosion rate of carbon 
steel in mildly alkaline deaerated water (Chexal et al., 1996). The graphs show that at 
low temperature, the corrosion rate increases with an increase in temperature. The 
corrosion rate is largest in the range of 130-140 °c. At further increase in tempera
ture results in a reduction of the corrosion rate. The corrosion rate increase as the 
temperature increases in the low temperature range because the formation of a pro
tective oxide layer has is not formed. At higher temperatures, the corrosion rate de
creases. It can be explained by transition of the materials to the passive state (É. T. 
Shapovalov, 1994). Figure 2.7 shows the oxide film structure in different conditions.

FLO*, It to'

Figure 2.6 Flow and temperature dependence of single-phase FAC for an ammonia 
solution with a room temperature of 9.04 (Chexal et al., 1996).
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Figure 2.7 Temperature and dissolved oxygen (DO) diagram (K. Mabuchi, 1991).

From extrapolating the curves in Figure 2.6, it is observed that at tempera
tures more than 200 °c, the rate of corrosion should be quite low. This would contra
dict the generally accepted that the corrosion is severe at high temperature in alkaline 
systems.

Figure 2.8 Oxidation of mild steel in 13% NaOH at five different temperatures plot
ted against square root time is on the left, and on the right shows variation with recip
rocal absolute temperature of logarithm of the parabolic growth constant (Potter and 
Mann. 1962).
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However, Potter and Mann (1962) studied corrosion rates of unstressed mild 
steel in static alkaline solution at 250-355 °c. The results indicated that increasing 
temperatures accelerate the corrosion of steel under these conditions. The parabolic 
rate constants for each temperature have been calculated, and are logarithmically 
plotted against the reciprocal of absolute temperature as shown in Figure 2.8. The 
linearity of the relation suggests that the corrosion process conforms to a kinetic equ
ation of the usual exponential form. Therefore a further increase of corrosion rate at 
higher temperature is caused by the effect of a temperature factor, and not by repas
sivation.

The solubility of iron at different pH and temperature was reported by 
Sweeton and Baes (1970). For operating conditions at a pH25 of approximately 10, 
this condition is located at the bottom right-hand comer of Figure 2.9. The diagram 
indicates that the solubility of magnetite increases with an increase in temperature, as 
there is a positive slope in this region as a pH of 10 (L.L. Lang, 1996). Thus, higher 
temperature results in increasing solubility of ferrous iron in the solution, and in
creasing the mass transfer.

Figure 2.9 Sweenton and Baes iron solubility results (L.L. Lang, 1996).
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In 1994, É. T. Shapovalov studied the temperature dependence of the corro
sion rate of metallic materials in acid solution over a large temperature range. The 
graph, as shown in Figure 2.10, contains ranges in which the corrosion rate decreased 
with increase in temperature as a result of passivation of the metal. At lower and 
higher ranges of temperature, the corrosion rate increase with increase in temperature 
by the influence of solubility and mass transfer.

Figure 2.10 Dependence of the corrosion rate of metals steels, and alloys on tem
perature of concentrated sulfuric acid (É. T. Shapovalov, 1994).

2.5 Corrosion Mechanism and Hydrogen Evolution

2.5.1 Mechanism of Oxide Growth
Magnetite (Fe3C>4) is the structure of iron oxide that is observed on a 

metal surface such as carbon steel in CANDU reactor. This type of oxide film be
haves like a corrosion resistance film to protect the steel matrix from the corrosive 
environment. I he morphology of the oxide film is influenced by the chemical com
position of the alloy, exposure conditions and surface finishing (Lister et al., 1994).
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The corrosion of carbon steels in high-temperature water, in the ab
sence of oxygen, involves the transport of oxygen-bearing species to the metal/oxide 
interface and the outward movement of metal ions to the solution phase. When the 
solution phase becomes saturated with soluble iron, an outer magnetite layer is nu
cleated and grows on the surface. The net result is a double magnetite layer (Cheng 
and Steward, 2004). The first one is an inner oxide layer. The morphology of this 
layer is small crystal, compact and adherent since it nucleates in the confined space 
and grows at the metal/oxide interface, replacing the corroded volume. Another layer 
is an outer oxide layer. This layer is composed of coarse octahedral crystals since it 
grows by outward diffusion of the metal ions, especially iron, along oxide grain 
boundaries without volume constraint (Potter and Mann, 1992). The schematic of 
oxide layer of carbon steel corroding in coolant under-saturated dissolved iron is 
shown in'.Figure 2.11. SEM surface of oxide film formed under flow condition is 
shown in Figure 2.12.
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Figure 2.11 S c h e m a t i c  o f  c a r b o n  s t e e l  c o r r o d i n g  in  c o o l a n t  u n d e r - s a t u r a t e d  in  d i s 

s o l v e d  ir o n  ( L i s t e r  e t  a i ,  2 0 0 1 ) .
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more slowly than Fe and are retained and thus enriched in the inner layer (B. Stell- 
wag, 1998).

Figuré 2.12 SEM of oxide film formed under flow condition at 10,000X magnifica
tion (T. Pattanaparadee, 2007). .

Cheng and Steward (2004) investigated the oxygen-bearing species in 
high-temperature deaerated alkaline solution. They proposed that in the absence of 
oxygen, the inward movement of oxygen-bearing species occurs by diffusion of ei
ther water molecules or oxygen ions or hydroxide ions. Since oxygen ions involve 
the formation of oxide film only after a sufficiently anodic potential is imposed and a 
de-protonation of H2O takes place. Therefore, oxygen ions cannot be the diffusion 
species in the reported experiments. In addition, it is expected that the steel would be
negative with respect to the solution because of the injection of Fe or Fe(OH)+ into 
the water.

Considering the thin thickness of the film, the electric charge strength 
across the film is very high. The established electric field will block the negatively 
charged ions, such as OF!' from moving towards the steel surface. This eliminates 
hydroxide ions as the diffusion species. Therefore, the oxygen-bearing species in
volving the formation of the magnetite layer must be water. They also suggested a 
schematic view of the magnetite film formed on a steel surface in high-temperature 
water solution as shown in Figure 2.13.
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Figure 2.13 A schematic view of the formation mechanism of the magnetite film on 
the steel surface in high-temperature water (Cheng and Steward, 2004).

Water molecules diffuse through the inner oxide layer and react di
rectly with steel at the steel/oxide interface. Iron dissolution occurs where no oxide 
layer exists. Protons at the oxide/water interface diffuse through the oxide layer to 
consume the electrons produced by anodic reactions and discharge as hydrogen at
oms at the steel/oxide- interface. The relevant reactions occurring at the steel/oxide 
interface are shown below.

3Fe + AH20  —» Fe-^o 11 + 8 / /+ + 8e~ (2.4)
Fe-> Fe2++ 2e~ (2.5)

H* + e '-> H  (2.6)
The ferrous ions diffusing out of the oxide layer exist as Fe(OH)+ in 

high-temperature water must stabilize themselves by decreasing their charge/radius 
ratios through hydrolysis to form hydrous iron ions. The hydrous iron ions will de
posit as loose Fe(OH)2 once the saturation of iron ions is achieved. The outer deposi
tion of the magnetite layer is then formed in high-temperature water, accompanying 
the discharge of hydrogen ions. Therefore, the electrochemical reactions occurring at 
the oxide/water interface are,
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3Fe(OH)+ + H 20  -» Fe30 4 + 5H + + 2e~ (2.7)
2H + +2e~ -+ H 2 (2.8)

The reactions above confirmed that hydrogen is produced in the car
bon steel corrosion process.

2.5.2 Hydrogen Emission during Steel Corrosion
Tomlinson (1981, 1989) studied the hydrogen emission from the oxi

dation of steel. He reported that protons produced from the corrosion process diffuse 
in both directions across the oxide, with the direction and magnitude of the proton 
flux being dependent on the structure of oxide layer. Hydrogen atoms are formed at 
both the metal/oxide interface and the oxide/water interface. At the oxide/water inter
face, hydrogen atoms are either discharged at the oxide/water interface by electron 
diffusion across the oxide or diffusion through the oxide as protons which are dis
charged at the metal/oxide interface. Under the concentration and potential gradient, 
protons at the oxide/water interface diffuse rapidly through the oxide layer and dis
charge as hydrogen atoms at the metal/oxide interface.

The experimental evident indicates that up to 90% of the hydrogen at
oms are generated at the metal/oxide interface during the corrosion of carbon steels 
by high temperature deaerated water. More than 99% of these hydrogen atoms will 
diffuse through the metal at the temperature of interest since hydrogen diffuse 
through the metal 330 times more quickly than through the oxide. It is suggested that 
if the rate of growth of the inner layer/ rate of growth of the outer layer is constant, 
then the ratio of hydrogen emission from metal and oxide surfaces should also be 
constant. Furthermore, the fraction of hydrogen passing through the steel appears to 
increase with the amount of oxide deposited on the tube surface.

2.6 The Fundamental Law of Diffusion

Diffusion is the movement of particles from an area where their concentra
tion is high to an area that has low concentration. In the crystal solid state, the occur
rence of diffusion is upon the availability of point vacancies throughout the crystal
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lattice. Since the prevalence of point vacancies increases in accordance with the Ar
rhenius equation, the rate of crystal solid state diffusion increases with temperature 
(G. Paul, 1963).

Effusion, on the other hand, is the movement of gas through a tiny 
opening or semi-permeable membrane into lower pressure or vacuum as shown in 
Figure 2.14. This will occur if the diameter of the hole is considerably smaller than 
the mean free path of the molecules. However, this movement is also through ran
dom gas molecule motion, that is, through the same mechanism that drives diffusion.
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Figure 2.14 Effusion of gas through a tiny pore or pinhole into a vacuum.

2.6.1 Fick's Law of Diffusion
The laws of diffusion connect the rate of flow of diffusing substance 

with the concentration gradient. Fick's Law is a mathematical description used to de
scribe diffusion, and define the diffusion coefficient, D.

2.6.1.1 Fick 'ร First Law
Fick’s First Law is used in steady-state diffusion, for example 

when the concentration within the diffusion volume does not change with respect to 
time of flux. The diffusion model can be described as

Hydrogen Flux = D (1hydrogen cone, at Jr = 0) — (hydrogen cone, at X  = l) 
(ithickness at X  = 1) -  (thickness at X  = 0)

(2.9)

or. symbolically,
J  = D- 1.1=0

1 -0 (2.10)
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Where J  is the diffusion flux or the quantity of substance per area per time, D is the 
diffusion coefficient or diffusivity [length2 time'1], c is the concentration of the dif
fusing substance given as amount of substance per volume, X is the coordinate cho
sen perpendicular to the reference surface.

The distance / is that over which diffusion occurs. In differen
tial form can be rewritten as follow.

J  = -D  เ ^  (2.11)

D is proportional to the velocity of the diffusing particles, 
which depends on the temperature, viscosity of the fluid and the size of the particles. 
In steady state, Fick’s First Law can be integrated to give

J  = (2.12)
where Cl and C2 are the concentrations of penetrant at the feed and permeate sides, 
respectively, and / is the thickness of the diffusion path.

2.4.1.2 Fick's Second Law
Fick's Second Law is used in non-steady or continually 

changing state diffusion, for example when the concentration within the diffusion 
volume changes with respect to time. The differential equation of Fick’s Second Law 
is shown below.

dic _ d2c
dt ~ dx2 (2.13)

It can be derived from the Fick's First Law and the mass balance.
d d _ _ d _ j_  d_ 
dt dx dx

( \D —  c\  dx J (2.14)

Assuming the diffusion coefficient D to be a constant we can 
exchange the orders of the differentiating and multiplying on the constant.

Ô (
dx D —  c l  dx = D d2c

dx2 (2.15)

and. thus, receive the form of the Fick’s equations as was stated above. For the case
of 3-dimensional diffusion Fick's Second Law becomes,
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|  = DV (2.16)

where V is the del operator.
Finally if the diffusion coefficient is not a constant, but de

pends upon the coordinate and/or concentration, the Fick's Second Law becomes,
ÔC
dt = V-(Z)Vc) (2.17)

For the steady states, when concentration does not change 
with time, the left part of the above equation will be zero. Therefore in one dimen
sion and when D is constant, the solution for the concentration will be the linear 
change of concentrations along X.

2.6.2 Henry’s Law and Sievert’s Law -
In some practical systems, the surface concentration of the gas is not 

known, but only the gas or vapor pressure on the. two sides of the membrane. In this 
case Henry’s Law is used.

S H . (2-18)
gas

Where Sh is a constant relating the vapor pressure of a nondissociative 
gas into its concentration in a liquid or solid at dilute concentration, i.e., the solution 
phase. Cgas is the concentration of gas in the solvent, and Pgas is the pressure of the 
gas over the solvent. Under the assumption that there are no surface effects on both 
sides of the specimen the hydrogen surface concentration will be equal to the solubil
ity limit for hydrogen in that metal. Since the inlet and outlet pressure of the gas can 
usually be measured, pressure is substituted for concentration into Fick’s First Law, 
via Henry’s Law. The Henry’s Law constant is in fact the solubility constant ร. 
which expresses concentration per unit of pressure.

Henry’s Law should not be used when there is dissociation or reaction 
in either phase. A common example is the dissociation of diatomic molecules (hy
drogen, oxygen, nitrogen), when they dissolve in a liquid or solid metal. A modifica
tion of Henry’s Law is required. Hydrogen solubility in metals is a function of the 
half-power of the partial pressure due to the dissociation of the hydrogen molecules.
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This is called Sievert’s Law. Thus the driving force for mass transfer of a diatomic 
gas across a metal is proportional to the difference in square roots of the partial pres
sures in the contacting gas (R.A. Oriani, 1993).

ร* C H (2.19)

The Sieward’s Law constant is also called solubility. Substitution of 
equation 2.19 into equation 2.11 yields,

J  = -DS
1/2

-D S APh 2 
Ax (2.20).

In this case, Ap'/^ is the square root of the pressure difference of the
diffusing gas across a membrane, and Ax is the thickness of the membrane. The neg
ative sign represents the direction of diffusion.

In accordance with this law, a linear relation is often found between 
rate of permeation and the square root of the pressure. This indicates that not molé
cules, but rather free atoms, are diffusing through the metal. There are however ex-' 
ceptions to this relation. It was observed that a linear relation between yfp and the
rate of permeation applies for sufficiently high pressures only, while for the lowest 
pressure employed, this relation breaks down. พ . Jost (1960) suggested that the sim
ple square root law can be expected to hold only if these reactions at phase bounda
ries are very fast compared with the diffusion through the membrane. Deviations will 
be more marked at the lower temperature.

Equation 2.20 can be rearranged to correspond to the usual representa
tion of data, where the total amount of the gas has permeated the membrane, q(mol), 
is plotted as a function of time. Equation 2.20 then becomes

g — Qt — JAt = D S ~ A p ^ ]  -i (2.21)
Where A is the slab area. Q is the amount of the gas perme

ated the membrane per unit area and t is the time since reaching steady state. As time 
passes, the hydrogen permeates through the metal and when the steady-state condi
tion is reached, the concentration gradient of hydrogen through the specimen will be 
linear. Then, the following definition applies,
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Permeability (<j>) = diffusivity (D) X solubility (ร) (2.22)
The slope of this line (dq/dt), the steady state flow rate, includes the 

permeability, which is specific for a given membrane material. However, the perme
ability constant is a much less fundamental constant than the diffusion coefficient 
which is expressed in units of cm2/s, particularly as different investigators use differ
ent definitions of permeability. By differentiating Equation 2.21 and substituting <j) 
from Equation 2.22,

( 2 ' 2 3 )

The permeability (<j)) may be calculated by knowing the steady-state 
flow rate, the area and thickness of the sample, and the hydrogen pressure differential 
across the sample, A plot of q vs. t should be a straight line at steady state, from 
which <j) may be easily calculated (S.A. Steward, 1983). However, if the permeability 
is reduced'by a surface defect, then the solubility term changes to the surface concen
tration (D.G. Matei, 1999).

2.6.3 Arrhenius Equation
The Arrhenius equation is an expression for the temperature depend

ence of the rate constant k of chemical reactions on the temperature T (in Kelvin) and 
activation energy Ea, as shown below

k = k 0 -e~RT (2.24)
where ko is the pre-exponential factor which is identical to those of the rate constant, 

R is the gas constant,
Ea is the activation energy,
T is the temperature [absolute temperature] (Kelvin or degrees Rankin).

In case of the diffusion coefficient at different temperatures, Ar
rhenius's Law is often found to give a good prediction of the variation of the diffu
sion coefficient with temperature as shown in Equation 2.25.

D = D0exp( -  E ^^  ท
RT (2.25)
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where Do is the maximum diffusion coefficient (at infinite temperature) which is ob

tained from a plot of natural log of D vs. ——, called an Arrhenius plot. The slopekT
gives Ed and the projection to infinite -» 0 gives laDo as shown in Figure 2.15.

Figure 2.15 Arrhenius plot of diffusion constant.

Solubility and permeability are temperature dependent like the diffu- 
sivity and can be represented by an Arrhenius equation as followed.

ร = ร0 exp

=ri
0 = <t>0 exP

Where 00 = D0S0
And Et = EnE.

c E ^.ร
RT

- E A
พ ;

(2.26)

(2.27)

(2.28)
(2.29)

2.6.4 Graham's Law of Effusion
Graham's Law of effusion was formulated by Thomas Graham. He 

found experimentally that the rate of effusion of a gas through a porous material is 
inversely proportional to the square root of the mass of its particles. This formula can 
be written as follow.
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™  = เ พ  (2.30)rate2 \ M,
where ratel is the rate of effusion of the first gas

rate2 is the rate of effusion for the second gas 
M l  is the molar mass of the first gas 
M2 is the molar mass of the second gas.

According to Graham's Law, the rate at which gases effuse is depend
ent on their molecular weight; gases with a lower molecular weight will effuse more 
rapidly than gases with a higher molecular weight. Lighter molecules will have a 
higher velocity. This will result in more molecules passing through the hole per unit 
time. Figure 2.16 demonstrates the time required for different gases to diffuse 
through a pin hole into a vacuum.

Figure 2.16 The time required for different gasses to diffuse through a vacuum.

Comparing the permeation rate of hydrogen and deuterium, there is an 
agreement in the results of different observers that the rate of permeation of hydro
gen through palladium is higher than that of deuterium, the ratio ranging from about
1.2 to 2.5. depending on the temperature and observer.
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2.7 Hydrogen Diffusion through Metal

In 1866, Graham noticed that palladium can absorb large quantities of hy
drogen. At present, it is well established that hydrogen can enter into a variety of 
metals and alloys (P. Zoltowski, 2007). Hydrogen has a very large mobility in transi
tion metals especially in Pd, a-Fe, V and Nb. Hydrogen dissolved in metals at low 
concentrations exhibits a linear relation between the concentration and the half power 
of the pressure, p, of the molecular gas. This is proof that hydrogen dissociates when 
it enters the metal (R.A. Oriani, 1994). It was reported that at a temperature higher 
than 298 K (25 ๐C), hydrogen in its stable molecular form (H2) cannot penetrate the 
steel. Thus hydrogen absorbs dissociatively in metal.

2.7.1 Mechanism of Hydrogen Transport through Metal
Oriani (1994) described the absorption of hydrogen into the lattice of 

a metal from a molecular gas. This process must be preceded by adsorption of the 
molecule on the surface, dissociation into absorbed atoms, surface penetration of the 
absorbed atoms, and diffusion of atomic hydrogen into the bulk of material. Each of 
these steps is strongly affected by the atomic-scale topography of the surface and by 
the quantity and distribution of impurity species.

In addition to its diffusion through the bulk metal, the permeation of 
hydrogen through steels involves its entrance at one surface and its exit at the other 
surface of the specimen. There are seven steps that take place before the hydrogen is 
detected on the output side of the specimen. Figure 2.17 shows the seven steps that 
take place in the permeation of a hydrogen isotope through a metallic membrane.
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Figure 2.17 Seven steps of hydrogen permeation (M.G. Matei, 1999).

This model takes into account the presence of surface films on both 
the input and output side of the specimen! th e  seven steps are (M.G. Matei, 1999),
1. Adsorption of hydrogen molecule on the surface.
2. Dissociation of the adsorbed molecule on the surface.
3. Permeation of dissociated atoms through the surface film (oxide).
4. Permeation of atoms through the metal.
5. Permeation of atoms through the film on the output side.
6. Reassociation of atoms to form แ 2 molecule.
7. Desorption of the reassociated แ 2 molecule.

If hydrogen is presented to the metal surface by electrochemical depo
sition or by means of a partially dissociated and/or ionized hydrogen gas, the disso
ciation step is avoided. Therefore in the case of corrosion, hydrogen is produced as 
hydrogen atoms which directly absorb and diffuse through the steel.

2.7.2 Hydrogen Diffusivity Determination Methods
For the determination of diffusivity D. the generally used methods are

as followed (J. Flis, 1991).
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2. 7 .2 .1 S te a d y - S ta te  F lo w  M e th o d
T h is  m e th o d  a llo w s th e  c a lc u la tio n  o f  D  fro m  th e  e x p e r im e n 

ta l v a lu es  o f  th e  s te a d y -s ta te  ra te s  o f  h y d ro g e n  p e rm e a tio n  Poo th ro u g h  a m e ta l layer, 
p ro v id e d  th a t  th e  so lu b ility , ร o r  c o n cen tra tio n , c o f  th e  g as  in  th e  m a te ria l s tu d ied  is 
k n o w n  u n d e r  th e  c o n d itio n s  o f  th e  ex p e rim en t.

2. 7 .2 .2  H y d r o g e n  A  b s o r p tio n
M ea su re m e n ts  o f  h y d ro g e n  a b so rp tio n  o r  d e so rp tio n  ra te s  are 

u se d  fo r th e  d e te rm in a tio n  o f  D , p a rticu la rly  at h ig h  te m p e ra tu re s . S o lu tio n s  o f  th e  
d iffu s io n  e q u a tio n s  u n d e r  su ita b le  in itia l an d  b o u n d a ry  c o n d itio n s  y ie ld  s im p le  fo r
m u la e  fo r th e  d e te rm in a tio n  o f  D  values.

2 .7 .2 .3 T im e L a g  M e th o d
T h e  c la ss ica l tim e  lag  m e th o d  c o n s is ts  o f  m e a su rin g  the  

q u a n tity  o f  g as  w h ic h  d iffu se s  th ro u g h  a  m e ta l lay e r o f  a  k n o w n  th ic k n e ss  in  tim e  t 
an d  d e te rm in in g  fro m  th is  th e  tim e  lag , tL. T h e  d iffu s iv ity  o f  h y d ro g e n  is e s tim a ted  
fro m  th e  fo rm u la , D  =  l 2 / 6t 1 . I f  th e  h y d ro g e n  p e rm e a tio n  ra te  is m e a su re d  as a 
fu n c tio n  o f  tim e , th e  tim e  lag  tL th e n  eq u a ls  th e  tim e  a f te r  w h ic h  p  =  0.63Poc.

2. 7 .2 .4  E le c tr o  C h e m ic a l  M e th o d
A p p lic a tio n  o f  the  e le c tro c h e m ic a l m e th o d  fo r th e  m e a su re 

m e n t o f  p e rm e a tio n  h a s  a llo w ed  th e  d e v e lo p m e n t o f  a  n u m b e r  o f  n ew  te c h n iq u e s  for 
th e  d e te rm in a tio n  o f  th e  d iffu s iv ity  o f  h y d ro g en . O ne o f  th e se  is  th e  m e th o d  o f  s ta n 
d a rd iz e d  c u rv e s  o f  th e  à b so rp tio n  and  d e so rp tio n  o f  h y d ro g e n  p e rm e a tio n  ra te  w ith  
tim e  w h ich  o c c u r  a f te r  th e  c a th o d ic  p o la r iz a tio n  c u rre n t is sw itc h e d  on  an d  o f f  re 
sp ec tiv e ly . A n  a d v a n ta g e  o f  th is  m e th o d  is th a t D  can  b e  e v a lu a te d  fo r v a r io u s  c o n 
c e n tra tio n s  o f  th e  d iffu s in g  gas fro m  a s in g le  e x p e rim e n ta l c u rv e  o f  th e  r is e  o r  d ecay  
o f  th e  h y d ro g e n  p e rm e a tio n  w ith  tim e.

2 .7 .2 .5  I n te r n a l F r ic t io n  M e th o d
T h e  in te rn a l fric tio n  m e th o d , w h ic h  is  b a se d  on  th e  v ie w  tha t 

th e  d iffu s iv ity  v a lu e  fo r  h y d ro g e n  at low  te m p e ra tu re s , c an  b e  fo u n d  fro m  a s tu d y  o f  
th e  in te rn a l fr ic tio n  o f  h y d ro g e n -c h a rg e d  iro n  sp e c im e n s  as  a  fu n c tio n  o f  tem p e ra tu re .
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2 .7 .2 .6  H y d r o g e n  M ic r o p r in t  T e c h n iq u e  (H M T )
H y d ro g e n  M ic ro p rin t T e c h n iq u e  is  o n e  o f  th e  h y d ro g e n  v is u 

a liz a tio n  m e th o d s . It u tiliz e s  a  re d u c tio n  e ffe c t o f  h y d ro g e n  a to m s  re le a se d  fro m  th e  
sp e c im e n  su rface , an d  h y d ro g e n  e x it s ites a re  v isu a liz e d  as  s i lv e r  p a r tic le s  re d u c e d  
b y  h y d ro g en . W h en  h y d ro g e n  a to m s are  re le a se d  fro m  th e  sp e c im e n  su rface , th e y  
red u c e  s ilv e r  io n s  in  th e  c ry s ta ls  to  m e ta llic  silver. A f te r  th e  re m a in in g  c ry s ta ls  a re  
d isso lv ed  in  a  p h o to g ra p h ic  fix in g  so lu tio n , h y d ro g e n  e x it s ite s  c a n  b e  v isu a liz e d  as 
s ilv e r p a rtic le s . T h is  te c h n iq u e  em p lo y s  m o re  p re c ise  o b se rv a tio n  o f  th e  h y d ro g e n  
d iffu s io n  p a th  in  stee l sam p les . H o w ev e r, it is im p o ss ib le  to  m e a su re  d ire c tly  th e  
a m o u n t o f  h y d ro g e n  re le a se d  in  th e  H M T  te s t, th e  e le c tro c h e m ic a l h y d ro g e n  p e rm e a 
tio n  m e th o d  is u sed  u n d e r  th e  sam e  ch a rg in g  co n d itio n s  as th e  H M T  te s t (K . Ich itan i 
e t  a l ,  2 003  ).

2 .7 .3  H y d ro g e n  D iffu s iv ity  in  Iron
H y d ro g e n  d iffu s io n  in  s tee ls  an d  a llo y s  is  c o m p lic a te d  b e c a u se  o f  th e  

c o m p lex  m ic ro s tru c tu re . H o w ev e r, m an y  w o rk s  h av e  b e e n  re p o r te d  on  th e  d iffu s iv ity  
o f  h y d ro g e n  th ro u g h  th e  m e m b ra n e s  o f  iro n  and  its  a llo y s . T h e  ra te  o f  h y d ro g e n  en try  
is v e ry  m u c h  in flu e n c e d  by  m a n y  v a riab le s , such  as th e  n a tu re  o f  th e  m e ta l o r  a llo y , 
its  c o m p o s itio n , th e rm a l-m e ch an ic a l h is to ry , p re se n c e  o f  su rfa c e  lay e rs , p re se n c e  o f  
im p u rity , d iffu s io n  m e a su rin g  m e th o d , te m p e ra tu re , p re s su re , e tc  (D .G . M a te i, 1999).

T h e  d e p e n d e n c e  o f  th e  d iffu s iv ity , D , o f  h y d ro g e n  o n  te m p e ra tu re , T , 
can  be  d e sc r ib e d  in  te rm s  o f  th e  A rrh e n iu s  eq u a tio n ; D  =  D 0 e x p ( - jE0 /  R T ) .  P lo ts  o f

th e  h y d ro g e n  d iffu s io n  c o e ff ic ien t in  an  a - i r o n  as a  fu n c tio n  o f  te m p e ra tu re  fro m  v a r
io u s  re fe re n c e s  a re  sh o w n  in  F ig u re  2 .18  and  2 .19.
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: N e lso n  and  S te in , “H y d ro g e n  in  iro n ” (1 9 7 8 ).

: Q u ick  an d  Jo h n so n , “H y d ro g e n  in  iro n ” (1 9 7 8 ).

ะ R a c z y n ’sk i, “ C o rro s io n  o f  M e ta ls  an d  H y d ro g en - 

R e la ted  P h e n o m e n a ” (1 9 9 1 ).

: O rian i, “ C o rro s io n  o f  M e ta ls  an d  H y d ro g e n -R e la te d  

P h e n o m e n a ” (1 9 9 1 ).

ะ (av e rag e ) R a c z y n ’sk i, “ C o rro s io n  o f  M e ta ls  an d  H y 

d ro g e n -R e la te d  P h e n o m e n a ” (1 9 9 1 ).

: J .V o lk l an d  G .A le fe ld , “ D iffu s io n  o f  H y d ro g e n  in

M e ta ls” (1 9 7 8 ).

: V .I. S a lii, p . v .  G e l’d, a n d  R . A . R y a b o v ,

“P e rm e a tio n , D iffu s io n , a n d  S o lu b ility  o f  
H y d ro g e n  in  P u re  a - I ro n ” (1 9 7 3 ).

®  1 .6 5 x l ( T 6 ex p 4 6 3 2 .7
~~T

: R .M . B arre r, “ D iffu s io n  in  an d  th ro u g h  so lid s” (1951).

T h e  d iffu s iv ity  o f  h y d ro g e n  d e p e n d e n c e s  o n  te m p e ra tu re , th a t is re 

p o rte d  by  re fe re n c e s  ©  to  ® ,  sh o w s th a t th e  v a lu e s  a t h ig h  te m p e ra tu re s  d iffe r

so m ew h a t (o n e  o rd e r o f  m ag n itu d e ). A t ro o m  te m p e ra tu re , th e se  v a lu e  d iffe ren ces  
reach  2 to  3 o rd e rs  o f  m ag n itu d e . T h e  re a so n s  fo r th is  a re  d iv e rse  a n d  it is n o t easy  to  
d e te rm in e  w h ic h  o n e  is th e  m a jo r fac to r. P a rt o f  th is  v a r ia tio n  m a y  be  d u e  to  d iffe r
en ces  in th e  iro n , e x tra p o la tio n  b ey o n d  th e  te m p e ra tu re , p re ssu re  ra n g e  o f  m e a su re 
m en t etc. A m o n g  th e  p o ss ib le  rea so n s  are  su rface  p ro c e sse s , in te ra c tio n  o f  h y d ro g en  
w ith  lin ea r d e fe c ts  and  th e  d ev e lo p m e n t o f  m ic ro -c rac k s  an d  b lis te rs  in  th e  m eta l as



32

in d u c e d  b y  h y d ro g e n  (J. F lis , 1991). A  d e c rea se  o f  th e  d if fu s iv ity  o f  h y d ro g e n  in  
m e ta ls  b e c a u se  o f  th e  a ttra c tiv e  in te ra c tio n  w ith  ch em ica l an d  s tru c tu ra l d e fe c ts  is the  
so -c a lle d  tra p p in g  p h e n o m e n o n  w h ic h  is im p o rta n t at lo w  h y d ro g e n  co n c e n tra tio n s  
(R .A . O rian i, 1994).

M a n y  re se a rch e rs  b e lie v e  th a t th e  rea so n  th e  d iffu s iv ity  o f  h y d ro g e n  in  
iro n  d e v ia te s  m a rk e d ly  is  d u e  to  h y d ro g e n  b e in g  tra p p e d  in  la ttic e  d e fec ts  o f  th e  iron  
a t lo w  te m p e ra tu re s . T h e  ap p a ren t ac tiv a tio n  e n e rg y  in  th e  lo w  te m p e ra tu re  re g io n  is 
in  th e  ran g e  o f  33 to  38  K J/m o l, w h ile  in  th e  h ig h e r  re g io n  it is  7 .6  K J/m o l (N . Par- 
v a th a v a rth in i e t  a l . ,  2 0 0 2 ). Jo n g -L a m  L ee an d  Ja i-Y o u n g  L ee  (1 9 8 9 ) s tu d ie d  th e  b e 
h a v io r  o f  h y d ro g e n  in  in te rs titia l s ite s  o f  a  n o rm a l la ttic e  an d  in  tra p  sites o f  iro n . T he 
re su lts  sh o w ed  th a t  th e  a p p a ren t h y d ro g e n  d iffu s iv itie s  a re  e s tim a te d  to  b e  l x l O '10 
m 2/s  fo r  th e  p o ly c ry s ta llin e  iro n  co n ta in in g  o n ly  re v e rs ib le  tra p s  (d is lo c a tio n  and  
g ra in  b o u n d a ry ) , an d  4 x1  O'12 m 2/s  fo r irre v e rs ib le  o n es  (m ic ro v o id ). In  th e  case  o f  
sp e c im e n s  c o n ta in in g  a ll ty p e s  o f  tra p s  such  a s  g ra in  b o u n d a ry , d is lo c a tio n , an d  m i
c ro -v o id , th e  a p p a re n t h y d ro g e n  d iffu s iv ity  is 2 .5x1  O'11 m 2/s . F o r th e  g rap h , re fe ren ce

® ,  w h ic h  sh o w s  a  s ig n ific an tly  d iffe ren t v a lu e  o f  d iffu s iv ity , it is  b e lie v e d  th a t  there 
w e re  a  la rg e  n u m b e r  o f  tra p s  p re se n t in  th e  iro n  w a s  u se d  in  th is  ex p e rim en t.

C a rb o n  is a lw ay s u se d  to  s tre n g th e n  stee l. F o r  c a rb o n  s tee l, add in g  
c a rb o n  in  iro n  le a d s  to  a  d e c rea se  o f  th e  h y d ro g e n  d iffu s io n  c o e ff ic ien t an d  h y d ro g en  
p e rm e a b ility . In  c a se  o f  a d d itio n s  o f  l% w t c a rb o n  to  Fe-16A 1 w t% , th e  re su lts  show  
a  d e c re a se  in  h y d ro g e n  p e rm e a b ility  and  d iffu s iv ity  b y  a fa c to r  o f  2. H o w e v e r , th e  
h y d ro g e n  so lu b ility  ( tra p m e n t)  in  th e  a lloy  d o e s  n o t c h a n g e  w ith  c a rb o n  ad d itio n  
(W .Y . C h o o  e t a l . ,  1982). A n  in c rea se  in  c a rb o n  c o n te n t fro m  0 .0 4 5  to  0 .0 8 5  %  has 
b een  re p o rte d  to  lead  a  d e c rea se  in  th e  ap p a ren t d iffu s io n  c o e ff ic ie n t o f  h y d ro g e n  by  
a  fa c to r  o f  8 in 3 0 4  s ta in le ss  steel. A p p a ren tly  th e  ca rb id e s  in  th e  stee l lo w e r th e  d if- 
fu s io n a l m o b ility  o f  h y d ro g en .

A n o th e r  s ig n ific an t fac t is th a t th e  d iffu s iv ity  v a lu e s  d e p e n d  on  the 
th ic k n e ss  o f  m e m b ra n e s  u sed . E. O w czarek  (2 0 0 0 ) p e rfo rm ed  an  e x p e rim e n t to  co n 
firm  th is  issue. T h e  re su lts  sh o w  th a t the  a p p a re n t h y d ro g e n  d iffu s iv ity  d ec rea sed  
w ith  th e  m e m b ra n e  th ic k n e ss  as sh o w n  in th e  F ig u re  2 .20 .
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F ig u r e  2 .2 0  T h e  d e p e n d e n c e  o f  h y d ro g e n  d iffu s iv ity  o n  m e m b ra n e  th ick n ess .

In  gen e ra l h y d ro g e n  d iffu s io n  e x p e rim e n t u se s  a  s tee l m em b ran e . T h e  
m e m b ra n e  is th in  an d  is m u c h  less  th an  th e  th ic k n e ss  o f  th e  p ip e  w a ll u n d e r  s tu d y  
w h ic h  is a b o u t 6  m m . T h u s  it is ex p ec ted  th a t th e  d iffu s iv ity  o f  h y d ro g e n  th ro u g h  a  
steel, p ip e  w a ll w ill be  lo w e r  th a n  th e  v a lu e  fro m  th e  lite ra tu re  w h ic h  u se d  a  steel 
m em b ran e .

2 .7 .4  H y d ro g e n  P e rm e a b ility  in  Iron
T h e  p e rm e a b ility  co n s ta n t is d e fin ed  as  th e  p ro d u c t o f  th e  d iffu s io n  

c o e ff ic ien t (D ) an d  so lu b ility  c o e ffic ien t (ร ). It re p re se n ts  th e  a m o u n t o f  a  g iv en  
p e rm e a tin g  sp e c ie s  w h ic h  w ill p ass  th ro u g h  a g iv en  m a te r ia l o f  u n it a rea  an d  u n it 
th ic k n e ss  u n d e r  a  u n it p re s su re  g rad ien t in  u n it tim e. T h e re  a re  th re e  c o n tro lle d  v a r i
ab le s  th a t h a v e  a s tro n g  in flu en ce  on  th e  h y d ro g e n  p e rm e a tio n  ra te ; te m p e ra tu re , 
sp e c im e n  th ic k n e ss , an d  th e  p re ssu re  at th e  in p u t s id e  o f  th e  sp ec im en . T ab le  2 .2  
sh o w s  a  su m m a ry  o f  th e  lite ra tu re  on  h y d ro g en  iso to p e  p e rm e a b ility  th ro u g h  v a rio u s  
m a te ria ls  re p o rte d  by  S .A . S tew ard  (1 9 8 3 ). H e  su g g es ted  th a t th e  v a lu e  g iven  by 
G o n z a le z  as  sh o w n  in  E q u a tio n  2.31 is th e  m o st su ita b le  fo r  c a lc u la tio n , b ecau se  it 
re p re se n ts  an  a v e ra g e  o f  m a n y  m e a su rem en ts . S m all im p u ritie s  and  grain  s ize  se e m 
in g ly  h av e  no  s ig n if ic a n t e ffe c t on  th e  p e rm eab ility  o f  h y d ro g e n  th ro u g h  iron.
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<เ>( H 2 /  F e )  =  4 .1 x l0 ~ 8 ex p -4200 m o l ! m - s  - P a 1/2 (2 .3 1 )

T a b le  2 .2  D a ta  o f  h y d ro g e n  p e rm e a b ility  in  iro n  (S .A . S tew ard , 1983)

*0no® mol/m-s Pa', : l <K)
Temperature range 

(K)
Pressure

(kPa) Gas Reference

4.1 4200 >375 up to 10 MPa H: Gonzalez (1967)

3.58 4100 330-770 10-1000 Hr Nelson and Stein (1973)

18.5 4700 260-700 20-500 Hj Louthan et al. (1975)

8.13 4700 260-700 20-500 t 2 Louthan e t a l . (1975)

8.63 4300 480-875 10 h 2 Wagner and Sizmann (1975)

6.78 4300 275-335 1-100 h 2 Kumnick and Johnson (1975)

4.98 4217 282-346 1-100 Hj Kumnick and Johnson (1977)

6.60 4290 322-783 0.4-60 H2 Quick and Johnson (1978)

In  g en e ra l, th e  s te a d y -s ta te  p e rm e a tio n  flu x  is  in v e rse ly  p ro p o rtio n a l 
to  th ic k n e s s  fo r  la rg e  m e m b ran es . A s  th e  th ic k n e ss  is re d u c e d  th e  s te ad y -s ta te  flux  
b e c o m e s  th ic k n e ss  in d ep en d en t.

2 .7 .5  H y d ro g e n  D iffu s iv ity  in  O x id e  F ilm s
S u -Il P y u n  an d  R .A . O rian i (1 9 8 9 ) s tu d ied  th e  p e rm e a tio n  o f  h y d ro g en  

th ro u g h  p a ss iv a tin g  f ilm s. T h e  re su lts  in d ica te  th a t h y d ro g e n  tra n sp o rt th ro u g h  the  
p a ss iv a te d  sp e c im e n s  is s ig n if ic a n tly  re ta rd ed  b y  th e  o x id e  f ilm s  in  th e  case  o f  iron . 
M an y  y e a rs  la te r, P . B ru z z o n i e t a l. (1 9 9 9 ) in d ica ted  th a t  a  d iffu s io n  c o e ffic ien t o f  
h y d ro g e n  in  an  o x id e  la y e r  is v e ry  sm a ll o r sev e ra l o rd e rs  o f  m ag n itu d e  lo w e r th an  
iron . T h e re fo re  m o s t o f  th e  h y d ro g e n  th a t is p ro d u c e d  a t th e  m e ta l/o x id e  in te rface  by  
F A C  e ffu se s  th ro u g h  th e  m e ta l, n o t th ro u g h  th e  o x id e  film .

T h in  o x id e  film s  a re  sh o w n  to  b e  e x c e lle n t b a rr ie rs  ag a in s t h y d ro g e n  
d iffu s io n . T h e  d if fu s io n  c o e ff ic ien ts  o f  the  o x id e  film s a re  in  ran g e  o f  1 .8 -6 6 x l0 " 17 
cm 2/s w h ile  th e  d iffu s io n  c o e ffic ien t o f  steel is a b o u t 10"8 c m 2/s. T h e  v a lu e  o f  d iffu 
sion  c o e ff ic ien t fo r  th e  o x id e  d ep en d s  o n  its ch em ica l c o m p o s itio n , an d  th ic k n e ss  due  
to  c h a n g e s  in ch em ica l c o m p o s itio n  o f  the  o x id e  w ith  th ic k n e ss . S u b stra te  an d  o x id e  
g ra in  s ize  had  no  e ffe c t on  d iffu s io n  ra te  (M .R . P ig g o tt, 1972).

F o r s tu d y in g  th e  h y d ro g e n  p e rm ea tio n  th ro u g h  m e ta llic  sam p les , a n e 
ce ssa ry  re q u ire m e n t is  th a t th e  h y d ro g e n  p e rm e a tio n  ra te  b e  c o n tro lled  by d iffu s io n
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in  th e  m a te r ia l o f  th e  sp e c im e n  n o t b y  su rfa c e  reac tio n . O x id e  f ilm s, u su a lly  p re se n t 
on  a m e ta l su rfa c e , lo w er th e  d eg ree  o f  h y d ro g e n  d isso c ia tio n  a n d  th e  p erm ea tio n  
flux . T h is  e ffe c t h a s  b een  a ttr ib u te d  to  su rface  p h e n o m e n a . S ig n ific a n t red u c tio n s  in  
th e  h y d ro g e n  p e rm e a tio n  ra te  a re  a c h ie v e d  e v en  w ith  v e ry  th in  film s. T h e  rem o v al o f  
th e  su rfa c e  la y e rs  th a t  re ta rd  th e  h y d ro g e n  p a ssa g e  fro m  th e  sp e c im e n  is  a  n ecessa ry  
co n d itio n  fo r h y d ro g e n  d iffu s iv ity  m e a su re m e n t in  m eta l.

It is  c o m m o n  p ra c tic e  to  e lec tro p la te  a  th in  f ilm  o f  P d  o n  th e  sp ec im en  
to  p re v e n t c o rro s io n  o f  th e  iro n  o r iro n -b a se  a llo y  sp e c im e n s . T h e  p a lla d iu m  has a 
v ery  h ig h  h y d ro g e n  d iffu s iv ity  an d  p e rm e a b ility  w h ich  p ro te c ts  th e  c lean ed  su rface  
fro m  o x id a tio n . T h e  d if fu s io n  re s is ta n c e  o f  th e  P d  lay e r is  so  sm all it d o e s  n o t a ffec t 
o r  sh o w -u p  in  th e  re su lts  (D .G . M ate i, 1999). K a re n  S ch o m b e rg  e t  a l. (1 9 9 6 ) s tu d ied  
th e  h y d ro g e n  p e rm e a tio n  in  th e  p a ss iv e  film  o n  iron  fo rm e d  by  c h e m ic a l p o lish in g . 
T h e  re su lts  in d ic a te d  th a t th e  film  is  n e a r ly  im p e rm e a b le  fo r  h y d ro g e n , ev en  i f  the  
h y d ro g e n  is in  th e  a to m ic  o r  p ro to n ic  sta te . T h ey  su g g e s te d  th a t i f  th e  o x id e  film s 
w ere  s itu a te d  o n  th e  h y d ro g e n  en try  s id e , th e  su rface  re a c tio n  o r h y d ro g e n  d isso c ia 
tio n  w o u ld  b e  s tro n g ly  re ta rd e d  an d  h y d ro g e n  u p tak e  w o u ld  n o t be  p o ss ib le . O n  the  
o th e r h an d , h y d ro g e n  u p ta k e  and  p e rm e a tio n  o f  th e  o x id e  film  m ay  b e  p o ss ib le  i f  the  

. h y d ro g e n  a rr iv in g  at th e  iro n /o x id e  in te rfa c e  is in  an  a to m ic /p ro to n ic  s ta te  by co a tin g  
th e  su rfa c e .w ith  p a lla d iu m .

2 .7 .6  H y d ro g e n  D iffu s iv ity  in  Iron  A llo y s
T h e  h y d ro g e n  p e rm e a b ility  o f  F e  a llo y s  h a s  b een  w id e ly  in v estig a ted . 

H o w ev e r, th e re  a re  re la tiv e ly  few  d a ta  on  th e  te m p e ra tu re  d e p e n d e n c e  o f  th e  h y d ro 
gen  d iffu s io n  c o e ff ic ie n t in  F e  a llo y s , an d  th e se  d a ta  are  o f te n  co n trad ic to ry .

2 .5 .6 .1  F e -A l A l lo y
Iron  a lu m in id e s  h av e  lo n g  b een  s tim u la tin g  th e  in te res ts  o f  

m ate ria l sc ie n tis ts  b e c a u se  o f  th e ir  e x c e lle n t o x id a tio n  re s is ta n c e  an d  re la tiv e ly  low  
cost an d  d e n s ity . T h e re  a re  re la tiv e ly  few  in v e s tig a tio n s  to  d e te rm in e  th e  d iffu s iv ity  
o f  h y d ro g e n  in  F e -A l  a llo y s  b ecau se  o f  a  s tro n g  te n d e n c y  to  fo rm  p ro te c tiv e  o x id es , 
w h ic h  im p e d e  h y d ro g e n  p e rm e a tio n . H o w ev e r, it has b e e n  p o in te d  o u t tha t th e  h y 
d ro g en  d if fu s iv ity  fa lls  w ith  in c rea s in g  a lu m in iu m  c o n te n t in  F e -A l  a llo y s  and  the
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h y d ro g en  d iffu s iv ity  is  h ig h e r  in  F e 3 A l-b a se d  in te rm e ta llic s  th a n  in  F e A l-b a se d  in- 
te rm e ta llic s  (X .Y . C h e n g , 2 0 0 5 ). In  1997 , H . H o so d a  e t al. d e te rm in e d  th e  d iffu s iv ity  
o f  iron  a lu m in id e s . T h ey  su g g ested  th a t th e  lo w e r d iffu s iv ity  in  th e  iro n  a lu m in id e  
c o n ta in in g  h ig h e r  A1 is  d u e  to  th e  a n ti- tra p p in g  te n d e n c y  o f  A1 w h ic h  re d u c e s  th e  e f
fec tive  h y d ro g e n  d if fu s iv ity  (H . H o so d a  e t  a l ,  1997). H o w e v e r, th e  a ttr ib u tio n  o f  the  
re ta rd a tio n  e ffe c t o n  h y d ro g e n  tra n sp o rt in  F e -A l  a llo y s  is  o b sc u re . E sp ec ia lly , the  
ac tiv a tio n  en e rg y  o f  h y d ro g e n  d iffu s io n  in  F e -A l  a llo y  is n o t re p o rte d  (X .Y . C h en g , 
2005).

2 .5 .6 .2  F e -N i A l lo y
N ic k e l is ad d e d  to  iro n  to  im p ro v e  its  p ro p e r tie s  b e c a u se  o f  

its  p e rm a n e n c e  in  a ir  an d  its  in e rtn ess  to  o x id a tio n . N . I. S h v e tso v , e t  a l. (1 9 7 5 ) in 
v e s tig a ted  th e  d if fu s io n  c o e ffic ien t o f  h y d ro g e n  in  p u re  iro n  an d  F e -1 .5 % N i a lloy . 
T h ey  in d ic a te d  th a t  th e  ad d itio n  o f  1 .5% N i h a s  little  e ffec t o n  th e  d iffu s io n  c o e ff i
c ien t D  (an d  th e  a c tiv a tio n  en e rg y  o f  d iffu s io n  Ed) o f  h y d ro g en . T h e  te m p e ra tu re  d e 
p en d e n c e  o f  th e  h y d ro g e n  d iffu s io n  c o e ffic ien t fo r  th e  a  p h a se  can  b e  d e sc rib ed  by 
th e  eq u a tio n s ,

D *  = 7 .31*1  O'8 exp - 1 2 2 8 .6 m / s (2 .3 2 )

. A n  im p o rtan t a sp e c t o f  th e  F e -N i a llo y  sy s te m  is  its  s tru c 
tu ra l ev o lu tio n , w ith  a  ch an g e  fro m  b o d y -c e n te re d  cu b ic  (B C C ) fo r  th e  F e -r ic h  a llo y  
to  fa c e -ce n te re d  c u b ic  (F C C ) fo r th e  a llo y  w ith  a  la rg e r N i co n ten t. J. V o lk i an d  H. 
W ip f  (1 9 8 1 )  s tu d ie d  th e  d iffu s io n  o f  h y d ro g e n  in  n u m e ro u s  m e ta ls . T h ey  su g g ested  
tha t th e  c o m p a riso n  o f  th e  h y d ro g e n  d iffu s io n  in  B C C  an d  F C C  m e ta ls  sh o w s as a 
genera l ru le  h ig h e r  a b so lu te  v a lu es  a n d  lo w er a c tiv a tio n  e n th a lp ie s  fo r  th e  d iffu s io n  
c o e ffic ien t in  B C C  m e ta ls . F ro m  th e ir  m e a su re m e n ts , th e  re su lts  sh o w  d iffu s io n  c o e f
fic ien ts  w h ic h , at ro o m  tem p e ra tu re , a re  fo u r o rd e rs  o f  m a g n itu d e  la rg e r  in  th e  B C C  
than  in  th e  F C C  s tru c tu re , c au sed  by  a  d e c re a se  o f  th e  a c tiv a tio n  e n th a lp y  in  th e  B C C  
p hase  by  ab o u t a fa c to r  o f  10 ag a in st th a t in th e  F C C  phase .
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F ig u re  2 .21 D iffu s io n  c o e ff ic ie n t o f  h y d ro g e n  as a  fu n c tio n  o f  c o m p o s itio n  at 
d iffe re n t te m p e ra tu re s  ( พ .  B e c k  e t  a l ,  1971). -

. ' H y d ro g e n  a to m s are  tra n s fe rred  b e tw e e n  te tra h e d ra l in te rs ti
c e s  ( te tra p o re s )  in  B C C  m e ta ls  an d  b e tw een  o c tah ed ra l in te rs tic e s  (o c ta p o re s )  in  F C C  
m e ta ls  (N .I. T im o fe y e v , 2 0 0 6 ). C o n seq u en tly , a d d in g  m o re  n ick e l c o n te n t in  iron  
re su lts  in  d e c re a s in g  th e  h y d ro g e n  d iffu s io n  c o e ff ic ie n t d u e  to  th e  p h a se  ch an g e . T he
v a lu es  o f  th e  d iffu s io n  c o e ff ic ie n t in  th e  y -p h ase  a re  c h a ra c te r iz e d  b y  su b s tan tia lly  
h ig h e r a c tiv a tio n  e n e rg ie s  th a n  in  th e  a -p h a se . T h e  h y d ro g e n  d if fu s io n  c o e ffic ien t 
d e p e n d e n c e  on  te m p e ra tu re  is  sh o w n  b e lo w  (J. V ô lk l an d  H . W i p f , 1981),

f -  4 4 6 6 .3 ^D }  N1 = 3 1 .9 x 1 0 ' ex p m 2/s. (2 .3 3 )

T h e  s tu d y  o f  พ .  B eck  e t  a l. (1 9 7 1 )  a lso  c o n firm e d  th a t the  
d iffu s iv ity  o f  h y d ro g e n  is  a  fu n c tio n  o f  n ic k e l c o m p o s itio n  in  iron . T h ey  in d ica ted  
th a t b e tw e e n  0 a n d  4 0  w t%  o f  N i, the  d o m in a n t fa c to r in  c o n tro llin g  th e  v a lu e  o f  the  
d iffu s iv ity  is th e  fa ll o f  th e  m o le  frac tio n  o f  th e  a -p h a se  in  th e  a lloy . B e tw e e n  40  and 
100 w t%  N i, th e  c ry s ta llo g ra p h ic  p h ase  is all y, an d  th e  m a jo r  e ffec t is  th e  b o n d in g  o f  
h y d ro g e n  in  th e  a llo y . F ig u re  2.21 sh o w s the  d iffu s io n  co e ff ic ien t o f  h y d ro g e n  as a 
fu n c tio n  o f  N i c o m p o s itio n .
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2 .5 .6 .3  F e - C r  A l lo y
A n  in c rea se  in  C r c o n te n t c an  re d u c e  th e  c o rro s io n  ra te  o f  

steel a t h ig h  te m p e ra tu re s  d u e  to  th e  h ig h e r  p a c k in g  d e n s ity  a n d  sm a lle r  p a rtic le  s izes 
o f  th e  o x id e  la y e r (T a e n u m tra k u l, 2 0 0 5 ). In  m e ta llu rg y , a n  iro n -c a rb o n  a llo y  w ith  a  
m in im u m  o f  1 0 .5 %  c h ro m iu m  c o n te n t is  d e fin ed  as  s ta in le ss  s tee l. S ta in le ss  s tee l is 
re s is ta n t to  c o rro s io n  an d  s ta in in g , re q u ire s  lo w  m a in te n a n c e , is  re la tiv e ly  in e x p e n 
sive , an d  h as  a  fa m ilia r  lu s te r  w h ic h  m ak es  it an  id ea l b a se  m a te ria l fo r a  h o s t o f  
co m m e rc ia l a p p lica tio n s .

A m o n g  th e  d iffe re n t e x p re s s io n s  re p o rte d  fo r  th e  d e p e n d en ce  
on  te m p e ra tu re  o f  th e  d iffu s io n  co e ff ic ien t o f  h y d ro g e n  in  a u s te n itic  s ta in le ss  s tee ls , 
th e  fo llo w in g  e x p re ss io n  p ro p o se d  fo r a  s tab le  3 1 6 L  in  th e  2 3 - 9 6 0  ๐c  tem p e ra tu re  
ran g e  h a s  b e e n  se le c te d  as  sh o w n  b e lo w  (A .-M . B ra ss  e t  a l . ,  2 0 0 6 ) ,

D  =  6 .2 x 1 0 ' 7 ex p -  6450.56V m 2/s. (2 .3 4 )

T h e  g rap h  in  F ig u re  2 .22  sh o w s  th e  h y d ro g e n  d iffu s iv itie s  in 
iron , iro n  b a sed  a llo y s , an d  niGkel b a se d  a llo y s (In c o n e l) . T h e  f irs t lin e  re p re se n ts  the  
av e rag e  v a lu e  o f  th e  h y d ro g e n  d iffu s io n  c o e ff ic ie n t fro m  th e  lite ra tu re  th a t w as  m e n 
tio n ed  p re v io u s ly . T h e  n e x t tw o  c u rv e s  sh o w  th a t  th e  d if fu s iv itie s  o f  h y d ro g e n  d e 
c rease  w h e n  a d d in g  n ic k e l, an d  th e  e x trem e  d e c re a se  w h e n  th e  m e ta l ch an g es  its 
p h ase  fro m  B C C  to  F C C . T h e  h y d ro g e n  d iffu s io n  c o e ff ic ie n ts  o f  in co n e l an d  in co lo y  
w h ich  a re  n ick e l b a se d  a llo y s , are a lso  sh o w ed  o n  th e  g rap h . E q u a tio n s  o f  h y d ro g e n  
d iffu s iv ity  o f  in c o n e l an d  in co lo y  a re  sh o w n  b e lo w  (W .M . R o b e rtso n , 1977).

( - 5 9 9 2 .2 ^
T  J

D  1 , =  1 .0 7 x 1 0 “b ex pInconel 718 * m 2/s, (2 .3 5 )

w h ile  th e  d iffu s iv ity  o f  h y d ro g e n  in In ca lo y  is

D พ 0,  903 =  2 .4 6  x i o - 6 e x p ^ - 6 9 0 3 .7 "
yT

m 2/s. (2 .3 6 )

T h e  b o tto m  cu rv e  re p re se n tin g  s ta in le s s  stee l (F e -C r a llo y ) 
sh o w s th e  lo w est h y d ro g e n  d iffu s iv ity .

In c o n c lu s io n , th e  h y d ro g e n  d iffu s io n  c o e ff ic ie n t o f  iro n -b ased  a llo y s  
is sev era l o rd e rs  o f  m a g n itu d e  lo w e r th an  tha t o f  p u re  iro n  an d  b e c o m e s  le ss  as the
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c o n c e n tra tio n  o f  a llo y in g  e le m e n ts  in c rea se s  due  to  tra p p in g  o f  h y d ro g e n  a to m s b y  
a llo y in g  e le m e n ts  (K .T . K im  e t  a l ,  1981).
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F ig u re  2 .2 2  D iffu s io n  c o e ff ic ie n t o f  h y d ro g e n  th ro u g h  a - I ro n  an d  its  a llo y s.

2 .8  H y d r o g e n  S o lu b ility  in  Iron

H y d ro g e n  so lu b ility (s )  in  th e  m e ta l rep re sen ts  th e  q u a n tity  o f  th e  ab so rb e d  
h y d ro g e n  by  a  k n o w n  w e ig h t sp ec im en  (v o lu m e  o f  h y d ro g e n  p e r  w e ig h t o f  m e ta l) , a t 
a  c o n s ta n t te m p e ra tu re  an d  a t a  co n s tan t p a rtia l p re ssu re  o f  g a se o u s  h y d ro g en  P H 2

a fte r  re a c h in g  th e  e q u ilib r iu m  in th e  sy stem .
T h e  so lu b ility  o f  h y d ro g e n  in  th e  re g u la r  a  s tru c tu re  o f  iro n  at te m p e ra tu re s  

b e lo w  3 0 0  °c is  v e ry  s ligh t. V .I. T k ach ev  e t al. (1 9 7 9 ) fo u n d  th a t m o st o f  th e  h y d ro 
gen  is  d is so lv e d  in  th e  in te rg ra in  m a tte r  as sh o w n  in F ig u re  2 .2 3 . A t te m p e ra tu re s  
c lo se  to  ro o m  te m p e ra tu re , th e  so lu b ility  o f  h y d ro g e n  in  c ry s ta llin e  a  s tru c tu re  o f  
g ra in s  is 1 .2 8 x 1 0 '5 c m 3/1 0 0  g.



40

F ig u r e  2 .2 3  S o lu b ility  o f  h y d ro g e n  in  a - iro n  (V .I. T k ach ev  e t  a l ,  1979).

In  1981 , พ .  Y . C h o o , e t a l. d e te rm in ed  th e  so lu b ility  o f  h y d ro g e n  in 9 9 .9 9 9 %  
pure  a - i r o n  an d  o b se rv e d  th e  e ffec t o f  th e  a llo y in g  e lem en ts , su ch  a s  M o , พ ,  N i an d  
C r on  th e  h y d ro g e n  so lu b ility . F ig u re  2 .2 4  sh o w s h y d ro g e n  so lu b ility  in  p u re  iro n  
p lo tted  a g a in s t te m p e ra tu re  a t o n e  a tm o sp h e re  fro m  th e  e x p e r im e n ts  co m p are  w ith  
th e  v a lu e  o f  th e  la ttic e  so lu b ility  o f  h y d ro g e n  in  te m p e ra tu re  ra n g e  400 to  700 °c by 
G e lle r an d  รนท,

C ( p p m )  =  4 2 .7  X ex p - 2 7 . 3 k J  ! m o l  
R T

(2 .3 7 )
7

and  by  E ic h e n a u e r  (Jo n g -L a m  L ee e t a l ,  1982),
^ - 2 4 . 4 ^  /  m o l^C ( p p m ) =  27 .8  X ex p

R T
(2 .3 8 )

7
It w a s  fo u n d  fo r th e  te m p e ra tu re s  b e lo w  3 0 0  ° c  an  a b n o rm a lly  h ig h  so lu b ility  

w as o b se rv e d  s in c e  th e  h y d ro g e n  so lu b ility  sh o u ld  b e  re d u c e d  as  th e  te m p e ra tu re  d e 
c reases. T h e y  su g g e s te d  th a t th is  is c au sed  by  th e  fo rm a tio n  o f  h y d ro g e n  traps in the  
m eta l. T h e  tra p p in g  e ffec t g en e ra lly  s ta r ts  to  sh o w  b e lo w  3 0 0  ° c .  T h e re fo re  it can  be 
co n c lu d ed  th a t m o s t o f  th e  h y d ro g en  in  th is  te m p e ra tu re  ran g e  e x is ts  in  trap p in g  sites. 
T he m a x im u m  v a lu e  o f  h y d ro g e n  so lu b ility  is o b se rv e d  in  th e  te m p e ra tu re  ran g e  80 
to  140 ° c  w h en  th e  h y d ro g e n  c o n c e n tra tio n  is 0 .9  p p m .
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F ig u r e  2 .2 4  T e m p e ra tu re  d ep e n d e n c e  o f  h y d ro g e n  so lu b ility  in  p u re  iro n  a t 1 a tm  
p re ssu re  (W .Y . C h o o  e t  a l . ,  1981).

T h ey  a lso  d isc u sse d  th e  ty p e  o f  tra p p in g  in  iron  th a t  c a u se s  th e  in c rea se  in 
h y d ro g e n  so lu b ility . It w a s  su g g es ted  th a t th e  h y d ro g e n  tra p p in g  in  d is lo c a tio n s , m i
c ro  v o id s , an d  h y d ro g e n  ab so rp tio n  on  th e  su rfa c e  a re  d is re g a rd e d  as  a  p o ss ib le  tra p 
p in g  s ite  in  th is  ca se . T h e  ch em ica l a d so rp tio n  o f  h y d ro g e n  in  th e  g ra in  b o u n d a ry  can  
ex p la in  th e  ab n o rm a l b e h a v io r  o f  h y d ro g en  so lu b ility  b e lo w  3 0 0  ๐c .

F o r  th e  e f fe c t  o f  a llo y in g  e lem en ts  on  h y d ro g e n  so lu b ility , th e  te m p e ra tu re  at 
w h ich  m a x im u m  h y d ro g e n  so lu b ility  is o b se rv e d  and  th e  te m p e ra tu re  a t w h ich  th e  
tra p p in g  e ffe c t b e g in s  in c rea se  as a llo y in g  e le m e n ts  M o, พ ,  an d  N i a re  ad d ed  to  th e  
iron . In  c a se  o f  a d d in g  C r, th e  m a x im u m  h y d ro g e n  so lu b ility  te m p e ra tu re  is in 
c reased  w h ile  th e  c ritic a l te m p e ra tu re  d o es  n o t ch an g e . T h e se  p h e n o m e n a  can  be e x 
p la in ed  by  th e  c h a n g e  o f  h ea t ch e m iso rp tio n  o f  h y d ro g en , an d  th e  re d u c tio n  o f  th e  
g ra in  b o u n d a ry  a re a  as  a llo y in g  e lem en ts  are  ad d ed .

S tu d ies  o n  th e  so lu b ility  o f  h y d ro g e n  in  iro n  at te m p e ra tu re s  b e lo w  300  ° c  
(573  K ) p ro v id e  u n re lia b le  re su lts  due  to  a lo w  so lu b ility  o f  h y d ro g e n  in  iro n  at lo w er 
te m p e ra tu re s , its  p o ss ib le  in te rac tio n  w ith  a  w id e  v a rie ty  o f  d e fec ts  in  th e  c ry sta l 
s tru c tu re  o f  th e  m e ta l, and  th e  e ffec t o f  su rfa c e  p ro c e ss  on  th e  q u a n titie s  m easu red . 
A n  a b n o rm a lly  h ig h  so lu b ility  o f  h y d ro g e n  at lo w  te m p e ra tu re  w as acc o u n te d  fo r by
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th e  tra p p in g  e ffe c t o f  h y d ro g e n  in  th e  m e ta l (J. F lis , 1991). C o n se q u e n tly , th e  a p p a r
e n t so lu b ility  o f  h y d ro g e n  in  iro n  v a rie s  w ith  trap  d en sity . H o w e v e r , tra p p in g  sh o u ld  
h av e  little  o r  no  e ffe c t on  th e  m e a su ra b le  so lu b ility  in  iro n  a t te m p e ra tu re s  h ig h e r  
th a n  3 0 0  ° c .

2 .9  H y d r o g e n  D a m a g e

H y d ro g e n  d a m a g e  is  a  gen era l te rm  w h ic h  re fe rs  to  m ech an ica l d am ag e  
c au sed  b y  th e  p re se n c e  o f, o r  in te rac tio n  w ith  h y d ro g en . H y d ro g e n  d am a g e  can  be  
c la ss if ie d  in to  fo u r  d is tin c t ty p e s  w h ich  a re  h y d ro g e n  b lis te r in g , h y d ro g e n  e m b rittle 
m en t, d e c a rb u riz a tio n , an d  h y d ro g e n  a tta ck  (M .G . F o n ta n a , 1986).

2 .9 .1  H y d ro g e n  b lis te r in g
.• H y d ro g e n  b lis te r in g  re su lts  fro m  th e  p e n e tra tio n  o f  h y d ro g e n  in to  a 

m eta l. A to m ic  h y d ro g e n  d iffu s in g  th ro u g h  m e ta ls  m ay  co lle c t at in te rn a l d e fec ts  and  
fo rm  m o le c u la r  h y d ro g e n . H ig h  p re ssu re s  m ay  b e  b u il t  u p  a t su ch  lo ca tio n s  d u e  to  
co n tin u ed  a b so rp tio n  o f  h y d ro g e n  le ad in g  to  b lis te r  fo rm a tio n , g ro w th  an d  ev en tu a l 
b u rs tin g  o f  th e  b lis te r.

2 .9 .2  H y d ro g e n  em b rittle m e n t
T h e  m o s t d a m a g in g  e ffe c t o f  h y d ic g e n  in  s tru c tu ra l m a te ria ls  is  h y 

d ro g en  e m b rittle m e n t (H E ). H y d ro g e n -in d u c e d  c ra c k in g  (H IC ), is th e  m a jo r  fo rm  o f  
H E  and  is  a b rittle  m e c h a n ic a l fa ilu re  c a u se d  by  p e n e tra tio n  and  d iffu s io n  o f  a to m ic  
h y d ro g e n  in to  th e  c ry s ta l s tru c tu re  o f  a  m e ta l o r  a lloy . M o le c u la r  h y d ro g e n  fo rm e d  at 
th o se  s ite s  b u ild s -u p  p re s su re  cau s in g  th e  ru p tu re  o f  th e  in te r-a to m ic  b o n d s , d e c re a s 
in g  th e  c o h e s iv e  s tre n g th , fo rm in g  v o id s  and  b lis te rs  th a t w ill lead  to  fo rm a tio n  o f  
c rack s  in  th e  m a te ria l (D .G . M ate i, 1999).

2 .6 .3  D e c a rb u r iz a tio n  and  H y d ro g e n  A ttack
O n e  o f  th e  m e c h a n ism s  is h igh  te m p e ra tu re  h y d ro g e n  a ttack , w h en  

h y d ro g en  re a c ts  w ith  c a rb o n  and  ca rb id es . H y d ro g e n  p e rm e a te d  in to  th e  s tee l can  
reac t w ith  ca rb o n , re su ltin g  in  th e  fo rm a tio n  o f  m e th a n e . T h e  m e th an e  is m o re  o r le ss
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tra p p e d  in  th e  m e ta l s tru c tu re  an d  w ill a c c u m u la te  in  v o id s  in  th e  m e ta l m a trix . T h e  
g as  p re s su re  in  th e se  v o id s  can  g en e ra te  an  in te rn a l s tre ss  h ig h  e n o u g h  to  fissu re , 
c rack  o r b lis te r  th e  s tee l. T h is  p ro c e ss  is k n o w n  as h y d ro g e n  a tta c k  and  lead s  to  d e 
c a rb u r iz a tio n  o f  th e  s te e l and  lo ss  o f  s treng th .

T h e  c ra c k in g  o f  fe e d e r  p ip e  a t P L G S  h as  b e e n  s tu d ie d  b u t th e re  is  no  e v i
d en ce  th a t  th e  c ra c k in g  w as d u e  to  h y d ro g en  d am ag e . T h e  in v e s tig a tio n  in d ica ted  
th a t th e  c o rro s io n  is  c au sed  m a in ly  by  F A C . T h u s  it is e x p e c te d  th a t th e  h y d ro g en  
a to m  p ro d u c e d  b y  F A C  e ith e r  d iffu se s  th ro u g h  th e  p ip e  w all o r  in to  th e  so lu tio n .

2 .1 0  H y d r o g e n  P r o b e  fo r  M o n ito r in g  C o rro s io n

2 .10 .1  H y d ro g e n  P ro b e  P rin c ip le
T h e  c o n c e p t o f  th e  h y d ro g en  e ffu s io n  p ro b e  is  b a se d  o n  th e  fac t th a t 

o n e  o f  th e c a th o d ic  re a c tio n  p ro d u c ts  in  th e  c o rro s io n  p ro c e ss  is h y d ro g en . T h e  h y 
d ro g e n  a to m s  th u s  g e n e ra te d  d iffu se  th ro u g h  th e  p ip e  and  a re  lib e ra te d  a t th e  e x te r io r  
su rface . T h e re fo re  th e  h y d ro g e n  p ro b e  can  m e a su re  th e  c o rro s io n  ra te . O ne a d v a n 
ta g e  o f  e x te r io r  h y d ro g e n  m o n ito r in g  is th a t it d o es  n o t re q u ire  p e n e tra tio n  o f  th e  
p ip e  w a ll in  o rd e r  to  o b ta in  th e  c o rro s io n  ra te  s in ce  th e  h y d ro g e n  p ro b e  is in s ta lled  
o u ts id e  p ip e  w all.

It is a ssu m e  in  th is  m e th o d  th a t all o f  th e  h y d ro g e n  lib e ra ted  in  th e  
c o rro s io n  re a c tio n  d iffu se s  th ro u g h  th e  s tee l VwJsel w a ll in s te a d  o f  b e in g  lib e ra ted  as  
h y d ro g e n  gas at th e  su rface . C o m m e rc ia l d e v ic e s  a re  a v a ila b le  fo r  c o rro s io n  m o n ito r
in g  b y  th is  te c h n iq u e , a lth o u g h  it is  q u e s tio n a b le  w h e th e r  su c h  d e v ic e s  co u ld  b e  p o s i
tio n e d  an d  a llo w e d  to  o p e ra te  u n a tte n d e d  fo r e x ten d ed  p e r io d  o f  tim e . T h is  m e th o d  is 
in  a lso  p ra c tic e  lim ite d  to  s tee l, w h ich  has a  h ig h  h y d ro g e n  d iffu s iv ity  an d  lo w  so lu 
b ility  o f  h y d ro g e n  (J .R . D av is  e t  a / .,  1987).

T h e  fe e d e r  th in n in g  o ccu rs  b e c a u se  iro n  a to m s  (F e 2+) in  th e  steel d is 
so lv e  in to  th e  c o o la n t as a c o n se q u e n c e  o f  F A C . T h e  h y d ro g e n  p ro b e  can  m easu re  
th e  p ip e  th in n in g  ra te  s in ce  th e  q u an tity  o f  h y d ro g e n  e ffu s in g  th ro u g h  th e  ca rb o n  
steel p ip e  is p ro p o rtio n a l to  th e  ra te  tha t iron  is lo st in to  so lu tio n . It is a ssu m ed  th a t 
one  m o le  o f  h y d ro g e n  gas is p ro d u c e d  from  o n e  m o le  o f  iron  io n  lo sses. T h e  reac tio n  
fo r th is  re la tio n  is  sh o w n  b e lo w .
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F e  +  2 H  + - >  F e 2+ +  2 H  (2 .3 9 )
T h e  h y d ro g e n  p ro b e  sy s te m  o p e ra te s  u n d e r  v a c u u m . In  p rin c ip a l, h y 

d ro g en  e ffu s in g  fro m  th e  p ip e  w o u ld  b e  co lle c ted  in  th e  c h a m b e r  o u ts id e  o f  th e  p ip e  
w all an d  c a u se  th e  p re ssu re  to  rise . T h e  p re ssu re  tra n sd u c e r  o r  p re s su re  g au g e  w o u ld  
m easu re  th e  h y d ro g e n  p re ssu re  in c rea se  w h ic h  co u ld  b e  u sed  to  c a lc u la te  w all th in 
n in g  ra tes .

A n  im p o rta n t fe a tu re  o f  h y d ro g e n  flu x  p ro b e  m o n ito r in g  is  th a t it is  a 
re a l- tim e  d e v ic e , w h ich  can  d e tec t sh o rt- te rm  u p se ts  in  th e  p ro c e ss . B y  g e ttin g  n ea r 
re a l- tim e  d a ta  fro m  a  c o rro s io n  m o n ito rin g , o p e ra to rs  c an  re la te  th is  d a ta  to  e v en ts  
th a t c a u se d  th e  c o rro s io n . T h e n  th ey  can  lo w e r c o rro s io n  ra te s  b y  a d ju s tin g  o r e l im i
n a tin g  c o rro s io n -c a u s in g  ev en ts .

T h e  ra te  o f  c o rro s io n  is re la te d  to  h y d ro g e n  e v o lu tio n  b a sed  on  E q u a 
tio n  2 .40 . O n e  m o le  o f  แ 2 is  p ro d u ced  fo r  o n e  m o le  o f  F e 2+ loss.

"■  ■ ■ F é ' + 2 H + - > F e 2+ +  2 H  (2 .4 0 )
T h e  ra te  o f  c o rro s io n  c a n  be  d e te rm in e d  fro m  th e  a c c u m u la tio n  o f  h y d ro g e n  m o le 
cu le s  a c c o rd in g  to  fo llo w in g  eq u a tio n .

c =  d [—  (2 .4 1 )
A p

W h ere  c  is  c o rro s io n  ra te  (c m /y r) , M Fe is  m o la r  m ass  o f  iro n  w h ic h  is 55 .85  g /m o l,
A  is in te rn a l a re a  o f  p ip e  (c m 2), pFe is th e  d e n s ity  o f  iro n  w h ic h  is  7 .8 6  g /c m 3, a  is th e

co n v e rs io n  o f  d a y s  to  y e a r  (3 6 5  d ay s /y r) , an d  is a  d a ily  a c c u m u la tio n  o f  h y d ro -
d t

gen  m o le c u le s  in  a  u n it o f  m o le s /d ay .
S in c e  h y d ro g e n  b e h a v e s  as an  id ea l gas at lo w  p re ssu re s , th e  n u m b er o f  

m o le s  o f  h y d ro g e n  a c c u m u la tio n  p e r  d ay  can  b e  re la te d  to  th e  c h a n g e  in  p re ssu re  by  
th e  ideal g as  law .

dn  d P  V
dl ~ dt RTeff (2 .4 2 )

W h ere  is  th e  ra te  o f  p re ssu re  in c rea se  in  P a /d ay , V  is to ta l v o lu m e  o f  the  H E P  

w h ich  d e p e n d s  on  an  a sse m b ly  o f  the  H E P , R  is g as  c o n s ta n t (8 .3 1 4  m 3 P a /m o l/K ),
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and  Tefr is  th e  e f fe c tiv e  te m p e ra tu re  (K ) in  th e  sy stem . S in ce  v a r io u s  p a r ts  o f  th e  
H E P  sy stem  are  e x p o se d  to  d iffe re n t te m p e ra tu re s , th e  e ffe c tiv e  te m p e ra tu re  th e re 
fo re  is th e  su m  o f  th e  in d iv id u a l te m p e ra tu re  m u ltip ly  by  th e ir  re sp e c tiv e  v o lu m e 
p e rc e n ta g e  o f  th e  H E P  sy stem .

2 .1 0 .2  C o m p a rin g  H E P  to  F O L T M  (C o n v e n tio n a l D e v ic e )
A n o th e r  d ev ic e  th a t can  be  u se d  to  m e a su re  th e  fe e d e r  th in n in g  ra te  is 

c a lled  F e e d e r  O n -L in e  T h ic k n e ss  M o n ito r  (F O L T M ). F L O T M s h av e  b e e n  used  in  
th e  C A N D U  in d u s try  fo r  th e  p a s t 8 y e a rs  to  m e a su re  ac tu a l fe e d e r  th ic k n e ss . T he  
f irs t F O L T M  in s ta lla tio n  at P o in t L ep reau  n u c le a r  s ta tio n  w a s  in  Ja n u a ry , 1998. It 
w o rk s  b y  u s in g  u ltra so n ic  tran sd u ce rs . T h ese  tra n sd u c e rs  c an  d ire c tly  m e a su re  p ip e  
w all th ic k n e ss , a v e ra g e  f lu id  te m p e ra tu re , an d  flu id  flow . T h e  F O L T M  m u lti-sen so r 
c o n tin u o u s ly  m e a su re s  w a ll th in n in g  and  f lu id  te m p e ra tu re  an d  th e n  in p u ts  th ese  p a 
ra m e te rs  in  th e  f lo w  m e a su re m e n t, b ecau se  f lo w  m e a su re m e n t a c c u ra cy  re lies  on 
p ip e  in te rn a l d ia m e te r  a n d  flu id  te m p e ra tu re  (K . M c K e e n  e t  a l . , 2 0 0 7 ).

B o th  th e  F O L T M  an d  th e  H E P  a re  d e v ic e s  th a t c a n  be  u se d  to  m eas
u re  th e  fe e d e r  w all th in n in g , an d  d o  n o t re q u ire  p e n e tra tio n  o f  th e  p re ssu re  b o u n d ary  
s in ce  it is m o u n te d  ex te rn a lly . H o w ev e r, th e  F O L T M  an d  th e  H E P  are  b a sed  u pon  
d iffe re n t p r in c ip le s . W h ile  th e  F O L T M  p ro v id e s  a  m e a su re m e n t o f  fe e d e r  w all th ic k 
n ess , th e  H E P  p ro v id e s  a  m e a su re m e n t o f  a p p a re n t ch an g e  in  w all th ic k n e ss . H o w 
ev e r, th e  s ig n a l- to -n o ise  ra tio  o f  th tfL ïE P  is  m u ch  h ig h e r  th a n  th a t o f  th e  F O L T M . 
C o n se q u e n tly , th e  H E P  can  m e a su re  a p p a re n t fe e d e r  w all th ic k n e s s  ra te s  o v e r m uch  
sh o rte r  tim e s ; h o u r  v e rsu s  w eek . T h u s, u n lik e  th e  F O L T M , th e  H E P  is  cap ab le  o f  
m o n ito r in g  a p p a re n t fe e d e r  w all th in n in g  ra te s  d u rin g  sh o rt- te rm  o p e ra tin g  tran sien ts , 
an d  is c a p a b le  o f  m e a su r in g  a b ru p t c h an g es  in  fe e d e r  w all th in n in g  ra te .

2.11 F o r m e r  E x p e r im e n ts  on th e  H y d ro g en  P ro b e

2.11.1  H y d ro g e n  P a tch  P ro b e
T h e  h y d ro g e n  p a tch  p ro b e  w a s  f irs t p a te n te d  in  1992 b y  H . B ruce  

F reem an . T h e  a p p a ra tu s  c o m p rise s  a  c h a m b e r-d e f in in g  m e m b e r  w h ic h  is co n stru c ted  
o f  m ate ria l su ff ic ie n tly  f lex ib le  and  can  be  sea led  to  the  p ip e . A  v a c u u m  gauge  is
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u se d  to  m o n ito r in g  th e  d e c a y  o f  th e  v acu u m  in  th e  c h a m b e r  o v e r  tim e . Y é p e z  e t a l.
(1 9 9 8 ) u sed  th is  a p p a ra tu s  to  co m p are  a  v a c u u m  lo ss  m e th o d  and  a co n v en tio n a l 
e lec tro  c h e m ic a l te c h n iq u e . T h e  e x p e rim e n ta l re su lts  sh o w ed  th a t th e  tra n s ie n t re 
sp o n se  o f  a  v a c u u m  b a se d  h y d ro g e n  p ro b e  p ro v id e s  s im ila r  in fo rm a tio n  re g a rd in g  th e  
h y d ro g e n  d if fu s io n  th ro u g h  s tee l w a lls  c o m p a re s  to  th e  c o n v e n tio n a l e le c tro  c h e m i
ca l tech n iq u e . H o w e v e r  th e y  su g g es ted  th a t th e  e le c tro c h e m ic a l te c h n iq u e  te n d s  to  be 
m o re  acc u ra te  fo r  d e te c tin g  sm a ll h y d ro g en  flu x e s  in  th e  la b o ra to ry  b u t m ay  be  m ore  
d iff ic u lt to  a p p ly  in  th e  f ie ld  th a n  th e  v acu u m  b a se d  m e th o d .

F ig u r e  2 .2 5  H y d ro g e n  p a tc h  p ro b e  co n fig u ra tio n s  (H . B ru ce  F re e m a n , 1994).
a*- -

2 .1 1 .2  H y d ro g e n  V a c u u m  F o il o r  B e ta  F o il
In  1999 , D .G . M a te i s tu d ied  th e  n ew  m e th o d  fo r m o n ito r in g  c o rro s io n  

c a lled  a  h y d ro g e n  v a c u u m  fo il. T h e  h y d ro g e n  v a c u u m  foil (B e ta  F o il)  c o n s is ts  o f  a 
th in  s ta in le ss  stee l fo il w h ic h  is  a ttach ed  to  a len g th  o f  c a p illa ry  tu b e  and  th e  foil is 
ap p lied  d ire c tly  o n to  th e  su rface  o f  th e  p ip e  o r  v esse l to  be  m o n ito re d . T h e  B eta  Foil 
co n fig u ra tio n  is p re se n te d  in  F ig u re  2 .26 . T h e  re su lts  fro m  th is  w o rk  in d ica ted  tha t 
th e  am o u n t o f  h y d ro g e n  p e rm e a tin g  th ro u g h  th e  stee l sp e c im e n  is a fu n c tio n  o f  the  
m a te ria l an d  th e  e n v iro n m e n ta l co n d itio n s  an d  n o t a fu n c tio n  o f  th e  cap illa ry  tu b e  
len g th . It is su g g es ted  th a t th e  v acu u m  u n d e r  the  B e ta  F o il sh o u ld  be  m a in ta in ed  
ab o v e  -20  k P a  in  o rd e r  to  o b ta in  accu ra te  m e a su re m e n ts . F o r  a lo w er v a c u u m , the 
B e ta  Foil is fa irly  in se n s itiv e  to  th e  ch an g es  th a t o c c u r  in  th e  sy stem . M o reo v e r, the
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v a c u u m  fo il te c h n iq u e  sh o u ld  n o t b e  u sed  w h e re  o x y g e n  is  p re se n t in  th e  c o rro d in g  
sy s tem  s in ce  th e  h y d ro g e n  re d u c tio n  reac tio n  is  n o  lo n g e r  th e  d o m in a n t re a c tio n  and 
th e  m e a su re m e n t o f  h y d ro g e n  p e rm e a tin g  th ro u g h  th e  s tee l sp e c im e n  is  n o  lo n g er 
re f le c tiv e  o f  th e  c o rro s io n  ra te . T h u s  th e  B e ta  F o il te c h n iq u e  is  th e  lim ita tio n  o f  its 
u se  in  a e ra ted  c o n d itio n s .

F ig u r e  2 .2 6  B e ta  F o il c o n fig u ra tio n s  (D .G . M a te i, 1999).

2 .8 .3  H y d ro g e n  E fm s io n  P ro b e  (H E P )
T h e  H E P  co n s is ts  o f  s ilv e r cu p  c o n n e c te d  v ia  s i lv e r  an d  s ta in le ss  steel 

tu b in g  to  a v a lv e , p re s su re  tra n sd u c e r, v acu u m  p u m p , an d  d a ta  a c q u a in ta n c e  system . 
In  o rd e r  to  av o id  th e  le a k in g  o f  h y d ro g e n  fro m  th e  d ev ice , h ig h  p u rity  s ilv e r  is u sed  
d u e  to  th e  lo w  p e rm e a tio n  ra te  o f  h y d ro g en  th ro u g h  th is  m e ta l at h ig h  tem p e ra tu re . 
T h e  sy stem  te m p e ra tu re  is m e a su re d  by  in s ta lled  th e rm o c o u p le s . T h e  m a in  c o m p o 
n en ts  o f  th e  H E P  in s tru m e n ta tio n  u n it are  an  iso la tio n  v a lv e , a  p re c is io n  ab so lu te  
p re ssu re  tra n sd u c e r , an d  a d a ta  acq u is itio n  and  co n tro l sy s tem . T h e  p re ssu re  tra n s 
d u c e r h as  a c o n tro lled  in te rn a l te m p e ra tu re  o f  4 5 ° c  and  a  l im itin g  a m b ien t o p e ra tin g  
te m p e ra tu re  o f  4 0 ° c .  C h an g es  in  am b ien t te m p e ra tu re  a ffe c t th e  tra n sd u c e r  read in g . 
T h e  d a ta  a c q u is itio n  an d  co n tro l sy s tem  is u sed  to  co n tro l th e  p u m p  and  v a lv e  o p e ra 
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t io n , and  a lso  re c o rd  re a d in g s  fro m  th e  tra n sd u c e r  an d  th e rm o c o u p le s . T h e  th e rm o 
c o u p le s  p ro v id e  te m p e ra tu re  in fo rm a tio n  to  en a b le  a n a ly s is  o f  th e  d a ta .

F ig u r e  2 .2 7  S ch em a tic  o f  H E P  A sse m b ly  (K . M cK een  e t  a l . ,  2 0 0 7 ).

It w a s  e x p e c te d  th a t a fte r a  p re d e te rm in e d  p re s su re  is re ach ed , 2 0 0 0  
P a  is  re c o m m e n d e d  as th e  p re ssu re  ran g e  th a t  is in d e p e n d e n t o f  h y d ro g e n  p ressu re , 
th e  d a ta  a c q u is itio n  an d  co n tro l sy s tem  w o u ld  a u to m a tic a lly  re p e a t th e  te s t cy c le . T he  
v a c u u m  p u m p  w o u ld  sw itch  on  to  ev acu a te  th e  m e a su rin g  v o lu m e  an d  re s ta rt th e  c y 
c le  (K . M c K e e n  e t  a l ., 2 0 0 7 ).

S in ce  2 GOi, A to m ic  E n erg y  o f  C a n a d a  L im ite d  (A E C L ) has p e r
fo rm ed  a  se rie s  o f  lo o p  e x p e rim e n ts  fu n d ed  by  the  C A N D U ®  O w n e rs  G ro u p  Inc. 
(C O G ). T h e  o b je c tiv e  o f  th is  e x p e rim e n t is  to  s tudy  th e  F A C  p ro c e ss  th a t cau ses  
fe e d e r  w all th in n in g  in  th e  p rim a ry  h ea t tra n sp o rt sy s te m  o f  C A N D U  reac to r. T h e  
re su lts  d e m o n s tra te  th a t th e  ra te  o f  th e  F A C  p ro c e ss  in  th e  tu b e  can  b e  ex am in ed  o n 
lin e  by  m e a su rin g  th e  ra te  o f  h y d ro g e n  th a t is  p ro d u c e d  fro m  F A C  p ro c e ss , w h ich  
e ffu se s  th ro u g h  th e  p ip e  w all. C o n se q u e n tly , th is  in fo rm a tio n  led  to  th e  d e v e lo p m en t 
o f  a H y d ro g en  E ffu s io n  P ro b e  fo r  m o n ito rin g  o f  FA C .
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F ig u r e  2 .2 8  T h e  H E P  (to p )  and  F O L T M  (b o tto m ) in s ta lle d  on  fe e d e r  p ip e  at P L G S  
(K . M c K e e n  e t a i ,  2 0 0 7 ).

In  2 0 0 6 , th e  C en tre  fo r N u c le a r  E n e rg y  R e se a rc h  (C N E R ) h a s  been .- 
c o n d u c tin g  H E P  e x p e rim e n ts . T h e  o b jec tiv e  o f  th is  p ro je c t w a s  to  d e s ig n  an d  b u ild  
an  H E P  th a t co u ld  be  in s ta lle d  o n  an  o u tle t fe e d e r  p ip e  a t th e  P o in t L e p re a u  G e n e ra t
ing  S ta tio n  (P L G S ) a n d  w a te r  w a ll tu b in g  at th e  C o le so n  C o v e  G e n e ra tin g  S ta tio n  
(C C ). F ig u re  2 .2 8  sh o w s  th e  H E P  in s ta lled  o n  a fe e d e r  p ip e  a t th e  P L G S . L eak  te s ts  
o f  th e  H E P  w ere  p e rfo rm e d  p rio r  to  s ta rt-u p , an d  leak  ra te s  o f  5 P a /d ay  w h ic h  re p re 
sen ts  o n ly  a  0 .2 5 %  c o n tr ib u tio n  w e re  d e te rm in ed . D a ta  fro m  th e  P L G S  in d ica te  th a t 
the  H E P  c a n  provré$*an  o n -lin e  in d ire c t m e a su re m e n t o f  th e  fe e d e r w a ll th in n in g  ra te  
w h ic h  is a p p ro x im a te ly  60  p m /y ea r. T h is  fe e d e r w all th in n in g  ra te  can  b e  co m p ared  
w ith  th e  ra te  m e a su re d  b y  th e  F O L T M , w h ic h  w as in s ta lle d  n e x t to  th e  H E P  fo r th e  
sam e  p e r io d  o f  tim e . T h e  d a ta  in d ica ted  th a t th e  fe e d e r  w a ll th in n in g  ra te  fro m  b o th  
d ev ice s  w a s  in  ag reem en t.

A lth o u g h  th e  a ccu racy  o f  th is  ra te  h a s  n o t y e t b e e n  q u a n tif ie d , the  
feed e r w a ll th in n in g  ra te  is co n s is ten t w ith  th e  ex p e c te d  ra te  fo r  a s tra ig h t len g th  o f  
o u tle t fe e d e r p ip e . T h e  d a ta  from  th is  e x p e rim e n t a lso  su g g es t th a t  th e  H E P  is ab le  to  
d e tec t sm all ch an g es  in  th e  F A C  ra te  o v e r sh o rt p e r io d s  o f  tim e . T h e  ab ility  to  m o n i
to r  n o t o n ly  th e  c o rro s io n  o f  c a rb o n  steel o u tle t fe e d e r p ip e  b u t a lso  ch an g es  to  th e  
re d u c in g /o x id iz in g  (re d o x )  ch em is try  m ay  b e  p o ss ib le .
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