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Abstract

Flow-Accelerated corrosion (FAC) has remained an issue in steam raising power

plants with FAC being the cause of enhanced degradation of plant piping and if the

degradation continues it can develop into unexpected pipe wall failure. Therefore

understanding the mechanisms of FAC is necessary in order to predict where it

will occur and what can be done to mitigate it. To this end a morphology study

was conducted on probes corroded by FAC in various conditions. By observing the

changes in oxide layer morphology in response to changes in system conditions more

information about the mechanisms of FAC can be inferred. The information gained

from the morphology study was then used to update the UNB mechanistic model

to improve the accuracy of its predictions. After updating the model, it was able to

predict FAC rates and oxide thicknesses quite well in both neutral and ammoniated

conditions for two different compositions of steel.
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Chapter 1

Introduction

One of the most essential commodities traded in the modern world is electricity.

As such affordable but reliable sources of electricity are a cornerstone of strong

economies. One option for the steady generation of electricity is steam raising plants

that use the heat from either nuclear fission or a combustion reaction to drive a

turbine. However, the reliability of these steam raising plants can be affected by

issues like corrosion which causes premature failure of vital system components.

Corrosion in many forms can occur in various locations in a power plant due to

the wide variety of conditions and materials that exist throughout the system. One

form of corrosion in particular came into the focus of researchers after an accident

prompted further investigation.

The accident in question occurred on December 9, 1986, when a pipe elbow at Surry

Nuclear Power Station ruptured [21]. The ruptured pipe released high temperature

steam causing four fatalities and tens of millions of dollars in damages. In the

following investigation the cause of the accident was revealed to be excessive wall

thinning caused by Flow-accelerated corrosion (FAC), a special form of corrosion
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occurring in high flow water pipes. FAC was not a new phenomenon at the time

with researchers investigating it under the name "erosion-corrosion" in the 1960’s

[21] but no major incidents were attributed to FAC until then. This may be due to

an incomplete knowledge of the conditions that FAC occurs in so the causes of past

accidents may have been attributed to other forms of corrosion [22]. However, since

the cause of accident was positively identified as Flow-accelerated corrosion this led

to increased interest in researching FAC.

Due to the increased interest and funding various research programs started popping

up across the world with the goals of understanding the mechanisms of FAC, the

conditions it occurs in, and potential mitigation strategies. One research group that

tackled these issues is the University of New Brunswick Nuclear Research Group.

Previous work conducted by the group includes investigations into FAC mechanisms

[33][42][55], testing mitigation strategies [18][29][76], and the development of a math-

ematical model used to predict the rate of corrosion [14][18][30][36][54] [55]. This

study is following in the spirit of the last item aiming to deliver the latest iteration

of rate-predicting models.

To this end this study is revisiting the mechanistic model and attempting to refine

its predicative capabilities further. To further refine the model there was a need

for more information on the mechanisms of FAC. After careful consideration it was

decided that investigating the morphology of the oxide layer formed by FAC would

be suitable for this need. Various surface science techniques and tools were utilized

on samples of corroded pipe to learn more about the composition and morphology

of the oxide layer. The oxide layer present on surfaces affected by FAC is noted to

be thin when compared to the oxide layers formed by other other forms of corrosion.

As an oxide layer can be protective against corrosion for the metal, understanding

the changes brought on by different conditions can give clues as to what processes

2



are occurring on the surface. Additionally, this study makes use of samples from

past projects that were preserved for additional study such as this.

This thesis in the following chapters will detail testing procedures, conditions samples

were produced under, and results of this study. The results of the testing are then

considered and the mathematical model is adjusted accordingly. The output of the

modeling is then presented and compared to experimental results to show validity.

3



Chapter 2

Literature Review

2.1 Coolant Chemistry in Power Plants

Steam raising power plants vary widely in design but operate on the same core

principle. A heat source is used to generate steam by boiling water, this steam is

then used to drive turbines to produce electricity. Fossil plants for example, use

the combustion of fossil fuels such as coal or natural gas as their heat source for

generating steam. The typical fossil plant consists of a water loop in which the

coolant undergoes what can be best described as a Rankine cycle [49]. Because of

the phase changes required for the operation of the steam cycle to function there is

a large variation of pressures and temperatures throughout the system. Due to the

variation of conditions encountered careful control of water chemistry is required to

minimize corrosion losses.

Depending on the metallurgy of the system a different coolant chemistry may be rec-

ommended by guidelines. In the past, the recommended coolant chemistry for steam

4



raising plants has been All-Volatile Treatment or AVT [24]. This chemistry treat-

ment only employs volatile chemicals to control pH and oxygen levels of the coolant.

Commonly used pH control chemicals are ammonium hydroxide, cyclohexylamine,

and morpholine to bring the pH to levels around 9.0-9.3. This is done to minimize

the solubility of oxides and is discussed further in section 2.2.1. An oxygen scavenger

such as hydrazine is also used to keep oxygen levels at a minimum. The oxygen levels

were kept low in order to minimize corrosion issues in the boiler section of the plant

under the assumption the less oxygen the better[24].

More recently the AVT with the oxygen scavenger is only recommended for mixed

metallurgy plants, containing both ferrous and copper materials. For a plant com-

prised of all-ferrous materials an all-volatile treatment without the oxygen scavenger

is recommended instead. The pH range for this treatment is 9.2-9.6 and the oxy-

gen levels are maintained at <10 ppb. The reasoning behind this is that several

researchers have observed that low levels of oxygen in the coolant are beneficial to

reducing the rate of FAC [33][80] without increasing the risk of corrosion in other

areas. UNB Nuclear Group’s own experiments found that 1.2 ppb was sufficient to

reduce the rate of FAC to near zero in ammoniated conditions in a small diameter

probe (2.4 mm) [33]. This means that the low levels of oxygen present in the AVT

without a reducing agent is enough to reduce the rate of FAC throughout the system

without causing other corrosion issues.

The steam generating side of a nuclear power plant is quite similar to the heat

transport system in a fossil plant but instead of a boiler producing the steam a

specialized heat exchanger called a steam generator is used. Another similarity

is that the coolant on the steam-generating side is also treated with ammonia to

minimize corrosion just like in a fossil plant subject to AVT [44]. In addition to the

steam-generating heat transport system(called the secondary system), in Pressurized

5



Water Reactors (PWRs) there exists another heat transport system used to move

heat from the core where is it is generated by nuclear fission to the steam generators

referred to as the Primary heat transport system (PHTS). An example of the typical

layout of a CANDU-6, a particular type of a PHWR, is given in Figure 2.1 and

demonstrates how the PHTS interacts with the steam generator which is its indirect

connection to the secondary transport system [56].

Figure 2.1: The layout of a CANDU-6, a pressurized heavy water reactor (PHWR)

The coolant chemistry of the primary side in some reactor designs has an additional

objective of reactor control beyond minimizing corrosion. In PWRs this is done

through the addition of boric acid to the coolant to absorb additional reactivity

[41]. To achieve the goal of minimizing corrosion the pH is raised to ~10.2 with the

addition of lithium hydroxide to the coolant. A pH of 10.2 is chosen due to the

solubility of iron oxide being roughly at a minimum at this point in the temperature

range of the PHTS [71]. Along with the lithium hydroxide and boric acid, hydrogen

is also injected into the coolant for the purpose of eliminating any hydrogen peroxide

produced by the radiolysis of water occurring in the reactor core.
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2.2 Oxide Properties

The oxide species that make up the oxide layer during corrosion are dependent on

several different factors. These factors include the base material being corroded, the

chemistry of the electrolyte it is formed in, and the temperature the corrosion occurs

at. In the high-purity and high-temperature water with low amounts of dissolved

oxygen the dominant oxide species formed on carbon steel is magnetite, Fe3O4, [81].

Magnetite can be described as an inverse spinel crystal structure oxide that is black

in colour [11]. Normally found in the carbon steel piping of power plant systems

magnetite can form a protective layer if it can build to sufficient thickness. This

oxide layer consists of a finely grained inner layer against the steel and a coarser

outer layer that is sometimes referred to as "Potter-Mann oxide" [57]. Potter-Mann

oxide only forms in iron saturated water where the dissolution of the oxide is minimal

allowing the outer layer to precipitate from solution.

If there is oxygen in the water other oxides can also be found in addition to mag-

netite. Hematite, Fe2O3, and lepidocrocite, γ − FeOOH, have also been confirmed

to be present on the surface of samples exposed to oxygen by using laser-Raman spec-

troscopy [33]. It should be noted that these oxides may be responsible for oxygen’s

stifling effect of FAC. Some authors have theorized that the formation of hematite

and lepicrocite in the pores of the oxide layers could potentially block the ingress

of oxidants and therefore reducing the corrosion rate [24][33]. This concept is illus-

trated in Figure 2.2 [24] showing large grains of magnetite with some porosity which

is filled in after the addition of oxygen.
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(a) Anaerobic conditions.

(b) Aerobic conditions.

Figure 2.2: magnetite growth under anaerobic and aerobic conditions
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2.2.1 Solubility

One of the requirements for the occurrence of FAC is an under-saturation of iron in

the coolant. When an under-saturation in the coolant exists the oxide layer is actively

dissolving and an outer layer cannot precipitate from solution. The resulting oxide

layer is thinned in comparison with a Potter- Man oxide and is less protective overall.

The solubility of magnetite varies greatly depending on coolant pH and temperature.

Due to the temperature variations in solubility as coolant travels around the loop

it can become understaturated or overstaurated depending in which direction the

solubility shifts. An understaturation of magnetite in the coolant at a point in the

heat transport system increases the risk of FAC occurring there.

An example of this can be observed in the situation of CANDU-6 outlet feeders

and their degradation by FAC. In 1996, a small heavy water leak was discovered

caused by a crack in one of the outlet feeder pipes at the Point Lepreau Generating

Station [54]. During the follow up inspection it was discovered that multiple pipes

had excessive wall thinning and a scalloped surface indicative of FAC. One of the

factors that was noted to have contributed to the high rates of corrosion is that the

coolant had an under-saturation of iron. The under saturation is due the shift in

iron solubility as the coolant increases in temperature as it passes through the core.

When the coolant enters the core its temperature is 538K and when it exits the core

it is 583K [68]. As demonstrated in Figure 2.3 the solubility of magnetite at system

conditions (pHa 10.2-10.4) increases over this temperature increase [71].

Over the years the solubility of magnetite has been studied under a wide array of

conditions. A good reference source for the solubility of magnetite is Bohnsack’s

compilation of studies [13]. This reference document contains data from their own

experiments as well referencing two other prominent studies, Sweeton and Baes [65]

9



Figure 2.3: The temperature dependence of Fe3O4 solubility at pH(298 K) 9.3, 9.79,
and 10.29 [71]

and Tremaine and Leblanc [71]. The data of the combined studies cover the solubility

of magnetite in aqueous solutions varying in pH from 3 to 13 and temperatures up

to 300◦C. The solubility curves of these results are displayed as Figures 2.4a and

2.4b which contain additional data from another study by Karent et al. [32]. It can

be observed from these curves that the solubility trends down with increasing pH

until it reaches a minimum in the range of 9-11 depending on temperature before

increasing again. The solubilities of the three studies show good agreement in the

lower pHs but in the higher pH values the solubilities measured by Tremaine and

Leblanc are lower than the other two.
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(a) 423 K and 373 K Solubility. (b) Bohnsack Solubility curve 573K.

Figure 2.4: magnetite Solubility curves from Bhonsack’s collection [13]

In addition to temperature and pH affecting the solubility of magnetite the effect of

dissolved hydrogen was studied by Berge et al. [7]. When investigating the corrosion

of steel in high temperature water their measurements indicated a linear relationship

between [H2]
1
3 and concentration of soluble iron. This aligns with their proposed

dissolution reaction displayed as Equation.2.1 which is the reverse of the Schikorr

reaction, the reaction often considered responsible for the formation of magnetite

in anaerobic conditions [13]. Tremaine and Leblanc also considered the effects of

hydrogen in their solubility study finding that the oxide layer solubility increased

with increasing concentrations of dissolved hydrogen [71].

1
3Fe3O4 + (2− b)H+ + 1

3H2 
 Fe(OH)2−b
2 + (4

3 − b)H2O (2.1)

where (b = 0, 1, 2 or 3)
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2.2.2 Dissolution

The dissolution of the oxide layer is one of main processes in determining the rate

at which FAC occurs through the modification of the oxide layer thickness. There-

fore, proper study of the dissolution reaction and its kinetics are essential to the

understanding and modeling of FAC. These studies make use of various techniques

to estimate the value of kd, the dissolution rate constant of magnetite. As kd varies

dependent on the system conditions rate predicting models require values of kd at

different conditions in order to be accurate.

Balakrishnan conducted one of the earlier studies on the dissolution of magnetite us-

ing a radiochemical tracing technique [4]. His experimental setup involved pumping

alkaline water through a column of magnetite made radioactive by neutron irradia-

tion. The dissolved magnetite was collected downstream in an ion exchange column

filled with non-irradiated magnetite and quantified with a gamma spectrometer. His

results indicated that the dissolution rate constant increased with temperature and

varied with pH in a similar manner as solubility. Tizzard et al. conducted a similar

experiment however their results in comparable conditions (pH25◦C 10.3 and 250◦C)

were almost 200 times higher as shown in Table 2.1.

Table 2.1: Comparison of magnetite dissolution rates from Balakrishnan, Tizzard et
al., and de Pierrefeu

Temperature(◦C) Dissolution Rate(gFe/cm2s)
Balakrishnan Tizzard de Pierrefeu

150 7.1x10−14 - -
200 2.3x10−13 - -
250 7.3x10−13 1.4x10−10 -
310 - - 4.3x10−11

Adopting a different method to study dissolution, de Pierrefeu employed an imping-

ing jet technique on magnetite pellets [20]. The value he found for the dissolution rate
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was in between those found by Balakrishnan and Tizzard et al. even though it was

measured at a higher temperature. This technique was later refined by Moghaddam

[52] and the conditions measured were expanded to cover a wider range to include

conditions found in secondary feedwater systems. From the experiments conducted

by de Pierrefeu and that of Moghaddam the dissolution rate constants for the con-

ditions of interest are known [52]. The constants recommended by Moghaddam are

shown in Table 2.2 and are the constants to be used in this version of the model. It

should be noted that the value at 140◦C and 9.2 pH is significantly higher than the

value previously estimated in past work (0.03 vs 0.002 mm/s) of FAC modeling at

UNB Nuclear Group [14] [52]. This factor of 10 increase in the constant will lead

to a more significant contribution of dissolution when modeling high pH situations

than previously assumed.

Table 2.2: Recommended values for dissolution rate constant

Temperature(◦C) pH25◦C kd (mm/s) Chemistry additive
25 7 0.25 N/A
55 7 0.85 N/A
140 7 2.20 N/A
140 9.2 0.03 ammonium hydroxide
200 9.2 0.36 ammonium hydroxide
310 10.5 0.44 lithium hydroxide

2.2.3 Elemental Substitution in Oxides

As mentioned previously in section 2.2 magnetite has an inverse spinel crystal struc-

ture. A spinel unit-cell consists of eight FCC cells made of oxygen ions in 2x2x2

configuration. Spinel type oxides have the general formula AB2O4 where A repre-

sents the cations in the eight tetrahedral sites and B represent those in the sixteen

octahedral sites found in the crystal structure [11]. An inverse spinel differs from a
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normal spinel type structure in its distribution of ions in the the structure. Normally

the tetrahedral sites are occupied by divalent cations and the octahedral sites are

occupied by trivalent cations. However, in inverse spinel type structures one of the

trivalent cations is replaced by the bivalent cation in the octahedral site and the

displaced trivalent cation moves into the tetrahedral site. An example of a normal

spinel type oxide is FeCr2O4 as shown in the distributions below.

Fe3O4:(Fe3+)tet(Fe2+Fe3+)octO4

FeCr2O4:(Fe2+)tet(Cr3+Cr3+)octO4

So what determines the arrangement of the cations is their site preference energy

which depends on factors like ion size and oxidation state. The octahederal site

preference energy was quantified by Miller [51] and allowed the ability to predict

which cations are more stable in the octahedral position than others. The element

preference for the octahedral site follows in the order of Cr3+ > Ni2+ >Mn3+ > Al3+

> Fe2+ > Co2+ > Fe3+ > Mn2+. Elements with a higher site preference energy will

bump cations of lower preference from the octahederal site energy. This is supported

by the fact that studies have shown that magnetite layers are depleted in cobalt in

respect to the base metal and chromium is retained during corrosion processes [40].

So what effect do the retained elements such as chromium have on the oxide layer?

If present in significant quantities in the base metal (roughly a minimum 10.5 wt%)

then instead of magnetite being formed as the oxide layer a thin but protective

layer of chromium oxide, Cr2O3, is formed instead [59]. This is the basis but what

effect does smaller than the minimum for stainless steel have on corrosion and more

importantly Flow-Accelerated Corrosion? The work conducted by EPRI resulted in

the Ducreux correlation showing that much less chromium is sufficient in reducing
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the rate of FAC [23]. Their work showed even 1 wt% reduced the relative rate to

three percent of the base rate in high flow situations as demonstrated in Figure 2.5.

This is the correlation employed by some commercial packages used in predicting

the rate of FAC [14].

Figure 2.5: Ducreux model of the effect Cr content of carbon steel on FAC rate [14]

However, more recent investigations have shown that even below the threshold of

0.04% in the chromium model there is an effect on the rate of FAC [33][42]. The

experiments conducted showed that there was a difference between carbon steel with

essentially no chromium (0.001 wt %) and very low amounts of chromium (0.019 wt

%) [33]. This indicated that chromium plays a significant role in the protection of

carbon steel against FAC. One potential theory on this was the idea of a "passivating

layer" where a thin layer of oxide enriched in chromium is postulated to exist directly

adjacent to the base metal [55]. This concept has been previously applied in FAC

modeling to account for material effects with good agreement [14][55].

Another possibility is that with increasing chromium content the oxide layer becomes

less porous and therefore more protective. Since ion transport is linked to oxide
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porosity and thickness they are thought to be important in determining the rate of

FAC. Kim et al. investigated this theory using coupons of steel with varying contents

of chromium exposed to FAC conditions [34]. Using an SEM on cross sections of the

coupons revealed that the oxide did indeed become thinner with increasing chromium

content even though the FAC rate decreased as well. Then using a TEM on the

same cross sections they confirmed that the density of the oxide layer increased with

chromium content indicating less porosity overall.

2.3 Constituents of Carbon Steel

Steel is one of the most widely used materials in the modern era with roughly 1630

million tonnes being produced annually [3]. As such it’s important to understand

what steel is composed of and how that affects its interactions with its environment.

The two basic ingredients of steel are iron and carbon but the final composition is

not ferrite (α-iron) and graphite (the most common allotrope of carbon) but rather

ferrite and cementite (Fe3C). To better explain how the latter component forms it is

convenient to refer to the iron-carbon phase diagram, an example of this diagram is

provided as Figure 2.6 [15].
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Figure 2.6: The iron-carbon phase diagram [15]

Starting with pure iron at room temperature it exists as its stable form ferrite, with

a BCC crystal structure. Upon heating to 912◦C it undergoes a change in its atomic

structure to a FCC crystal structure known as austenite, or γ-Iron. If there is little

to no carbon in the system then the iron undergoes an additional transformation to

δ-iron before melting into the liquid phase. Focusing on the first two phases, one

of the main differences between ferrite and austenite is the solubility of carbon in

the phase. While austenite can contain up to 2.14 wt% carbon ferrite only has a

solubility of 0.022wt% [74]. This is due to carbon forming a solid solution by settling

in the interstitials in iron’s crystal lattice and the smaller size of the interstitials in

the BCC structure makes it difficult to fit the carbon atoms.

So what happens to the carbon atoms in the interstitials if austenite is cooled to

the point where it transforms to ferrite? As the transformation occurs and inter-
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stitial spaces shrink the carbon atoms then diffuses from the newly formed ferrite

phase into thin laminar strips of cementite that forms due to the super saturation

of carbon present (6.7 wt% C). This process is illustrated in Figure 2.7 [15] showing

the resulting microstructure consists of alternating layers of α-ferrite and cementite.

This microstructure called pearlite is the most common microstructure of steel and

is the default provided that the alloy was cooled slowly.

Figure 2.7: The formation of pearlite from cooling austentite

Investigations in the properties of cementite, also known as iron carbide, revealed

that it could be best classified as a ceramic. This is becuase cementite is a hard

material (a Vickers hardness of ~1020) with a low conductivity (~13 x 103 S/cm)

which are properties shared by other ceramics [73][72]. However, interestingly, the

Young’s Modulus of bulk samples of cementite is lower than that of pure iron (196

GPa vs 212 GPa), which is noted to be the opposite from most other carbides, which

typically have a higher Young’s Modulus than their pure metal counterparts.

Cementite is not the only carbide that can be found in carbon steel. During the
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formation process other elements like manganese, titanium, and chromium can also

produce carbides [16]. This is provided that there is carbon left to react with as the

elements do compete against each other for which one gets the carbon. The three

mentioned carbide formers tend to out-compete iron for forming carbides if there is

available carbon. If there is not a high enough concentration of the carbide former

to form its own carbide the structure then can form mixed carbides substituting iron

atoms in the cementite structure. The properties of mixed carbides (FeCr)3C and

(FeMn)3C were studied by Umemoto et al. in addition to normal iron carbide [72].

They found that additions of up to 20 percent alloy content significantly increased

both the Young’s modulus and hardness of the material while maintaining the same

atomic structure.

2.4 Flow-Accelerated Corrosion

Flow-Accelerated Corrosion is a specialized form of corrosion in which the normally

protective oxide layer on the surface of carbon steel piping is dissolved by flowing

water. The underlying metal then corrodes in an attempt to replenish the oxide

layer but since the oxide layer is continuously being removed a high rate of corrosion

continues. This high rate of corrosion thins the pipe walls until the pressure causes

the pipe to rupture.

FAC has been demonstrated to occur under both single and two-phase conditions

[21]. It is the combined effect of both fluid effects and electrochemical phenomena

that is dependent on the chemistry of the water acting as both the electrolyte and the

solvent. Even though FAC can be a concern at any temperature it has a maximum

at around 140◦C possibly due to the high solubility of magnetite at this temperature.
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The rate of FAC also tends to increase with increasing flow and both of these effects

can be observed in Figure 2.8 [25].

Figure 2.8: Effect of temperature on FAC in deoxygenated ammoniated water [25]

2.4.1 Modeling FAC

Since FAC started appearing as the cause of accidents the ability to predict when and

how severely it will occur has been a goal of researchers. To this end the mechanisms

of FAC have been studied and several have taken these mechanisms to formulate a

mathematical model predicting the rate of FAC. Berge et al. presented one of the

earliest mechanistic models in 1980 and postulated that the rate of FAC depends on

a concentration gradient and treats the dissolution and mass transfer resistance in
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series [6]. The equation is presented here as equation 2.2 and it should be noted that

the 2kd term is due to an assumption that half the corroded iron would precipitate

as new oxide at the surface. This description of FAC does not account however for

the morphology of the oxide, erosion of the oxide, and the effects of electrochemical

reactions in the model. The lack of these parameters means that this model is not a

complete description of FAC but would become the basis of further models.

dm

dt
= Ceq − Cb

1
2kd

+ 1
km

(2.2)

where:

dm
dt

= FAC rate

Ceq = solubility of iron at simulated conditions

Cb = concentration of iron in the bulk coolant

kd = dissolution rate constant

km = mass transfer coefficient

Later on Sanchez-Caldera et al. built upon the model of Berge et al. in an attempt

to add some of the missing elements from the description [61]. The revised equation

presented here as Equation 2.3 sought to include the effects of oxide morphology.

The reasoning behind this is to include the morphology’s diffusional resistance to

the transport of iron species from the metal oxide interface to the bulk coolant. It

should be noted that one of the assumptions of this model is that the oxide remains

a constant thickness and porosity only predicting the steady state rate and not what

would occur in transitional conditions. Sanchez-Caldera et al. also deduced from

experiments that the porosity varies with temperature and proposed that was due

to increased formation kinetics with increasing temperature. The magnitude of this

effect was not quantified and would remain as a parameter to be investigated in a
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case-by-case basis.

dm

dt
= φox(Ceq − Cb)

1
kd

+ (1− f)[( 1
km

) + ( d
DF e

)]
(2.3)

Where:

φox = Oxide porosity

d = Oxide thickness

f = The fraction of oxidized metal converted to oxide

DFe = The diffusion coefficent of iron

After the issue of feeder pipe thinning was discovered at the Point Lepreau Nuclear

Generating Station (PLNGS), the need for a more comprehensive mechanstic model

was realized and funding was invested into more research into the subject. From

UNB Nuclear Group’s efforts over the years a more comprehensive mechanistic model

has been developed by several authors with each adding incremental improvements

to include more elements to the description. This started with Johari [30] who

developed a diffusion-based model which not only tracked the concentrations of iron

species but also considered the diffusion of hydrogen across the oxide layer. Following

this Lang [36] incorporated electrochemical effects at each interface in order to adjust

parameters such as the solubility of iron and the dissolution rate constants. Lang also

introduced the concept of "spalling" into the model, a process where small particles

of oxide are removed from the surface through a combination of dissolution and

shear stress. The latter of these models was applied to the conditions of those found

in a PLNGS feeder and the predictions were found to compare well to in plant

measurements.

Cook [18] expanded the model to a multiple node code in order to predict the rate of
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FAC and material transport in the PHTS. This is of interest as to prevent accidential

exposure to radiation from deposits of corrosion products that precipitate on the sur-

face of the piping due to solubility changes as the coolant travels through the PHTS.

Additionally, he examined the dissolution reaction and its relation with electrochem-

istry, modifying the equations so that the potentials were closer to those observed

experimentally. This model was successful in predicting the rate with variations in

coolant velocities under the lithiated conditions of the PHTS.

The experimental work of Khatibi [33] revealed that even small differences of chromium,

0.001 vs 0.019 wt%, makes a signficant difference in FAC rate at feedwater condi-

tions (140◦C and 9.2 pH). Following this, Phromwong [55] modified the model in

order to try and account for material effects. She achieved this by postulating that

a chromium-enriched protective layer forms on the surface of the metal underneath

the oxide layer and applying the diffusional resistance of both layers in series. The

updated rate equation is shown as Equation 2.4 and showed good agreement with

the experimental results, a comparsion of the two shown in Figure 2.9 [55]. This rate

equation was utilized later on by Briggs [14] as well but his work focused primarily on

improving the response to variations in bulk iron concentration. This was achieved

via modifications to the mass balances used to determine the concentration of iron

at each interface and modifications to the spalling mechanism.

dm

dt
=

S(Ce
M−P − Ce

P−O)− (kdF
∗SCSat

O−B+kmCB

(kdF ∗+km) )
( δP ζP

φoxDP ρP (1−φP ))− ((MF e

MP
) δP ζP
φPDP ρF e

) + [0.476(1.101+φox)δoxζox

ρox(1−φox)φoxDox
+ 0.476(1.101+φox)

kdF ∗+km
]

(2.4)
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Figure 2.9: Phromwong’s FAC model predictions vs experimental results [55]

2.4.2 Mechanisms of FAC

As with all corrosion reactions FAC is a set of redox reactions that proceeds spon-

tanously in order to minimize the free energy of the system [59]. The kinetics of

these reactions and the reaction’s final corrosion products depend on the system

conditions. Each cathodic reaction (electron accepting) must be paired with an ap-

propriate anodic (electron donating) reaction. But before defining the reactions that

take place it is important to clarify the location of these reactions. Following the

diagram shown in Figure 2.10 we see a schematic representation of the description

of FAC as modeled in both the work of Phromwong [55] and Briggs [14]. There is

the base metal covered with the thin but chromium enriched passivating layer and

the interface between them is referred to as the M/P interface. This naming con-

vention is followed for the the interface of the passivating layer and the oxide layer

(P/O interface) as well as the interface between the oxide and the solution (O/S
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interface).

Figure 2.10: Definition of interfaces used in FAC modeling

Starting from the bottom up FAC begins as general corrosion when the iron in the

steel is oxidized. In the deoxygenated water of a heat transfer system the following

redox reactions are proposed to occur at the M/P interface:

Fe→ Fe2+ + 2e− (2.5a)

2H+ + 2e− → H2 (2.5b)

The cathodic hydrogen evolution reaction fuels the anodic iron oxidation reaction

during corrosion turning the base metal into ferrous ions. The produced hydrogen

diffuses either out through the pipe walls via solid state diffusion or through the

pores of the oxide layer towards the bulk coolant. The ferrous ions then diffuse

towards the bulk coolant due to the concentration gradient but roughly half of them

will react to form magnetite to replace the lost volume of metal [57]. This formation

of magnetite follows the following reaction [65]:

25



3Fe2+ + 4H2O → Fe3O4 +H2 + 6H+ (2.6)

The remaining fifty percent of iron ions are then hydrolyzed to various ferrous species.

The hydrolysis reactions are:

Fe2+ +H2O → FeOH+
aq +H+ (2.7a)

Fe2+ + 2H2O → Fe(OH)2aq + 2H+ (2.7b)

Fe2+ + 3H2O → Fe(OH)−
3aq + 3H+ (2.7c)

The distribution of these species was studied by Tremaine and LeBlanc and was

found to depend upon the pH and the temperature of the solution [71]. The distri-

bution of these iron species with pH can be observed in Figure 2.11 showing that

at neutral conditions only Fe2+ and at more alkaline conditions iron hydroxides are

more predominant. This effect has been previously incorporated into the modeling

by Cook [18] using the hydrolysis constants calculated by Tremaine and Leblanc

allowing the distinction between species to be made.

After the iron ions diffuse out to the solution-oxide interface they either precipitate

on the surface of the oxide or diffuse into the bulk coolant depending on the level

of saturation. Under FAC conditions due to the under saturation of iron the oxide

dissolves in what is often considered the reverse of the Schikorr reaction, shown earlier

Equation 2.1. The Schikorr reaction is the formation reaction from solution used in

the calculations of several solubility studies [65][71][81]. However, Bohnsack in his

review of solubility studies pointed out that due to the high equilbrium pressure
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Figure 2.11: The predominance of various iron species in solution as a function of
pH at 573 and 423K [71]

of hydrogen (70 bar) and the irreversible redox step of the Schikkor reaction other

dissolution reactions may be more likely [13]. The proposed dissolution reaction and

an accompanying redox reaction proposed by Cook in his thesis to be used as the

dissolution scheme are presented as Equations 2.8a and 2.8b.

Fe3O4 + 2H+ → Fe2+ + 2FeOOH(s) (2.8a)

FeOOH(s) +H+ + e− → Fe(OH)2(aq) (2.8b)
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With Equation 2.8b being treated as a cathodic reaction in this description it needs

to be coupled with an anodic reaction to complete the redox pair. Previous authors

have proposed that the oxidation of dissolved hydrogen gas in the coolant would be

an appropriate coupling reaction and has been used as the anodic reaction at the

S/O interface in past models [36] [18].

2.4.3 Diffusion

The diffusion of oxidants to the metal surface and the transport of soluble species

from the surface is thought to be a major controlling factor in the rate of FAC

[10][17]. The structure of the oxide layer as laid out by Potter and Mann is that the

oxide layer has a series of interconnected pores. Through these pores liquid water

can reach the base metal and soluble iron can diffuse through the oxide layer in the

liquid as well. This is often referred to as a "pores-solution" model of diffusion in

which the rate of the diffusing species can be estimated using the diffusion coefficient,

the path length of diffusion, and the concentration gradient that exists across the

oxide layer. The value for the path length of diffusion can be estimated using the

the porosity, tortuosity, and thickness of the oxide layer.

When applying the pore-solution model to describe the conditions in which FAC

occurs, the concentration gradient that exists due to the undersaturation of iron

in the coolant provides the driving force for the diffusion. The iron that is not

directly converted to magnetite at the metal oxide diffuses outward through the

pores towards the coolant. When discussing the pores and how they are not blocked

by precipitating iron, Bignold et al.[10] proposed that the solubility of iron will vary

across the oxide layer preventing the precipitation of iron in the pores.
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Alternatively, other researchers have proposed other models for the diffusion of chem-

ical species during FAC. Among these Robertson proposed a diffusion model where

the diffusing species is transported along grain boundaries instead of through pores

[60]. He critiques the pores-solution model citing the pore size was not large enough

for iron egress, the similarity of corrosion rates in water and steam, and the activation

energy of corrosion being approximately the same in steam and water.

Concerning pore size Robertson points out that in Tomlinson’s research [70] it was

observed that oxide films grown of neutral conditions were absent in pores exceeding

10 Å in diameter. This pore size while sufficient to provide ingress of oxidants to the

metal would be too small for the egress of the dissolved iron. The second critique

concerns the similarity of FAC rates in water and steam. Robertson states that

since steam oxidation cannot involve solution transport and the rates were similar

in water, he reasons solution transport would likely not apply there either. Lastly,

due to similar activation energies and the assumption the diffusion of iron being the

rate limiting step in the corrosion of steel Roberston says the pathway of diffusion

must be the same. In the case of gaseous oxidation, the diffusion is thought to occur

via grain boundaries but the aqueous diffusion coefficient is an order of magnitude

too low.

In the grain boundaries model proposed by Robertson the Fe2+ ions are transported

along the grain boundaries by vacancy diffusion. To maintain charge neutrality as

the iron ions diffuse outward a positive ion will have to be transported in the opposite

direction or a negative ion or electron in the same direction. In Robertson’s model

proton diffusion inward is the balancing current. For the ingress of the oxidant,

micropores are said to allow water to reach the steel’s surface.

However, as Lang [36] points out in her thesis, Robertson did not consider the effects
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of electrochemistry when examining the pore solution model. She noted that the lo-

cal solubility of magnetite is likely affected by the local potential of the solution as

observed in the work of Vermilyea [75]. This causes a supersaturation of iron elimi-

nating the need for the larger diffusion coefficient noted by Robertson. Additionally,

the intermediate compounds in gaseous corrosion will be different from those present

in aqueous systems. This would affect the electrochemistry and would make a direct

comparison between the two impractical. With this in mind the model for diffusional

transport through the oxide layer used in past modeling is the pore solution model

with electrochemical modifications [14][36].

2.4.4 Flow effects

One of the determining factors in determining whether or not Flow-Accelerated Cor-

rosion will occur is rate of the fluid flowing past the oxide layer. If the coolant

has sufficient velocity some authors postulate that small particles of oxide can be

removed by the force of the coolant flowing past [14][36]. This process of the me-

chanical removal of oxide is called an erosion or spalling process. This mechanical

thinning of the oxide when combined with dissolution thins the oxide layer to a much

less protective layer accelerating the rate of FAC. Clearly in order to able to predict

FAC reliably, the effects of flow on the rate of FAC and its effects on the oxide layer

must be accounted for.

The rate of mass transfer of ionic and soluble species from the surface of the oxide

to the bulk coolant has a significant effect on FAC. At higher rates of mass transfer

iron ions are transported quickly from the surface of the oxide to the bulk solution.

When the mass transfer is relatively rapid it could be said that the oxide dissolution

rate controls the FAC rate as implied earlier in Equation 2.2. The opposite situation
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can also occur when the mass transfer is low and the FAC rate is limited by the flux

of ions across the boundary layer. Therefore having an accurate value of the mass

transfer coefficient is important to accurately describe FAC. In order to calculate

the mass transfer empirical correlations are employed which are often heat transfer

correlations that take advantage of the analogous behavior of the two. The mass

transfer is related to the heat transfer correlation using Equation 2.9 [26]. It should

be noted however, that heat and mass transfer relationships are only interchangeable

for a particular geometry and variations in geometry are accounted for by variable

n in Equation 2.9. A common value of n is 1/3 which was determined by Chilton

and Colburn through experiments in both turbulent and laminar flow conditions and

is one of the more commonly used analogies known as the "Chilton and Colburn J-

factor analogy" which is applicable to flat plates and conduits in most flow conditions

[26].

Nu

Prn
= Sh

Scn
(2.9)

where:

Nu = Nusselt number

Pr = Prandtl number

Sh = Sherwood number

Sc = Schmidt number

The mass transfer correlations relate the system conditions to the Sherwood number,

Sh, a dimensionless number representing the ratio of the total mass transfer to that

stemming from diffusion alone. Equation 2.10, found in the work of Berger and Hau

[8] as heat transfer correlation then converted using the analogy, is applicable to fully

developed turbulent flow in a straight pipe.
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Sh = 0.0165Re0.86Sc0.33 (2.10)

The Reynolds number is calculated with:

Re = LUρ

µ
(2.11)

L being the characteristic dimension of the system, which in the case of a pipe is

the diameter. U is the velocity, ρ is the density, and µ is the viscosity of the flowing

coolant.The Schmidt number can then be calculated with:

Sc = µ

ρD
(2.12)

Where D is the diffusivity of dissolved iron species in the water. Following the

methods of Lister [39] the Nernst equation for the diffusivity of electrolytes, shown

as Equation 2.13, can be used to calculate the diffusivity of the dissolved iron species

based on the assumption that the cation is Fe2+ and the anion is OH−.

D = 8.931x10−14T
ι◦+ ∗ ι◦−
ι◦+ + ι◦−

∗ z+ + z−

z+ ∗ z−
(2.13)

Where:

D = the diffusivity ( m2 ∗ s−1)

T = absolute temperature(K)

ι◦+andι
◦
− = the cationic and anionic conductances at infinite dilution (S ∗ equivalent−1)

z+andz− = the cationic and anionic valencies
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With the other parameters calculated the definition of the Sherwood number is re-

visited and shown as Equation 2.14 [26]. Equation 2.14 is derived as a ratio of the

convective mass transfer rate (represented by km) and the diffusion rate, calculated

by dividing the diffusion coefficient (D) by the characteristic length (L). By rear-

ranging this equation km, the mass transfer coefficient, can be found for the system

conditions.

Sh = kmL

D
(2.14)

As mentioned earlier spalling is postulated to occur if the coolant velocity is suffi-

ciently high. When introducing the concept of spalling Lang postulates in her thesis

[36] that as the oxide layer dissolves the particles become more loose as the forces

holding them in place become weaker. Eventually the shear stress exerted on the

oxide by the flowing coolant exceeds the forces holding the particle in place and the

particle breaks off the oxide layer and into the coolant.

Building upon the theory of spalling laid out by Lang and then Lister and Lang [43],

Briggs in his thesis modified the spalling equation to include the effect of shear stress

on the wall. The modified equation, presented here as Equation 2.15, calculates the

approximate time that it takes for a particle to be spalled off. It assumes that the

spalling time is proportional to the particle diameter and is inversely proportional

to the oxide’s porosity and the overall dissolution rate.

tsp = kspd

τφoxkdF ∗(CSat
O−B − CO−B) (2.15)

Where:
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ksp = the spalling constant

d = the diameter of the particle

τ = the shear stress on the pipe wall

The wall stress, τ , has been related to mass transfer using the Sherwood Number

according to Equation 2.16, based on the observations of Reiss and Hanratty [58].

τ = 1.9µD
d2 Sh3 (2.16)

The particle size used in the calculation of the spalling time is chosen at random

using a half normal distribution. Previous studies have had success making accurate

predictions using this half normal distribution with the minimum being set at the

size of smallest crystal observed, 10 nm, to a maximum of half the oxide thickness.

The spalling constant, ksp, is a constant used to tune the spalling equation to a set

of conditions and to account for other variables that are difficult to obtain. While

it remained a constant in earlier versions of the FAC model, in Brigg’s version he

correlates ksp with the mass transfer coefficient to expand the model to more complex

geometries. This correlation shown in Figure 2.12 expands the application of the

model to more complex geometries [14].
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Figure 2.12: Correlation of FAC rate and spalling time constant with the mass
transfer coefficient [14]

2.5 Electrochemistry of Corrosion

2.5.1 Electrochemical Potentials

When considering any corrosion situation, the effects of electrochemistry must be

considered, as corrosion is an example of an electrochemical reaction. As mentioned

earlier in Section 2.4.2 FAC can be considered as series of redox reaction pairs where

a donating compound gives electrons to an acceptor ion. However, in order for

this transfer of electrons to occur, there must be a driving force of some manner.

To quantify this driving force electrochemical potentials are employed [62]. These

potentials are measured at standard conditions against a reference electrode giving

their standard reduction potential, which indicates the likelihood that a species is to
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be reduced.

Standard reduction potentials can be used to predict the direction of a coupled redox

pair. To this end potentials are arranged in a series of their potentials compared to

the standard hydrogen electrode, which is taken as zero on this scale. Using this

electrochemical series, the half cell reaction with a lower standard reduction potential

will become the anode reaction, the electron donor, and the other is the cathode.

The potential of the overall reaction of the redox pair can be then defined as the

potential difference between the cathodic and anodic reactions.

E◦ = E◦
cathode − E◦

anode (2.17)

However, it is uncommon for the reactions to occur under standard conditions and

thus it becomes necessary for the prediction of potentials in non-standard conditions.

Typically the Nernst equation is used to estimate the equilibrium potential of half

cell reactions at non-standard conditions [12].

E = E◦ + RT

nF
ln( aox

ared
) (2.18)

where:
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E = Equilibrium potential

E◦ = Standard potential

R = Gas constant

T = Absolute temperature

n = Electrons transferred

F = Faraday constant

aox = Activity of the oxidized species

ared = Activity of the reduced species

The thermodynamics of a reaction is also considered when predicting potentials

under non-standard conditions. This is done by relating Gibbs Free Energy of the

redox reaction to the standard potential using Equation 2.19. This relation is possible

as the Gibbs Free Energy is described as the chemical potential of a reaction and

can be converted to an electrochemical potential using Faraday’s constant [12].

E◦ = −∆G◦

nF
(2.19)

2.5.2 Electrochemical Kinetics and Their Effect on FAC

While potentials are useful for predicting the possible reactions and what stable

species may be formed they do not indicate the kinetics of these reactions, an impor-

tant variable when constructing a rate predicting model. This is due to the potential

being calculated with the assumption that the system is at equilibrium. Therefore,

it is not representative of an actively corroding metal which is in an active state of

trying to reach equilibrium. This means that other relations are needed to describe

the kinetics of the reactions. One of the most commonly used equations to describe
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the kinetics of electrochemical reactions is the Butler-Volmer equation.

i = i◦[Exp(βnF
RT

(E − Ee))− Exp(−(1− β)nF
RT

(E − Ee))] (2.20)

where:

i = Current (A)

i◦ = Exchange current (A)

β = Symmetry coefficient

n = Number of electrons

E = System potential (V)

Ee = Equilibrium potential (V)

The Butler-Volmer equation relates the current of the reaction to how far removed

the actual potential achieved by the system is from the equilibrium potential. The

distance removed is referred to as the overpotential, η, and the larger the over-

potential the more current is generated by the reaction. A representation of the

Butler-Volmer equation shown here as Figure 2.13 illustrates this principle.
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Figure 2.13: Butler-Volmer plot [12]

Another notable variable present in the Butler-Volmer equation in Figure 2.13 is

the exchange current, i◦. The exchange current is the current that is exchanged by

the cathodic and anodic reactions at equilibrium conditions [12]. However, since the

system has reached an equilibrium the two reactions essentially cancel each other

out and no net current is passed. The exchange current however is quite variable

and is dependent on the material the reaction is occurring on and the electrolyte

in which it takes place. This means that the exchange current is often determined

experimentally or with an approximation based on the material and electrolyte [59].

Another approach is to use a relation proposed by Bockris and Reddy [12] based on

ion transport across the electrical double layer present next to the electrode.

i◦ = F
kT

h
CAexp(

−∆Gact

RT
)exp(−βnF

RT
Ee) (2.21)

where:
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k = Boltzmann constant (J/K)

h = Planck’s constant (J*s)

CA = Concentration of the charge-exchanging species (mol/cm2)

If the exchange current is known for both the cathodic and anodic reactions then

the mixed potential can then be calculated using Equation 2.22.

EM = RT

2nFβ ln[
i◦aexp(βnFRT Ea) + i◦cexp(βnFRT Ec)

i◦aexp(−(1−β)nF
RT

Ea) + i◦cexp(−(1−β)nF
RT

Ec)
] (2.22)

Since the dissolution of magnetite is considered a redox reaction the rate should

be variable depending on the potential it occurs at. The effect of potential on the

dissolution rate has been considered previously by several authors [18][43][54] via

a modified Vermilyea reaction [75]. The modified equation, presented as Equation

2.23, is changed from its original form as the dissolution reaction was assumed to

be the anodic reaction in the original paper but in the current mechanistic model it

assumed to be the cathode of the pair. In addition the Vermilyea expression is used

to adjust the solubility of the oxide as previously implemented by Palazhchenko [54]

in her version of the modeling, shown here as Equation 2.24. Lastly, the effect of the

difference in potentials between the S/O and M/O interfaces on proton concentration

is accounted for with Equation 2.25. With these three equations the FAC model takes

into account the effects of electrochemistry on corrosion.

kd = kdi
exp(−(1− β)nF

RT
(EM − Eeq)) (2.23)

Ceq = CBexp(
−(1− β)nF

RT
(EM − Eeq)S/O) (2.24)

CH+M/O = CH+S/Oexp(1−
F

RT
(EMM/O − EMS/O)) (2.25)
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Chapter 3

Experimental Study of Oxide

Morphology

3.1 Experimental Purpose

As pointed out several times in the literature review, the oxide layer and its morphol-

ogy play a significant role in Flow-Accelerated Corrosion (FAC). Therefore, for those

who wish to understand the mechanisms of FAC they can study the variations in

morphology with different system conditions. By observing the changes in the oxide

morphology caused by varying one of the system conditions the relationship between

morphology and that system condition can then be inferred. These relationships can

then be used as evidence of FAC working a certain way. Using modern techniques

and technologies on oxide films grown by FAC allows for a more complete picture of

oxide morphology than previously achievable.

As the basis for the next iteration of the UNB mechanistic model a series of tests were
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performed on samples from previous studies. These tests examine the differences in

morphology brought on by changes in system parameters, pH and Cr content of the

steel in particular. The mechanisms of the mechanistic model are then adjusted

to better reflect the observations of these tests plus the existing information of the

oxide layer. This chapter details the structure of the samples, how these samples were

produced, the tests performed on them, and how the results were further analyzed.

3.2 Experimental Samples

The samples used in this study are small sections of carbon steel pipe referred to as

"probes". These probes are intentionally corroded under FAC conditions in one of

UNB Nuclear’s water loops, an apparatus that allows the simulation of plant condi-

tions. Upon the conclusion of a study any probes produced during the experiments

are catalogued and stored in an airtight container with a desiccant to prevent further

oxidation. This allows test results to be reexamined if needed or in the case of this

study to be used in future work by subjecting them to additional tests.

3.2.1 Description of FAC Loops

The experimental portion of past work conducted by members of UNB Nuclear

Group was performed on one of the FAC loops located either in the laboratories of

UNB Nuclear Group or the Centre for Nuclear Energy Research on the UNB campus.

These FAC loops vary in design depending on the experiments being conducted but

the basic principle of their operation is the same. The principle of the FAC loop,

with an example diagram of one provided as Figure 3.1, is a pressurized system that
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can be operated under a variety of coolant conditions.

Figure 3.1: An example flow diagram of an FAC loop (adapted from Moghaddam
[52])

The coolant utilized in the loops is pure deionized water to ensure no contaminants

are unintentionally introduced through solution. When the tank of water is refilled

or exchanged the system is purged with argon gas to remove any oxygen from the sys-

tem. Then any chemicals required to condition the coolant to the desired chemistry

can be injected at a chemical injection point located on the bottom of the reservoir

tank. There are also two ion-exchange columns that are also utilized to control the

chemistry.

The materials used to construct the FAC test loops were stainless steel and/or

Hastelloy-C. These materials were selected as they remain inert in the system condi-
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tions. The exceptions to this are the FAC probes mounted in the test section which

are made of carbon steel. This means that the only parts of the loop that are actively

corroding are the probes and any input to the coolant be can attributed to material

loss from the probes.

3.2.2 FAC probe

When discussing the FAC probes as samples it is important to make a distinction

between the two types of probe used in previous studies and their roles. The first

type of probe utilized is the resistance probe which enables real time wall thick-

ness in the method as laid out by Cook [18]. The resistance probe measures the

electrical resistance between two points on the probe and then using Equation 3.1

the cross-sectional area (A) can be calculated. The distance between the measuring

leads (L) and the specific resistivity (ρ(T)) is also considered in the calculation. It

should be noted that the specific resistivity is temperature dependent and should be

measured for the tested material; correlations of the temperature dependence have

been produced by Briggs [14] and Cook [18].

R = ρ(T )L
A

(3.1)

The resistance probe is mounted in the loop using Conax fittings and held in place

with a retaining cage. The retaining cage ensures that the probe remains in place

under the high pressure conditions of the loop. Silver wires are brazed onto the

surface of the probe to serve as connections to the voltmeter and then in order to

electrically isolate the resistance probe, teflon heat shrink is utilized on both ends of

the probe before mounting in the retaining cage. A diagram of the resistance probe
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assembled inline with the loop piping is provided here as Figure 3.2 [55].

Figure 3.2: A diagram of the resistance probe assembly [55]

In addition to the resistance probe the other probe type utilized is the surface analysis

probe. These probes are simple tubes that are shorter than the resistance probes.

The surface analysis probes provide more samples for analysis techniques and the

probes are arranged in such a way that they can be isolated from the FAC loop using

valves to bypass them. This allows the surface analysis probes to be removed with

the loop still running, allowing for what could be considered a snapshot of the oxide

layer at the time of removal.

The probes of this study were constructed of either of two compositions of carbon

steel, A106B or STPT480. The A106B steel probes were machined from extra feeder
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pipes obtained from Point Lepreau Nuclear Generating Station. This was done so

the composition of the steel studied in the FAC loop was the same as the feeders

in the plant itself, eliminating material differences in the study. STPT480 on the

other hand is a custom alloy produced for UNB Nuclear FAC studies [33][55] for the

purpose of having as little chromium as possible, allowing a base rate with very small

amounts of chromium present to be determined. The compositions of both steels are

presented here as Table 3.1 and it can be observed that A106B has roughly twenty

times the chromium of the STPT480.

Table 3.1: Composition of carbon steel used in FAC studies(wt%-balance Fe)

C Si Mn P S Cr Mo
A106B 0.2 0.31 0.62 0.02 0.012 0.019 0.004

STPT480 0.25 0.24 0.8 0.017 0.01 0.001 <0.01

It should be noted that the probes were cleaned with a 1.2 M hydrochloric acid

solution before they were put in the FAC loop. This was done to remove any surface

oxide from air oxidation and ensure that only bare carbon steel is exposed to the

coolant. After the probes were acid cleaned, they were rinsed with deionized water

and stored in a desiccator to eliminate humidity effects until they could be installed

in the FAC loop [55].

3.2.3 Sample Selection

When choosing samples for this study a methodology should be employed to isolate

the effect on morphology of a few key parameters during the selected probe’s exposure

to keep the others as similar as possible. It was decided that the parameters to be

studied would be pH and Cr content of the probe steel, parameters which have been

shown to have a significant effect on the rate of FAC [33][42][67]. Samples were then
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chosen so that there was a comparison between two samples where only one variable

was changed allowing the effect of changing either pH or Cr content to be observed.

A schematic representation of this selection process is presented as Figure 3.3. It

should also be noted that the samples available were constrained to those exposed

in the loop at 140 ◦C and developed magnetite-only oxide surfaces to minimize the

variability.

Figure 3.3: Schematic of sample selection matrix

Beyond the initial four samples selected for study based on this methodology, two

more samples were tested based on expanding findings of the first four samples.

Additionally, a sample which had film forming amine (FFA) applied to it was also

studied. This was done to try and see how FFAs interacts with the surface of a

corroding pipe.

With the selection process laid out the samples chosen for this study are as follows:
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Table 3.2: Samples used in this study and the conditions that produced them

Sample ID pH Material Flowrate FAC rate
name (mm) (L/min) (mm/a)

2.4[STPT480]9.2 2.4 9.2 STPT480 1.63 0.34
1.6[A106B]9.2 1.6 9.2 A106B 0.85 0.14
2.83[A106B]7 2.83 7 A106B 4 8.06
2.4[STPT480]7 2.4 7 STPT480 1.63 2.99
1.6[A106B]7 1.6 7 A106B 1.63 2.04
2.4[A106B]7 2.4 7 A106B 1.63 0.85
1[A106B]7-9.2 1 7-9.2 STPT480 0.56 0.1

Since this research project draws on samples from multiple past projects, a naming

convention was applied to the samples to differentiate between them. This naming

convention is explained in Figure 3.4 and provides some details about the probe at

a glance. The experimental run and reference number for the research each sample

was sourced from are provided in Table 3.3 for those who wish to know more about

the conditions of the original experiments.

Figure 3.4: A diagram explaining the naming convention used in this study.

3.3 Experimental Techniques

There was two sources of data used in this study; data from previous studies con-

ducted here at UNB and microscopy that was contracted out to Surface Science
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Table 3.3: Research projects that the FAC probe samples were produced in

Sample Name Experimental Run Citation Number
2.4[STPT480]9.2 Run 3B [33]
1.6[A106B]9.2 Run 1 [14]
2.83[A106B]7 Run 2 [47]
2.4[STPT480]7 Run 2A [33]
1.6[A106B]7 Run 1B [33]
2.4[A106B]7 Run 1B [33]

1[A106B]7-9.2l Single trial [76]

Western. In addition to direct observations of the visual data collected, image anal-

ysis techniques were applied to gain more information.

3.3.1 Internal Testing

As part of the procedure for processing FAC probes after they are removed from the

FAC loop the probe is machined into a half-pipe and the inside is characterized by

surface science techniques. The surface is first imaged with a JEOL 6400 scanning

electron microscope at various levels of magnification [69]. Multiple sites are imaged

down the length of the probe and the order of them is preserved with reference to a

small red dot painted on the inlet of the probe. In addition to the capability to pro-

duce SEM images the JEOL 6400 is also equipped with an EDAX energy-dispersive

X-ray analyzer which allows the quantification of elements in the sample through an

analysis technique of energy-dispersive X-ray spectroscopy (EDS). EDS functions by

bombarding the samples with an electron beam and collecting the resulting x-rays

using a solid state detector [2]. Since each element produces a unique set of x-rays

when excited by the electron beam this allows for the quantification in the sam-

ple. EDS can be further applied to make elemental maps showing their distribution

across the sample by collecting additional points and mapping them. This allows for

the observation of where elements of interest such as chromium are concentrating or
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dispersing.

Beyond using EDS, identification of chemical species present on the surface of the

probe is done with laser-Raman spectroscopy. Using an inVia Laser Raman micro-

scope the Raman shift, the energy difference between the incident and scattered

photon is measured and compared to a list of known chemical identities. This allows

the identification of the oxides present if they exist in significant quantities.

In order to get cross sections of the oxide layer small sections of the probe were set

in an epoxy resin. This sample set in epoxy was then polished so the material on the

surface is worn away to expose fresh material undamaged by the sawing of the probe.

The polished sample can then be imaged using the SEM or elemental mapped using

EDS. This method has shown good results in the past but there is concern that the

oxide may be slightly disturbed as the epoxy dries.

3.3.2 External Testing

With the commission of this study, the need for high quality cross sections of the

oxide was realized. To achieve this it was decided that the latest technology feasible

should be applied in the surface characterization. After searching testing options

available at various external labs Surface Science Western (SSW) was chosen for

their facilities available and their reputation for high-quality work.

The probes that were selected for further study had small sections (∼1 cm) cut off and

these were shipped to SSW with a desiccant to prevent contamination by oxidation in

transit. Upon receiving the sample, SSW technicians used a Zeiss 1540XB FIB/SEM

to mill a trench in the probe surface which is used as a localized cross section of the
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oxide layer [78]. The Focused Ion Beam (FIB) makes use of a beam of charged

gallium ions to remove material from the region of interest with a high degree of

accuracy. To protect areas around the trench from damage a thin layer of osmium

is deposited before milling.

Once the viewing window has been milled using the FIB the sample is then placed in

a Hitachi SU3500 SEM and the cross section is imaged to high magnifications. This

SEM has the capability of producing high-quality images with an image resolution of

7 nm. This allows the study of features that are as small as 7 nm present in the oxide

layer when the electron source is secondary electrons, that is electrons generated by

inelastic scattering caused by the primary electron beam [28]. However, as secondary

electron SEM images are grayscale by nature the features must have geometrical

differences in order to be discerned from each another.

In order to be able to discern between features if there is no geometrical difference

the options available are EDS (collected by an Oxford Aztec X-Max50 SDD energy

dispersive detector) or using backscattered electrons (BSEs) as the electron source

to produce SEM images. With the latter option a colour difference in the produced

images between phases arises based on average atomic number of the phase. This is

due to the nature of the generation of BSEs, as represented in Figure 3.5 [48]. BSEs

are generated by elastic scattering of the primary electrons from the attraction to

the positively charged nucleus. The larger the nucleus the larger the positive charge

and therefore the more BSEs generated because of increased attraction forces. This

causes materials with a higher average atomic number to show up lighter in color

in the images and then inferences as to what the material’s composition is can be

made. By producing SEM images with both secondary and backscattered electrons

of samples both the geometry and compositional features of a sample can be studied.
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Figure 3.5: Difference between secondary and backscattered electron generation[48]

As mentioned earlier EDS capabilities were also available at SSW and were also

utilized in this study. However, having previously performed these tests on the

probes for features of interest in their original studies EDS would only be requested

if new features were discovered.

3.3.3 Image Analysis

Even though the SEM images used are valuable sources of information on their own,

sometimes modifications and measurements are required. For this purpose the open

source program ImageJ was utilized. Using ImageJ allows the measurement of size

of objects in the image by setting the scale using the scale bar, allowing quick and

accurate measurements. Beyond using ImageJ for size measurements it can be used

to quantify the percentage of a feature across the image. This is done through

binary image analysis, where pixels are sorted into one of two bins based on their

intensity value and then using a macro available with ImageJ the percent of coverage

is calculated. Binary image analysis can be used to count total porosity in the slot

or it can be utilized to estimate the coverage of phases, such as microstructure, on
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the surface of the probe. Though the auto sorting algorithm available with ImageJ

is robust, sometimes static or other interference can make it hard to get a clear

result. In these cases, manual adjustment was used to colour over the interference

with white using a small brush size of 2x2 pixels in ImageJ.

53



Chapter 4

Experimental Results and

Discussion

4.1 First Four Samples

As mentioned previously in Section 3.2.3, samples for this study were initially selected

on the basis of the effects of Cr content and pH on oxide layer morphology. Samples

in this chapter are presented in the order of testing and observations are discussed

as they appear.

4.1.1 FAC probes exposed at pH 9.2

The first probe tested in the morphology study was an STPT480 probe exposed to

alkaline conditions. This was originally a surface analysis probe, one of the two

types of probes described earlier in Section 3.2.2, from the work of Khatibi [33]
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as part of the third experimental run of her research giving it the sample name of

2.4[STPT480]9.2 through the naming convention presented in Figure 3.4. In this run

ammoniated coolant (pH 9.2) was passed through the loop starting with no oxygen

content and slowly oxygen was introduced. This was done to test the level of oxygen

to reduce the FAC rate of the probe to near zero, which was found to be 1.2±0.4

ppb. After fifty-five days of exposure the surface analysis probes were valved out of

the loop and analyzed. The laser-Raman results showed a mostly magnetite oxide

film with some weak peaks that could be attributed to hematite or lepidocrocite.

Upon viewing the sample SEM to plan the location of the FIB slots it was discovered

that two types of oxide existed on the surface of the probe. The two phases, which

can be observed in Figures 4.1a and 4.1b, vary in appearance with one being smooth

and the other looking more rough in texture. It was decided that two slots would be

cut in the oxide with one approximately forty micrometers long cutting across both

types of oxide. The other cut (four micrometers in length) was made in the center of

a large patch of smooth oxide to ensure the morphology in the center was the same

as at the edges.

(a) (b)

Figure 4.1: Overview of FIB cuts on sample 2.4[STPT480]9.2

From an angled view of the larger of the two cuts, the difference between the two
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types of oxide becomes even more apparent. The oxide that appears rough in texture

is porous and extends into the surface up to three micrometers, as seen in Figure 4.2a.

Using binary image analysis the total porosity of this type of oxide was measured

to be 15.5% in the left trench and 19% in the right. The other type of oxide on the

other hand is thin and compact with no visible porosity. The more compact oxide is

only 53-98 nm in thickness and is comprised of small particles of oxide, which can be

observed in Figure 4.2b. The transition between these types of oxide is quite sudden

with the interface between them being very distinct.

(a) (b)

Figure 4.2: Main FIB viewing window on 2.4[STPT480]9.2 sample

In the smaller FIB slot, displayed here as Figure 4.3, it can be observed that the

morphology in the center of the patch is similar to that of the edges. Based on

this it can be assumed that only two morphologies of oxide exist on the surface of

the probe. This was unexpected as previously it was assumed that the oxide layer

was homogeneous across the surface [36]. This will have a significant effect on the

modelling of FAC as each morphology will have to be modeled individually or as a

weighted average of the diffusion properties.
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Figure 4.3: Smaller FIB cut on 2.4[STPT480]9.2 sample

The next sample tested as part of the morphology study was also exposed to am-

moniated conditions but was made of A106B steel instead. This sample was from

the commissioning run of Brigg’s study [14] and was meant to establish the baseline

FAC rate for the study. After an ingress of unwanted oxygen initially hydrazine was

added to the coolant to control the oxygen levels. The amount added (<50 ppb)

was noted by the author to have a minor effect on the rate of FAC but is generally

comparable to FAC rate probes not exposed to hydrazine under the same system

conditions.

As can be seen in Figure 4.4a, the two types of oxide encountered on the first sample

are also present here. Once the slot has been milled however, it can be observed

that while the porous type of oxide exists here it is much less porous than previously

encountered. Measurement of the porosity open to the cut only yielded a value of

~3.1 %, which is much smaller than the 15.5 % and 19% encountered on the first

sample. However, the porosity encountered in this slot alone is only representative

of this slot and may not be representative of the surface as a whole. To measure

porosity values that statistically represent the surface either more slots would have
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to be cut or another method such as mercury intrusion porosimetry would have to

be applied [1].

(a) (b)

Figure 4.4: Surface of probe before and after FIB milling on sample 1.6[A106B]9.2

Zooming in on the center of the cut where the oxide has a rougher texture and

extends further out from the surface the smaller pores can be observed more closely.

As shown in Figure 4.5 these small pores go up ~1.6 µm into the surface of the oxide

and the oxide extends above the surface roughly the same amount. Presumably these

pores would allow the ingress of oxidants and the egress of dissolved iron. However at

the edges of the cut the oxide layer is different in morphology with no surface pores

and only a thin covering of oxide measuring only ~120-182 nm in thickness. This is

similar to the types of oxide encountered on the surface of 2.4[STPT480]9.2 where

they differed significantly in porosity and thickness. But in this case the porosity of

the "porous" oxide is less, as mentioned.

Since the major parameter that is different between the two samples is the material

of construction, it is reasonable to assume this change in porosity may be material

related. Since one of the biggest differences between the materials is the chromium

content it could be inferred that with increasing chromium content the porosity of

the porous phase decreases. This would align with the work of Kim et al. [34] whose
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Figure 4.5: Measurements of oxide thickness in FIB slot on 1.6[A106B]9.2

experiments show such a relationship as well.

When investigating this porous oxide phase and trying to figure what causes it to

form it was noted that the distribution of the porous oxide across the surface of

the probe was similar to the distribution of pearlite and ferrite phases of steel. One

particular feature that stood out was that on the A106B probe the porous oxide

patches seemed to be stretched in the direction of the flow. This feature is shared

with grains of pearlite in A106B steel because of cold drawing that was applied to the

original feeder pipes during their manufacture. Nital etches of the microstructures

for both A106B and STPT480 are presented as Figures 4.6a and 4.6b respectively

[46].
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(a) (b)

Figure 4.6: Nital etched Microstructures of A106B(a) and STPT480(b)

Using the nital etches binary image analysis was performed on three images of each

material. It was found that the pearlite phase covered an average of 23.92 ± 1.07

% and 35.8 ± 0.65% of the surface area for A106B and STPT480 respectively. The

difference in coverage is due to the differing amounts of carbon in the steel as the

A106B has 0.2 wt% and STPT480 0.25 wt%. This difference in carbon content allows

for the formation of more iron carbide and therefore more of the pearlite phase.

Then to further investigate the link between the porous oxide and microstructure,

binary image analysis was performed on overview images of the probes that showed

the distribution of porous oxide. The findings were that the porous oxide covered

an average of 19.7% of the surface area on the A106B probe and 31.45% on the

STPT480. These averages are close to their respective microstructure coverages.

This along with the similar shape of the porous oxide patches and the pearlite grains

indicates a connection between the pearlite grains and the porous oxide found at

elevated pH. This would be further supported by the fact that the interfaces between

the oxide types on the surface have very distinct boundaries and distinct boundaries

like those found in the microstructure in the form of grain boundaries.
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4.1.2 FAC probes exposed at pH 7

After the completion of testing on the high pH probes, the probes exposed to neutral

conditions were tested to see if the two types of oxide encountered with the high pH

were also present here. However, upon investigation of the A106B sample exposed

to neutral conditions (2.83[A106B]7), this was not observed but instead a continu-

ous film covers the surface. The surface, which can be seen in Figure 4.7, has no

distinguishing visual features that differentiate the oxide growing on either grains of

ferrite or pearlite. This indicates that the microstructure effect observed at higher

pH is not present or is less pronounced at neutral conditions. Another possibility is

that the microstructure effect could be obscured by thick covering of oxide.

Figure 4.7: Overview SEM image of 2.83[A106B]7

The difference between the oxides at neutral and ammoniated conditons doesn’t just

apply to the coverage of the oxide. In the FIB slot itself, displayed as Figure 4.8,

it can be observed that the oxide here is thicker and more porous than the oxides
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present on the high pH samples. In the thick portion of the oxide layer there exist

several subsurface voids that are up to a micrometer across and the porosity open

to the cut was measured to be 32.8%. This is a very significant difference from the

A106B probe exposed to high pH where the most porous oxide was only 3.1% porous.

It should also be considered that oxide covered only 23.9% of the surface whereas this

oxide layer covers the whole surface meaning the average porosity of the surface would

be much higher. This higher porosity of oxide layer formed under neutral conditions

would lead to a less protective oxide layer due to increased diffusion across the layer.

Figure 4.8: SEM image of the viewing slot on 2.83[A106B]7 sample

It should be noted that the oxide thickness across the cut varies significantly ranging

from 12.5 µm at its thickest to 2.6 µm at its thinnest. This may be due to the high

flow rate this probe was subjected to (4 L/min). At such a flow rate the time between

spalling events in the proposed spalling mechanism would be short and therefore the

rate of mechanical removal would be high. Due to the random nature of spalling it
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could be the cause of the unevenness of the oxide layer.

To complete the matrix of testing the final sample tested was an STPT480 probe

exposed to neutral conditions. For this purpose another probe from the work of

Khatibi [33] was selected from Run 2A of the study. In this run the baseline corro-

sion rate of STPT480 in oxygen-free neutral coolant was established and having no

additional additives makes it an ideal candidate.

Upon viewing the surface it can be noted that like the A106B probe exposed to

neutral conditions the STPT480 probe is also covered in a single oxide layer. In

the FIB cut, shown as Figure 4.9, the cross section reveals a similar morphology

to that of the A106B sample with the thickness of the oxide varying across the cut

and a relatively high porosity. However, the spread of the thickness is greater here

with the maximum thickness being 15.37 µm and the minimum being 1.02 µm. This

indicates the unevenness of the layer may be a characteristic of oxide layers formed in

neutral conditions that may possibly be brought on by the higher rates of corrosion

encountered under those conditions.
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Figure 4.9: SEM image of the viewing slot on 2.4[STPT480]7 sample

Another similarity between the two neutral samples’ morphology is the presence of

subsurface voids in the oxide layer. These contribute significantly to the porosity and

therefore help facilitate the transport of species across the oxide layer. The porosity

of the layer it was found to be 28.3% total porosity open to the cut. This is lower

than the porosity measured on the A106B probe but the value was lowered by the

presence of small vent-like pores that extend deep into the layer. These vent-like

pores, shown in Figures 4.10a and 4.10b, are parallel with one another and are quite

orderly.

This is not the first time that these vent-like pores have been encountered in UNB

Nuclear Group’s research. In Khabiti’s research [33] outcroppings of oxide that

had a coral-like structure that consisted of parallel plates of oxide were observed.

Metallographs performed on cross sections with "coral oxide" present found that it

was linked to the pearlite grains of the steel. The coral oxide extending out only
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(a) (b)

Figure 4.10: Vent-like pores in the oxide layer on sample 2.4[STPT480]7

from grains of pearlite. Though it was not theorized in the original thesis a potential

identity of the coral oxide is undissolved cementite or other carbides. As mentioned

in Section 2.3, cementite and other forms of carbides are one of two phases in pearlite

and since carbides are more resistant to dissolution than iron [5] it is possible as the

iron around it dissolves a skeleton of carbides is left behind. This skeleton left on the

surface would be a part of the oxide layer until it was either dissolved or removed

by the shear force of the flowing coolant. Evidence that the vent-like pores seen in

Figures 4.10a and 4.10b are undissolved carbides is that the spacing between the

layers in Figure 4.10a was measured to be 200 nm, which is within the range that’s

expected for the interlamellar spacing of pearlite [74]. However, further evidence

confirming the composition or identity of the coral oxide was required.

4.2 Further Investigations

It was decided that two additional A106B probes exposed to neutral conditions

(2.4[A106B]7 and 1.6[A106B]7) would be tested, paying attention to more forma-

tions of coral oxide if they were present. Another sample (1[A106B]7-9.2) sent for
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testing was a probe from the research of Weerakul [76] that was treated with a film

forming amine (FFA). The aim of the test was to understand the mechanism of

FFA’s interaction with the surface of probe and how it reduces the rate of FAC.

4.2.1 2.4[A106B]7

This sample is drawn from the work of Khatibi [33] and the purpose of Run 1 was

to establish a relationship between flow velocity and corrosion rate. Run 1B was

a sub-run with a specific pumping rate of 1.63 L/min and the coolant was neutral

water that was oxygen-free. Probes were valved in, exposed to flowing coolant for

six days, and then valved out on the completion of the sub-run.

Upon viewing the surface under magnification it was noted to be covered in oxide

across the surface like the other samples exposed to neutral conditions. The appear-

ance of several outcrops of coral oxide was also present so it was decided that two

FIB cuts would be made. One cut was made in front of the coral oxide outcrops

and one in an area away from the coral oxide. The FIB cut in front of the coral

oxide, displayed as Figure 4.11, shows several formations of coral oxide with one

formation sticking out from the surface. The outcropping formation was measured

to be sticking ~20 µm from the surface of the oxide and would likely be subjected to

flow effects at such a height.
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Figure 4.11: SEM image of the viewing slot on 2.4[A106B]7 sample

The oxide layer could be described as a thin and compact layer that exists over

more subsurface voids. Several cracks in the surface oxide provide access to these

voids. Interestingly, the largest of these voids exists under the coral oxide formations.

To gain a more clear picture of the oxide-metal interface and possibly gain more

information about the identity of coral oxides an image using backscattered electrons

was produced. This image, shown as Figure 4.12, differentiated phases based on

average atomic number with the lighter the coloration the higher the average atomic

number of the phase.
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Figure 4.12: Backscattered SEM image of the viewing slot on 2.4[A106B]7 sample

The backscattered image reveals several interesting details about the layer. The

dark areas of the layer are assumed to be the oxide due to the oxygen in the oxide

bringing the average atomic number down. These dark areas reveal the coverage of

the oxide and show that some areas one might assume is the base metal is actually

oxide. This oxide forms a solid layer with several cracks that might provide access to

the metal/oxide interface. Another interesting detail from this image is that layer of

material in the coral oxide formation light in colour, this indicates that the average

atomic number is higher than that of the surrounding oxide material. A higher

average atomic number means a greater ratio of heavier elements like chromium,

manganese, and iron to lighter elements such as oxygen, carbon, and nitrogen. This

would support the theory that the coral oxide is not an oxide but rather undissolved

carbides. The reasoning for this being that iron carbide and other similar carbides

have a higher ratio of heavy elements in their composition (3 iron atoms to 1 carbon)

when compared to oxides like magnetite (3 iron atoms to 4 oxygen).
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(a) (b)

Figure 4.13: SEM of FIB cut away from coral oxide formation on 2.4[A106B]7 sample

In the cut away from the coral oxide, displayed as Figures 4.13a and 4.13b, a thin

layer of oxide layer between 150 and 300 nm exists across most of the slot except

the rightmost part, where a clump of oxide extends ~2.9 µm from the surface. This

is a much thinner oxide than encountered on the other neutral condition samples

and could possibly be due to the low exposure time of the probe with the oxide

still developing. Another interesting feature of this oxide layer is the appearance of

small precipitated crystals in the layer itself. These crystals, pictured in Figure 4.14,

range in size between 7-15 nm. The appearance of them is significant as the spalling

mechanism used in UNB Nuclear Group’s FAC model uses 10 nm as the minimum

size for particles able to spalled. Therefore the confirmation of such size of particles

in the layer itself lends credibility to this minimum size.

4.2.2 1.6[A106B]7

Taken from the same run as 2.4[A106B]7 this is the smaller diameter probe having

an inner diameter of 1.6 mm compared to the larger 2.4 mm probe. This results in a

higher fluid velocity and therefore a greater rate of corrosion. While the morphology

should be similar between the two probes the increased flow effects should result in
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Figure 4.14: Appearance of precipitate crystals in the oxide layer on 2.4[A106B]7
sample

a thinner oxide due to the increased rate of removal.

As with sample 2.4[A106B]7 there was two cuts made on the probes surface with one

close to a coral oxide formation and one away. The FIB cut made close to the coral

oxide, shown as Figure 4.15, actually cuts through two formations of coral oxide and

allows a clear cross section of them. Interestingly, the coral oxide penetrates into the

material ~4.5 µm with the material between the layers being dissolved. If the coral

oxide is undissolved carbides this could indicate preferential dissolution of the ferrite

in the pearlite grains or a galvanic effect between the two materials accelerating the

dissolution of ferrite.

The latter theory was observed in acidic conditions by Hao et al. [27] where they

noted increasing amounts of cementite accelerated the rate of corrosion. To carry

this over to the more alkaline conditions encountered in feedwater systems Syugaev
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et al. [66] observed that the current density of hydrogen evolution on cementite

is greater than that on α-iron in both alkaline and acidic conditions. This means

cementite is more efficient at catalyzing hydrogen evolution which is therefore more

likely to occur there. A potential theory on the formation of structures like those

in Figure 4.15 is that cathodic hydrogen evolution occurring on the surface of the

cementite fuels the anodic dissolution of the adjacent ferrite in the pearlite grain.

However, this galvanic effect has yet to be confirmed and quantified in the conditions

the FAC probes were exposed to.

Figure 4.15: SEM image of the viewing slot on 1.6[A106B]7 sample

In the FIB cut away from the formation on the surface, shown here as Figure 4.16a,

the morphology of the oxide could be described as a thin layer with several small

subsurface voids. As expected the oxide layer here is thinner than that on the surface

of 2.4[A106B]7 with the oxide being only 87-240 nm thick compared to the range of

150 nm-3 µm found on the larger probe. This is expected as the smaller diameter of

the probe would increase the coolant velocity and therefore the shear force the oxide
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layer experiences. Additionally, the small precipitate crystals found in the oxide

layer on sample 2.4[A106B]7 are also present here in the FIB cut which can be seen

in the immediate left of the 239.1 nm flag in Figure 4.16b.
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(a)

(b)

Figure 4.16: SEM of FIB cut away from coral oxide formation on 1.6[A106B]7 sample
(a) Overview (b) Magnified center of the cut showing oxide thickness measurements
and precipitate crystals
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4.2.3 1[A106B]7-9.2

The conditions that produced this probe are different from others in the study as it

has been treated with an FFA so it is important to explain the steps it went through

in the experiment. First a 1.0mm STPT480 probe was put in a FAC loop and was

exposed to oxygen-free neutral coolant at a flow rate of 0.56 L/min [77]. This was

continued for seven days to establish a baseline FAC rate without the influence of the

FFA. The probe initially had a corrosion rate of 8.7 mm/a but decreased to 6.8 mm/a

over the week. Then an FFA, Cetamine c©, was added to an initial concentration of

1.1 ppm which immediately caused the corrosion rate to drop to 0.9 mm/a from the

baseline rate. Then over the next seven days the concentration of the FFA dropped

to 0.2 ppm as did the FAC rate to 0.5 mm/a as the FFA reached an equilibrium

with the loop’s surfaces.

Fourteen days into the experiment the pH was adjusted to 9.2 from neutral using

cyclohexamine (CHA) as the pH control agent. CHA is a common pH control agent

used in conjunction with FFAs as it also provides storage stability for the FFA

without the need for additional stabilizing compounds [9]. Upon the addition of

CHA the FAC rate dropped from 0.5 mm/a to 0.04 mm/a possibly due to increased

pH. The FFA concentration also decreased from its equilibrium concentration of

0.2 ppm to undetectable amounts possibly caused by the pH change shifting the

equilibrium to a much lower value. This would mean increased coverage on the

surface of the probe so the reduction in rate may not be attributable to the pH

change alone.

Since the probe started in neutral conditions and later transitioned to a high pH

condition it would not be unreasonable to assume it would adopt the morphology

of two distinct oxide types like the other high pH samples in this study. Yet when
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the sample was imaged prior to making the FIB cut the surface was covered in one

discrete layer of oxide, as demonstrated in Figure 4.17a. This morphology is more

like what was encountered on samples exposed to neutral conditions. When the

FIB cut was made, shown as Figure 4.17b, the oxide was noted to be dense with

little visible porosity. It also appears that the cut was made through a formation of

what appears to be more coral oxide structures like those found on the surface on

1.6[A106B]7 and 1.6[A106B]7.
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(a)

(b)

Figure 4.17: SEM images of probe treated with FFA (a) Before FIB milling (b) After
FIB milling
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After examination of what appears to be a structure of carbides, shown in more

detail in Figure 4.18a, the structure of parallel plates was also present here but there

is a darker gray material in between the lamellae of carbides. While this material

isn’t present in the outer layer leaving the the pores there unblocked but closer to the

base metal this material fills the gaps between the lamellae. Specks of this dark gray

material can also be observed in the oxide layer to the left and right of the carbide

formation mixed in with the rest of the oxide layer. To see if these materials had a

composition difference it was decided to image the cut with backscattered electron

images.

When the electron source for imaging was switched to backscattered electrons the

dark gray material became hard to see in areas where it was present. It appears nearly

black in the backscattered image, as demonstrated in Figure 4.18b. This would sug-

gest the unknown material has a low average atomic number as it is not generating

many backscattered electrons and therefore appearing relatively dark compared to

other phases. Since FFAs mostly consist of a hydrocarbon chain and one or more

amine functional groups [9] they would have a low average atomic number and there-

fore could be the identity of the unknown material. An issue with this theory is that

FFAs are non-conductive which normally would cause the sample to charge when

excited by the electron beam of the SEM. This would cause the material to show up

as bright areas or other interference in the electron imaging as the charged material

repels incoming electrons from the primary electron beam due to the similarity of

charge. However, as can be observed in Figure 4.18a this is not the case but rather

the material appears in focus with the rest of the image. The reason for this is due

to the samples being coated in a thin layer of osmium [78] to alleviate sample charg-

ing issues during the FIB milling and SEM imaging, which provides a conductive

pathway for the charge to dissipate through.
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(a)

(b)

Figure 4.18: Carbide formation in FIB cut on FFA probe (a) Secondary electron
image (b) Backscattered electron image

If the unknown material is indeed the applied FFA then a potential mechanism of

interaction can be proposed based on observations made here. The material assumed

to be an FFA seems to integrate itself into the oxide layer and block the pores of the
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carbides adjacent to the metal. This would have an immediate effect of increasing

the diffusion resistance of the layer by blocking the ingress of oxidants and preventing

the outward diffusion of soluble iron. The morphology of the oxide was noted to be

similar to that formed under neutral conditions even after it was exposed to higher

pH conditions. This seems to indicate that the FFA integrated into the oxide layer

and prevented dissolution of the oxide therefore retaining the morphology it obtained

in its initial exposure. In this description the oxide formed during the initial corrosion

in neutral conditions is preserved upon the addition of the FFA. This preserved oxide

then is retained through the pH change and since there is little active dissolution or

corrosion the morphology of two oxide types found in high pH conditions does not

develop.
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Chapter 5

FAC modelling

5.1 Model Development

The results of the morphology study of the oxide layer presented several observations

that have significant implications for the FAC model. Previously, the rate-predicting

model operated under the assumption that the surface of the oxide was covered in

a single oxide layer under all conditions with the differences in FAC rate arising

from variances in the thickness of the layer. This meant that the oxide layer was

predicted to be thinner in neutral conditions than in high pH conditions due to

the differences in solubility. As the morphology study revealed this is not the case

but rather while the oxide formed in neutral conditions fits this description, albeit

thicker than originally expected, the oxide formed in high pH conditions seems to

exist as two distinct types of oxide depending on if it forms on a pearlite or ferrite

grain. This microstructure effect may also apply to neutral conditions as well but

is less pronounced or is obscured by a thicker covering of oxide. To reflect these

findings the mathematical model has been adjusted accordingly and the results of
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these modifications are presented in this chapter.

Additionally as part of the due diligence in updating the model the electrochemistry

and thermodynamic properties used in the computation of the model were also re-

visited. This was done to ensure that the most up to date parameters were used

in the calculations and to include the findings of other research conducted by UNB

Nuclear group.

5.1.1 Oxide Morphology Effects

One of the core principles of the FAC model is the calculation of the rate of flux of

species across the oxide layer. Under the pores solution diffusion model the oxide film

morphology is characterized several parameters to calculate the diffusion properties

of the layer. These parameters are tortuosity, representing the deviation of ion’s

path from a straight path through the layer, and open porosity, which represents

the volume fraction of interconnected pores available for diffusion in the layer. The

two parameters can then be combined with the diffusivity of the species of interest

in water to achieve a corrected diffusivity in the layer as shown in Equation 5.1a.

This corrected diffusivity can then be used with Fick’s law to calculate the flux of

the species through the layer as demonstrated in Equation 5.1b.

DABeff = φox
τ
DAB (5.1a)

NA = φoxDAB∆c
∆z (5.1b)

As observed in the results of the morphology study the porosity and thickness of the

oxide layer can vary across the FIB cut. For the high pH samples, this is taken to
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the extreme of having two distinct types of oxides exist on the surface in different

proportions. Therefore, to characterize the high pH samples a weighted average of

the two phases was based on their measured percentages as shown in Equation 5.2.

However, as shown in section 4.1.1 the percentage of porous oxide seems to be related

to the coverage of the pearlite and that could be an appropriate estimate if there

was no measurement of the porous oxides coverage.

φoxaverage = φporousAreaFractionporous + φnon−porousAreaFractionnon−porous (5.2)

For the neutral pH samples, the difference between oxides grown on ferrite grains and

those on pearlite grains appears less pronounced but is still present as evidenced by

the remnants of pearlite-like structures in the oxide layer, such as the ventlike pores

present in Figure 4.9. However, unlike with the high pH samples, the proportion of

the different oxides coverage could not be measured because the visual difference be-

tween the two is less distinct. Therefore, an average value is assumed that is meant

to be representative of the layer as a whole for the neutral pH simulations pend-

ing experimental verification of the microstructural effect. Another thing that was

noted from the morphology study was there was no observation of the passivating

layer either through visual or compositional differences. Therefore it was decided

that in this version of the modeling the influence of the passivating layer would not

be included pending more evidence of its existence. Instead this model accounts

for the difference between A106B and STPT480 steels by lowering the dissolution

rate constant. The dissolution rate constants used in this study were measured on

pure magnetite samples [52], which is suitable for the STPT480 as it was specified

to have the lowest concentration of chromium feasibly possible, but for A106B there

is a greater amount of chromium which is theorized to lower the dissolution rate.

An alternative method that has been applied successfully in the past was to double

the steady state resistance of the oxide layer in the simulation [54]. However, as can
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be seen later on in Chapter 5, the dissolution rate constant modification method

was also successfully applied with adequate accuracy and was kept as the method

to differentiate between the two compositions of steel. The removal of the passivat-

ing layer from the model has the immediate effect of reducing the three interfaces

previously defined in Section 2.4.2 to two interfaces which are the metal-oxide and

solution-oxide interface respectively. Therefore the overall mass flux equation based

on mass balances at each interface was revisited.

Starting at the bottom up from the metal-oxide interface two processes are occurring

there that affect the mass balance. The first process is that roughly half of the ions

produced by the corroding metal form magnetite to fill the volume of the corroded

metal. The second process constitutes the remaining ions diffusing out through the

oxide layer as described by Equation 5.3a. Equation 5.3a can then be equated with

the expression for the diffusion through the layer as shown as 5.3b, allowing the

calculation of the diffusion based on the layer’s properties.

Diffusion rate = 0.476(dm
dt

)(1.101 + φox) (5.3a)

0.476(dm
dt

)(1.101 + φox) = DFeφox(CM−O − CS−O)
ζox( δox

ρox(1−φox))
(5.3b)

At the other interface considered, the mass balance at the solution-oxide interface

has three components to it. The mass transfer rate of iron to the bulk is equated

to the diffusion of iron through the layer and the dissolution of the layer itself. The

overall balance is then:

km(CO−B − CB) = 0.476dm
dt

(1.101 + φox) + kdF
∗(SCSat

O−B − CO−B) (5.4)

From Equations 5.3b and 5.4 an overall rate equation can be derived. By combining
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the equations and rearranging the equation for the metal loss rate, dm
dt
, the overall

rate equation is derived and is given here as Equation 5.5.

dm

dt
=

SCM−O − (kdF
∗SCsat

O−B+kmCB

km+kdF ∗ )
0.476(1.101 + φox)[ δoxζox

ρox(1−φox)φoxDF e
+ 1

km+kdF ∗ ]
(5.5)

In addition to the mass balances performed at the interfaces one was also performed

on the oxide layer itself so that the changes in oxide thickness over time can be

tracked at each time step in the model. Equation 5.6 is the result of this mass

balance where the difference between oxide growth and the dissolution of oxide gives

the growth/removal rate. It is divided by 0.723 to account for the fact that iron only

makes up a fraction of the mass of magnetite. Note that beyond the removal of the

oxide through dissolution the model also tracks oxide removal through the spalling

method described in Section 2.4.4. This does not occur at every time step and only

occurs at the calculated intervals when it removes a set particle size.

dδi
dt

=
0.476dm

dt
(1− φox)− kdF ∗(SCsat

O−B − CO−B)
0.723 (5.6)

A modification was performed to the range of oxide particle sizes that can be spalled.

As previously mentioned earlier in Section 2.4.4 when the spalling mechanism was

originally introduced by Lang [36] the particle size was bound from 10 nm to up

to half the oxide thickness. However, since the oxide thicknesses are thicker than

previously assumed it was found that an upper limit of an eighth of the current oxide

was more appropriate. This was done to prevent choosing a larger particle size than

what is feasible to be spalled. However, since there is not a measured particle size

distribution available for spalled particles for these conditions this is an estimate and

may be subject to change if a distribution is measured in the future.
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5.1.2 Interfacial Concentrations

In order to accurately model FAC the concentrations of species of interest must be

tracked for their use in the rate equation and in the electrochemistry calculations. To

achieve this for the concentration of iron at the solution-oxide interface, Equation

5.4 can be rearranged to solve for the concentration of iron at the surface. This

rearranged equation shown as Equation 5.7 is solved at each time-step to calculate

the new concentration at the solution-oxide interface.

CO−B =
0.476dm

dt
(1.101 + φox) + kmCB + kdF

∗(SCSat
O−B)

km + kdF ∗ (5.7)

At the metal-oxide interface it was assumed that the coolant present is super-

saturated in dissolved iron. As solubility of iron is said to depend on hydrogen

concentration to the 1/3rd power [71] a formulation for iron concentration at the

metal-oxide interface could be presented as:

CMO = SCSat
Fe (

CMO
H2

Cbulk
H2

) 1
3 (5.8)

To track the hydrogen concentration at the interfaces the methodology that was

applied to iron was also applied here. Mass balances at each interface were performed

with respect to hydrogen this time. The mass balances shown as Equations 5.9a and

5.9b with the term 5.659 ∗ 10−3 dm
dt

(7.32 − φox) being the hydrogen generated as

function of corrosion rate as calculated by Johari [30].

5.659 ∗ 10−3dm

dt
(7.32− φox) =

DH2φox(CMO
H2 − C

SO
H2 )

δoxζox

ρox(1−φox)
(5.9a)

kmH2(CSO
H2 − C

b
H2) = 5.659 ∗ 10−3dm

dt
(7.32− φox) (5.9b)
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These mass balances are based on the assumption that all of the hydrogen gener-

ated by the corrosion and precipitation reactions diffuse through the oxide film to

the oxide-solution interface. There is evidence that the hydrogen generated by the

corrosion reaction instead diffuses through the pipe wall as atomic hydrogen [70].

This concept has been successfully appilied as a corrosion monitoring tool known as

a ’hydrogen effusion probe’ [50] [64]. The exact percentage of the amount the hydro-

gen that effuses through the wall seems to vary on the conditions with Tomlinson

[70] finding 25 to 80 % of the hydrogen generated by corrosion diffused through the

wall in their experiments. The application of the hydrogen effusion probe was also

done at higher temperatures than any of the samples observed in this study (300◦C

vs. 140◦C). This is significant because hydrogen effusion rates are more likely to cor-

respond with corrosion rates at higher temperature as hydrogen mobility increases

and hydrogen trapping decreases with rising temperatures[19]. The exact precentage

of the hydrogen diffusing through the pipe walls has yet to be determined at 140◦C

the assumption from previous models is kept here pending measurement.

Rearranging the mass balance equations and solving for the hydrogen concentrations

at each interface gives Equations 5.10a and 5.10b. At each time-step these equations

are solved to update the concentration of hydrogen at each interface.

CSO
H2 =

5.659 ∗ 10−3 dm
dt

(7.32− φox)
kmH2

+ Cb
H2 (5.10a)

CMO
H2 =

5.659 ∗ 10−3 dm
dt

(7.32− φox)( δoxζox

ρox(1−φox))
DH2φox

+ CSO
H2 (5.10b)
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5.1.3 Electrochemistry and Thermodynamics

As previously mentioned in Section 2.5.2, electrochemistry plays an important role

in the FAC model. The potentials and current of the coupled redox reactions are

used to adjust dissolution constant as well as calculate the pH difference between

interfaces. The former is important as dissolution is one of the controlling factors

in FAC rate and therefore the electrochemistry can have a significant effect on the

FAC rate. However, before laying out the thermodynamics of the model and how

they were calculated, the reactions used in the modeling should be first defined.

At the metal-oxide interface it is assumed that the redox pair occurring there is the

oxidation of iron coupled with cathodic hydrogen evolution as previously described

in Section 2.4.2.

Fe→ Fe2+ + 2e− (5.11a)

2H+ + 2e− → H2 (5.11b)

At the solution-oxide interface the dissolution of the oxide occurs. Based on Bohn-

sack’s solubility study on magnetite [13] their dissolution reaction, shown here as

Equation 5.12b, was chosen for this version of the model over the reverse of the

Schikorr reaction employed in other versions of the model. The reasoning behind

this decision was the irreversible redox step involved in the formation of magnetite

via the Schikorr reaction making the reverse less likely to occur spontaneously. The

magnetite layer is converted via Equation 5.12a prior to Equation 5.12b to the

iron(III) oxide-hydroxide needed for the dissolution reaction. The dissolution re-

action is considered to be the cathodic reaction in this coupling and it is assumed

that the oxidation of dissolved hydrogen acts as the anodic reaction.
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Fe3O4 + 2H+ → Fe2+ + 2FeOOH(s) (5.12a)

FeOOH(s) +H+ + e− → Fe(OH)2(aq) (5.12b)

H2 → 2H+ + 2e− (5.12c)

With the species involved in the electrochemical reactions identified the Gibbs energy

of reaction and then the electrochemical potential of each of the half-cell reactions can

be calculated as outlined in Section 2.5.1. The Gibbs energy of reaction is calculated

as the difference of the sum of the Gibbs energy of the products and that of the

reactants as shown in Equation 5.13a. Most reference sources give the Gibbs energy

of formation at standard conditions and it must be adjusted to the system conditions.

For the liquid, solid, and gas species the Gibbs energy at different temperatures can

be calculated via Equation 5.13b [49].

∆G◦
rxn(T ) =

∑
∆G◦

f (T )Products−
∑

∆G◦
f (T )Reactants (5.13a)

G◦
(T2) = G◦

(298K) −
∫ T2

298K
SdT (5.13b)

Equation 5.13b can be expanded and rearranged to give Equation 5.14 which allows

the calculation of the apparent Gibbs energy given the parameters at standard con-

ditions and the heat capacity of the species. This is useful as correlations for heat

capacity of a species with temperature are more readily available than correlations for

entropy. For a reference source for thermodynamic data at standard conditions and

correlations of heat capacity "Chemical Thermodynamics of Iron" published by the

Nuclear Energy Agency (NEA) was chosen [38]. This volume is the recommended

thermodynamic data for iron systems based on a critical assessment of published

studies available.
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G◦
(T2) = G◦

(T1) − S◦
(T1)[T2 − T1]− T2

∫ T2

T1

C◦
p

T
dT +

∫ T2

T1
C◦
pdT (5.14)

The approach above is not recommended for ions and aqueous species as typically the

heat capacities of these species in solution are not as readily available. Therefore a

different approach was adopted for these species in the form of the revised Helgeson-

Kirkman-Flowers (HKF) equation of state instead. The HKF equation of state allows

for the calculation of the apparent Gibbs free energies of formation of the species up

to temperatures of 1000◦C and pressures of 5000 bar [63]. Due to the complexity of

the equation of state, software packages were developed to aid in the calculations of

properties. Of these a FORTRAN-77 program called SUPCRT92 is one of the most

prominent [31]. The SUPCRT92 software package facilitates the practical application

of the HKF equation of state for the generation of the thermodynamic properties.

In this work SUPCRT92 was utilized through a Python programming language adap-

tation called Reaktoro which allows the use of the SUPCRT92 and in extension the

revised HKF equation of state in a Python environment [37]. With Reaktoro the

apparent Gibbs energy of formation of each species was determined for the system

conditions the samples were exposed to (140◦C and 1134 kPa). To verify the va-

lidity of the Reaktoro plugin results they were compared to published outputs of

the SUPCRT92 program for various species at different conditions [53]. The results

produced by the Reaktoro plugin were within one percent of the published values

indicating that the HKF equation of state was correctly applied.

From the methods and information presented above, the Gibbs free energies of re-

action at 140◦C and 1134 kPa were calculated for each half cell reaction and are

presented in Table 5.1.
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Table 5.1: Gibbs energy of reaction at 140◦C and 1134 kPa

Half-Cell Reaction ∆G◦
rxn

kJ/mol
γ − FeOOH(s) +H+ + e− → Fe(OH)2(aq) 12.20
Fe2+ + 2e− → Fe(s) 78.85
2H+ + 2e− 
 H2(g) -15.59

5.1.4 Model Computation

The current version of the FAC model is a single point model that simulates FAC at a

given point in a loop. This single point in the context of the simulating experiments

would be the FAC probe but if the model were to be applied to a plant situation it

would be a chosen place in the piping system, such as a particular feeder pipe. Yet

in the past it has been expanded previously to 2-D situations by building a nodal

network where the nodes feed into one another allowing the simulation of a heat

transport system [54].

The overall computation of the model could be described as a linear program ini-

tially calculating the system conditions and then feeding into an iterative loop that

calculates the FAC rate, oxide layer thickness, and electrochemical parameters over

a set time interval. A graphical depiction of this computation is presented as Figure

5.1 and shows the order of each step taken in the calculations.

First when the code is initialized it reads the model inputs and from them calculates

the constants and initial variables of the system. After the initial calculations are

completed an initial particle size is randomly chosen from the half-normal distribu-

tion and the time to spall that size particle is found and stored. This is done as at

the beginning of each iteration the spalling time is compared to the interval time and

if the spalling time is less than or equal to the current time interval a spalling event
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Figure 5.1: Flowchart of FAC model computation
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occurs. When a spalling event occurs a new particle size and time are calculated

before an equivalent amount of oxide to the old particle size is removed from the

oxide thickness. After the event or if no event occurs the code then calculates the

electrochemical effects, the FAC rate, the change in oxide thickness, and the new

concentration of species at each interface in that order. This process is repeated

until the desired time interval has been simulated upon which the program exits and

prints the results in several figures showing the development of several variables over

the simulation time.

While the time interval that is simulated is adjustable depending on the application,

the interval used for simulating the sample from this study was chosen to be a

quarter year or 91.25 days. This interval was chosen so that the simulated time

always exceeded the exposure time of the probes, with the longest exposure being

71 days, without causing the time it takes to run a simulation to be excessive. In

a similar manner the time step of 60s was used as a balance between accuracy and

computation time, which is comparable to the time step of 100-500s used in an older

version of the model [55].

The current FAC model has been coded again in the Python programming language

as previously done by Briggs [14]. Python is a robust object-oriented programming

language which finds widespread use due to the readability of its code and an ex-

tensive collection of third party modules available. A copy of the model’s code is

available in Appendix A and has been annotated to aid in understanding its struc-

ture.
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5.2 Modeling Results & Accuracy

After the conclusion of the morphology study, the UNB FAC model was revisited

with the new information learned and was then applied to the original four probes

examined in the study. With more detailed information on the oxide layer covering

the surface of the probes the FAC model was benchmarked on each of the samples via

adjustments to the layer’s porosity and the spalling constant. After benchmarking at

the original data point the flow velocity was varied in order to assess the response of

the model and see if the response mirrors that observed experimentally. Previously,

in another study at neutral chemistry, it was observed that FAC rate varied almost

linearly (Rate ∝ k1.1
m ) with changes in mass transfer coefficent, as demonstrated in

Figure 5.2 [45].

Figure 5.2: Variation of FAC rate with changes in mass transfer coefficient at 140◦C
with different materials and pH

Under ammoniated conditions however, this dependence on the mass transfer coeffi-
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cient had higher powers for the fit with a power of 3.0 for ammoniated coolant and

7.5 for ammoniated coolant with added hydrazine. The data for the former fit is

more scattered and therefore is less reliable then the correlations drawn in neutral

conditions. But this isn’t the only study that notes the higher power dependence in

ammoniated conditions. Another author, Woolsey, also observed that rate depended

on km to the power of 2.6-1.8 in their experiments at 130◦C and pH25◦C 9.0-9.5 [79].

The behaviour of the model should reflect this when expanded out from the bench-

mark point. Therefore the corrosion rate is expected to vary almost linearly in

neutral conditions and have a higher dependence in high pH conditions with changes

in the mass transfer coefficient.

5.2.1 Neutral pH Results

Starting with the STPT480 sample exposed to neutral conditions, 2.4[STPT480]7

was simulated with the system conditions listed in Table 5.2. Additionally, the cor-

rosion rate measured in the experiment is also listed for the purposes of comparison

and benchmarking purposes. From the SEM images it was measured that the oxide

varies in thickness between 1.0 and 15.4 µm so ideally the predicted oxide thickness

should be in this range.

Table 5.2: Conditions for the simulation of 2.4[STPT480]7

System Conditions
Material STPT480 Exposure 14 Days
Temperature 140◦C Probe Diameter 2.4 mm
pH25◦C 7 Flow Velocity 600 cm/s
Pressure 150 psig Corrosion Rate 2.99 mm/a

After some adjusting, values of 0.205 and 2874 g∗Pa
cm3 were chosen for the values of
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porosity and spalling constant respectively. These values gave the appropriate value

of corrosion at 2.99 mm/a but also predicted an average oxide thickness of 3.05 µm

which is representative of the range observed on the surface. However as can be

observed in Figure 5.3 this value varies between 2.75-3.12 µm due to spalling events.

It can also be observed from the thickness graph that the steady state of the corrosion

is achieved by the end of the first simulated day. This fast response is realistic as in

experiments the corrosion rate for the probe was established in roughly the same time

frame [33]. Another observation from Figure 5.3 is that the spalling mechanism is

working as intended with the small particles spalling off relatively quickly but larger

particles taking longer overall. The larger particles taking longer to spall can be

directly observed with the gaps between spalling events in the thickness graph before

the large drops of thickness caused by a large particle being removed. Additionally,

because of the random nature of this mechanism it can lead to variation of the scatter

on the graphs between simulations but the average value remains constant.

For the average values for the spalling time and the particle size spalled, the sim-

ulation predicted ~8 hours and ~98 nm respectively. These values when combined

correspond to an oxide removal rate of 1.76∗10−9 g
cm2s

through spalling events. Now

since the simulation reaches a steady state value for the oxide thickness the spalling

removal rate combined with the dissolution rate should be equal to the growth rate

of oxide. Taking the average dissolution rate recorded by the model, 3.72∗10−8 g
cm2s

,

and adding it to the spalling removal rate gives a total removal rate of 3.89 ∗ 10−8

g
cm2s

. This total removal is almost the exact same value as the gross oxide growth

rate, 3.9 ∗ 10−8 g
cm2s

, calculated independently using the corrosion rate. This indi-

cates that the model is maintains a proper mass balance. It also shows that the

majority of the oxide was removed through dissolution with 95 % of the oxide being

removed this way.
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Figure 5.3: Model output for 2.4[STPT480]7, predicted oxide thickness over time

Examining the predicted FAC rate, shown here as Figure 5.4, it starts initially at

a high rate of corrosion due to the lack of an oxide layer but after the layer is

established it settles to a steady state average of 2.99 mm/a. It can also be observed

that the corrosion rate mirrors the graph of oxide thickness with the rate increasing

whenever the oxide thickness decreases. This is expected as the oxide layer is one of

the controlling factors of the corrosion rate.

Figure 5.4: Model output for 2.4[STPT480]7, predicted corrosion rates overtime

After the model was benchmarked on its original flow velocity (600 cm/s) the flow

velocity was varied in order to obtain the mass transfer relationship. Starting at

a low flow velocity corresponding to a mass transfer coefficient of ~0.2 cm/s the
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velocity was increased by 100 cm/s until the mass transfer relationship from Figure

5.2 was covered by the simulated points. For STPT480 in neutral conditions this

means the velocity must be increased until a mass transfer coefficient of 0.7 cm/s is

achieved. Any higher than this and the correlation may not apply as it is outside the

range of experimental data. After this was done Figure 5.5 was produced from the

results and the original point was differentiated from the other points in the plots

by colouring the marker fill white.

Figure 5.5: Variations in FAC rate and oxide thickness with the mass transfer coef-
ficient from 2.4[STPT480]7 benchmark

From the power fit of Figure 5.5 it reveals a correlation of FAC varying with k1.16
m .

This is quite close to the expected relationship of k1.1
m indicating that the model as

benchmarked is likely accurate in this band of conditions. This comparison relies

on the fact that the line of best fit in both Figures 5.2 and 5.5 are constrained with

an y-intercept of zero while, due to constraints of Excel’s fitting equation shown as

Equation 5.15a, this is not true for FAC where at lower flowrates it does not oc-

cur but rather general corrosion would apply instead. Therefore, non-zero rooted

lines of fit are of interest as they describe the output of the model more precisely.
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Non-zero fits have been applied previously to FAC data by Khatibi through Equa-

tion 5.15b [33] and was applied with Origin (a scientific graphing software) to the

output of the model here as well. The results of these non-zero fits produced on

the 2.4[STPT480]7 simulation data with Equations 5.15b and 5.15c can be found in

Figure 5.6 as methods 1 and 2 respectively.

FACrate = a ∗ kmb (5.15a)

FACrate = a(1 + km)b (5.15b)

FACrate = a ∗ xb + C (5.15c)

Looking at Figure 5.6 it can be observed that the two fitting methods produced

curves that have higher coefficients of determination and therefore describe the out-

put of the model better. The non-zero fits reveal that the output of the model is

more non-linear than expected with method 2 producing a curve where the FAC

rate varies with the mass transfer coefficient raised to the power of 1.61. This is an

inaccuracy of the current model and ideally should be addressed in future versions.

Perhaps one reason for this is that simulation parameters are assumed to be con-

stant across the range. It may be the case that variables such as porosity vary with

changes in the mass transfer coefficient.

Additionally, Figure 5.5 also shows oxide thickness varying with k−1.13
m . This value

however has little to compare to as only the oxide thickness at the benchmark is

known unlike FAC rate versus mass transfer where a relationship has been estab-

lished previously [45]. The relationship may be useful in future studies as a compar-

ison for the output of a model. In the future if more oxide thicknesses are measured

at different flow conditions, it could be used as an indication of accuracy for the
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Figure 5.6: Non-zero lines of best fit for FAC rate vs mass transfer data from the
simulation of 2.4[STPT480]7

current version of the model if the findings align. As such it included here as addi-

tional information alongside the rate vs. mass transfer coefficient relationship in the

following graphs as well.

A point of accuracy to note is that the model predicts a mixed potential of -0.61 V vs.

SHE at the M/O interface, which is close to the value measured experimentally at -

0.65 V vs. SHE under similar conditions [55]. This indicates that the electrochemical

equations are correctly selected as they give the correct mixed potential under the

given conditions. As the electrochemical effects on FAC are significant it is important

that the predicted values reflects those measured. Since the model was shown to
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Table 5.3: Conditions for the simulation of 2.83[A106B]7

System Conditions
Material A106B Exposure 7.7 Days
Temperature 140◦C Probe Diameter 2.83 mm
pH25◦C 7 Flow Velocity 1060 cm/s
Pressure 700 psig Corrosion Rate 8.06 mm/a

be fairly accurate in terms of FAC rate, oxide thickness, predicted potentials, and

variation of rate with the mass transfer coefficient for a STPT480 sample it was also

applied to an A106B sample to see if a solution could be found there too.

The A106B sample (2.83[A106B]7) was exposed to similar conditions, shown here

in Table 5.3 [47], as the STPT480 sample with a few differences. A key difference

other than material of construction is the rate of flow the probe were exposed to with

the coolant velocity of this sample being nearly double of what 2.4[STPT480]7 was

exposed to despite a larger diameter. This is due to the higher flowrate (4 L/min)

utilized in this experiment compared to the lower flowrate (1.63L/min) used in the

other. While this is not ideal for comparison it should still be noted to explain differ-

ences between the model outputs of the two. Additionally, the chemistry conditions

listed in Table 5.3 are the final conditions to which the probe was exposed in the

experiment. In the original study the probe was corroded with various flowrates and

conditions in the same experiment. However, since information on the oxide layer is

only available for the last set of conditions that was the one initially simulated.

After some trial and error, a spalling constant of 227.1 g∗Pa
cm3 was found to give the ap-

propriate rate with a porosity of 0.15. This lower spalling constant is a consequence

of the dissolution rate not being high enough to thin the oxide enough to give the

observed rate. Therefore, the spalling constant was lowered to increase the mechani-

cal removal rate to compensate. While these values are able to predict the corrosion
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rate of 8.06 mm/a the oxide thickness predicted is only 0.90 µm. This thickness is

less than the thickness range observed in the FIB cut on the sample itself, which was

2.2-12.6 µm. This indicates that the current version of the model under-predicts the

oxide thickness under these conditions. A possible explanation for this could be that

the probe was exposed to high levels of oxygen (∼ 8 ppm) to stifle the corrosion rate

prior to exposing it to these conditions which would modify the oxide layer’s prop-

erties. This is supported by laser-Raman results for this probe which indicates the

presence of lepidocrocite and hematite on the surface of the probe [47]. These forms

of iron oxide are known to form with exposure to oxygen and offer more protection

against corrosion through a less porous layer as shown earlier in Figure 2.2.

The high frequency of spalling events can be observed in the oxide thickness graph,

shown here as Figures 5.7. This is most apparent when comparing the average

spalling time for the two simulations, which was only 270 seconds in between spalling

events for this simulation compared to the average spalling time of 8 hours for

2.4[STPT480]7’s simulation. This large difference is because of the increased number

of spalling events needed to achieve a high enough rate of oxide removal. With a

corrosion rate of 8.06 mm/a the oxide is predicted to grow at a rate of 1.12 ∗ 10−7

g
cm2s

but with the system conditions the dissolution rate predicted by the model was

only 3.66 ∗ 10−8 g
cm2s

. Therefore the rest of the removal rate comes from spalling

which removes oxide at a rate of 7.58 ∗ 10−8 g
cm2s

which is a much higher spalling

rate than 2.4[STPT480]7 by an order of magnitude.

Looking at the overall behavior in Figure 5.7 the oxide thickness varies between 0.86

and 1.04 µm which is smaller than the variance of 2.4[STPT480]7’s results. This

is likely due to the thinner steady state oxide causing the average spalled particle

size to be smaller as the distribution is based on the current oxide thickness. This

is found to be the case with the average particle diameter for the 2.83[A106B]7’s
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simulation being ~39 nm compared to the larger 98 nm predicted by the model for

STPT480 in neutral conditions.

Figure 5.7: Model output for 2.83[A106B]7, predicted oxide thickness over time

This behaviour is flipped in the corrosion rate over time graphs as well with more

variation in rate in the A106B simulation compared to the STPT480 simulation. For

the STPT480 simulation the corrosion rate only varied ~0.4 mm/a once it reached

the steady state point but the A106B simulation varied ~1.4 mm/a at its steady

state point. This may be due the higher frequency of spalling events causing the

oxide layer to fluctuate in thickness more often and in extension the corrosion rate.

Figure 5.8: Model output for 2.83[A106B]7, predicted corrosion rates over time

A similar approach to that applied to the STPT480 sample was also applied to the

102



model benchmarked on the A106B sample. However, the correlation covers a slightly

larger range of mass transfer coefficients (0.1-0.9 cm/s) to reflect the wider range of

experimental data collected for the A106B probes exposed to neutral conditions. The

behavior that is expected is for it to vary similarly with the mass transfer coefficient

as the STPT480. Yet the STPT480 relationship should have a lower scaling factor

to reflect A106B’s increased resistance to FAC as can be observed in the difference

in slopes in the correlations of Figure 5.2.

The mass transfer relationship for the A106B sample, available as Figure 5.9, shows

a much higher power dependence than expected with the corrosion rate depending

on k2.02
m . A possible reason for this higher power of dependence could be the lower

spalling constant needed to achieve the corrosion rate observed in the experiment.

Flow velocity is accounted for by shear stress in the spalling equation 2.15 and shear

stress varies with flow velocity raised to the power of 2.58. Therefore, when the

dependence on spalling is raised through a lowered spalling constant it makes sense

that the corrosion rate would vary more similarly with flow velocity.

The corrosion rate observed in the experiment for this probe is quite high for this

flow rate when compared to other data. If this rate is compared to the mass transfer

correlation in Figure 5.2 the expected corrosion rate at the calculated mass trans-

fer coefficient (~4.46 mm/s) would be ~1.5 mm/a instead of the 8 mm/a recorded.

After seeing such a stark difference, the corrosion rate was first verified against the

resistance data and then the logbooks from the original experiments were checked

to see if there was something that could indicate a reason for the rate. The resis-

tance data verified that the reported corrosion rate was indeed correct [47]. The

logbooks showed that the pH was in the expected range eliminating the possibil-

ity that the coolant became more acidic which would account for the higher rates

through increased magnetite solubility. The logbooks also showed a higher than nor-
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Figure 5.9: Variations in FAC rate and oxide thickness with mass transfer coefficient
from 2.83[A106B]7 benchmark

mal conductivity compared to other trials. The high conductivity is probably caused

by higher concentrations of dissolved iron in the water but this wouldn’t lead to the

elevated levels of corrosion observed and in fact it is expected that it would lower the

corrosion rate due to lessening the driving force for mass transfer. With no readily

available explanation this leaves the exact reason open to speculation.

It was observed that the second 1.6mm probe in Martin’s study also experienced

higher rates of corrosion than expected [47]. Initially the 1.6mm probe was exposed

to 4 L/min of coolant flow which resulted in a corrosion rate of 7.7 mm/a of cor-

rosion. As part of Martin’s experiment the flow rate was then varied to test the

viability of acoustic FAC measurement. Later in the trial the probe had corroded

to a new diameter of 2.12 mm by this point and was exposed to 4 L/min of flow

again. This time however, the corrosion rate that occurred was 12.08 mm/a which is

significantly higher than the corrosion rate of the earlier exposure despite having a
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larger diameter and therefore a lower coolant velocity. This discrepancy in corrosion

rates contradicting what is expected with changes in flowrate indicates that there

may be other factors in these experiments that are the cause of the high corrosion

rates.

Since 2.83[A106B]7 was exposed to multiple flowrates during its experimental run,

flowrates other than the final one were also simulated to see if those data points

produced a correlation closer to k1.1
m . The flowrates that were simulated were 2.4

and 3.3 L/min which produced FAC rates of 3.97 and 4.86 mm/a respectively in the

experiment [47]. Also since these flowrates are from earlier in the experiment the di-

ameter of the probe was different at these time points (2.5 and 2.65mm respectively)

as FAC has yet to widen the pipe through corrosion losses. When the calculated

mass transfer coefficients for each of these points (3.6 mm/s and 4.3 mm/s) are plot-

ted versus their corrosion rates it is found that both of these points lie above other

A106B samples exposed to neutral conditions plotted in Figure 5.2. While not so

different from the other A106B data points as the last datapoint they do happen to

lie even above the STPT480 points which is surprising as STPT480 probes are less

resistant to corrosion.

When the conditions from two earlier points earlier were simulated a similar situa-

tion that occurred with the simulation of the final conditions of Run 2 in Martin’s

experiments [47]. In both simulations the spalling constant was lowered in order to

wear enough oxide away through increased spalling removal to reach the observed

corrosion rate. The simulation of the 2.5 mm data point ended with a spalling con-

stant of 1423 g∗Pa
cm3 and for the 2.65 mm one 1346 g∗Pa

cm3 . Both of these are lower than

the 2874 g∗Pa
cm3 used for the 2.4[STPT480]7 simulation but significantly higher than

the 227.1 g∗Pa
cm3 used for the last seven days simulation of Run 2. Therefore it was

not surprising that the mass transfer coefficient relationships were between the two
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with the 2.5 and 2.65 mm simulations giving a power dependence of 1.26 and 1.25

respectively. These higher than expected power dependencies and the data points

used to benchmark the data points being outliers in respect to their high corrosion

rates make them poor fits for benchmarking the model to be of use for predicting

rates at other conditions. Thus, it would make sense to attempt another A106B

sample exposed to neutral conditions to see if it was more suitable.

To this end samples 1.6[A106B]7 and 2.4[A106B]7 were also simulated to see if they

were more suitable candidates. These probes are from the same run so the only

difference in the system conditions were their diameters. The conditions that the

probes were exposed to and the corrosion rates that resulted are listed in Tables 5.4

and 5.5.

Table 5.4: Conditions for the simulation of 1.6[A106B]7

System Conditions
Material A106B Exposure 6 Days
Temperature 140◦C Probe Diameter 1.6 mm
pH25◦C 7 Flow Velocity 1351 cm/s
Pressure 150 psig Corrosion Rate 2.04 mm/a

Table 5.5: Conditions for the simulation of 2.4[A106B]7

System Conditions
Material A106B Exposure 6 Days
Temperature 140◦C Probe Diameter 2.4 mm
pH25◦C 7 Flow Velocity 600 cm/s
Pressure 150 psig Corrosion Rate 0.85 mm/a

Upon tuning the model it was found that the dissolution rate was too high to build up

a thick enough oxide layer to reach the corrosion rates observed in the experiments for

the A106B samples. In order to lower the dissolution rate the initial dissolution rate

constant was adjusted via trial and error basis a dissolution rate that allowed enough

oxide to build up was found. The final value that seemed to work best was 0.2 mm/s
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which is greatly removed from the original value of 2.2 mm/s. However, the original

dissolution constant was measured with pure magnetite [52] and it is reasonable to

assume the magnetite on the surface of the A106B probe would have some chromium

from the base metal and therefore be more resistant to dissolution. Since there is

not a dissolution rate constant measured for chromium substituted magnetite this

estimate will have to do for now until further information on chromium and its exact

role in FAC is fully understood.

Starting with the simulation of 1.6[A106B]7’s system conditions, the simulation was

able to achieve the desired corrosion rate with the modified dissolution rate constant

and a spalling constant of 677 g∗Pa
cm3 . Even though the rate was the same as what

was measured in the experiment it predicted a steady state oxide thickness of 5.54

µm, as can be observed in Figure 5.10. While this oxide thickness is in the range

of the thickness of the coral oxide (4.32-8.75 µm) in Figure 4.15 from earlier in

Section 4.2.2 it is much thicker than the thin oxide (96-290 nm) observed away from

the coral oxide. This wide range of oxide thicknesses measured makes a prediction

that satisfies both ranges of oxide thickness difficult, and until the exact interaction

of the "coral oxide" formations and the surrounding oxides is known an accurate

solution may not be reached. It should be noted that for the neutral samples only

the samples 1.6[A106B]7 and 2.4[A106B]7 exhibited these large differences in oxide

thickness depending on measurement location. This effect could be attributed to

the micro-structural effect observed more distinctly with the high pH samples but is

obscured by roughness caused by the higher corrosion rates encountered at neutral

conditions. Since 1.6[A106B]7 and 2.4[A106B]7 have the lowest exposure time of the

probes in study at 6 days it is possible the roughness has not had time to develop

yet leading to the variations in oxide thickness.

Due to the decreased dissolution rate constant used for the A106B simulations it is
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expected that the dissolution rate would be lower when compared to the STPT480

simulation at neutral conditions. This holds true with the model reporting a dissolu-

tion rate of 1.16∗10−8 g
cm2s

which is significantly lower than the 3.72∗10−8 g
cm2s

given

by the STPT480 simulation. For the reported corrosion rate the gross growth rate

of the oxide is 2.66∗10−8 g
cm2s

so to balance this the spalling rate was 1.5∗10−8 g
cm2s

.

In order to remove this amount of oxide the model predicted an average particle di-

ameter of 185 nm and an average spalling time of ~1.8 hours. The particle size being

nearly double the size of the particles spalled off in the STPT480 simulation can be

attributed to the higher steady state oxide thickness which modifies the half-normal

distribution of the particles giving larger particles with thicker oxides.

Figure 5.10: Model output for 1.6[A106B]7, predicted oxide thickness over time

Even though the oxide thickness prediction of the model is off with this benchmark

it does trend with the mass transfer coefficient as it should. As can be seen in Figure

5.11 the corrosion varies with k1.14
m which is much closer to the expected k1.1

m than any

of the fits generated by the other A106B simulations. This number is derived from

the line of best fit and does not completely describe the output of the model with

deviations at the middle and the ends. When a non-zero fit was applied (available

as Figure C.1) the output of the model was shown to be more curved with it varying
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with k1.92
m . This is a higher power when compared to the k1.61

m from Figure 5.6 but

may be attributed to the larger range of mass transfer coefficients in the correlation.

Despite the curvature of the model’s output its capability to predict corrosion rates

at different mass transfer coefficients is still fairly accurate. For example, if you draw

up from a mass transfer coefficient of 0.3 cm/s in Figure 5.11 the corrosion rate that

is predicted is ~0.09 cm/a which is approximately the same if you do the same with

Figure 5.2.

Figure 5.11: Variations in FAC rate and oxide thickness with mass transfer coefficient
from 1.6[A106B]7 benchmark

When the simulation was performed for 2.4[A106B]7 the FAC rate was also achieved

but the spalling constant used to obtain this rate was 1142 g∗Pa
cm3 which is significantly

different from the 677 g∗Pa
cm3 used in the 1.6[A106B]7 simulation. This was likely be due

to the large spalled particle diameter predicted by the model, which was ~460 nm for

these conditions. The reason the model predicts such a large particle is because the

simulation of 2.4[A106B]7 predicts a steady state oxide thickness of 13.24 µm as can

be observed in Figure 5.12. This large particle diameter means fewer spalling events
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are needed to achieve higher rates of removal. This is seen here in this simulation

with the overall rate removed through spalling being 1.15∗10−9 g
cm2s

, which is similar

to the rate removed in 2.4[A106B]7 simulation (1.76 ∗ 10−9 g
cm2s

) even though the

average spalling time is ~58 hours compared to ~8 hours. This variation of particle

size can lead to different spalling constants for simulations with similar conditions

and is not ideal. However, without a measured particle size distribution of the spalled

particles or measurements of the frequency of spalling events to compare to makes it

hard to choose which describes FAC better. An alternative approach to get a spalling

constant that fits the data better would be to have several more data points studied

and simulated in order to get a more accurate average of the spalling constant for

A106B in neutral conditions.

The large particle size given by the oxide thickness prediction of 13.24 µm is not

the only issue with this simulation. The thickest oxide observed on the surface of

2.4[A106B]7 was only 7.87 µm in the FIB slot at the base of the coral oxide formation

which means that the model prediction for the oxide thickness is an overprediction for

this scenario. This means that the actual oxide present on the surface of 2.4[A106B]7

is more protective than that simulated. In order to correct this overprediction other

areas of the probe could be examined to see if the oxide thickness remains the

same or the diffusive properties could be tested further. For example, Mercury

Intrusion Porosimetry (MIP) was considered for application to the probes to get a

more accurate measurement of the open porosity of the oxide surface. However, that

testing method was excluded from this study on the basis that due to the short

length of the samples sent away (~1 cm) there was not enough pore volume on the

surface for accurate measurement of the porosity [35].

Even though the oxide thickness was overpredicted for this simulation, the line of

best fit for the model output trends with k1.1
m , as seen in Figure 5.13, which is the
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Figure 5.12: Model output for 2.4[A106B]7, predicted oxide thickness over time

desired k1.1
m . However, the output of the model has the same issue observed in Figure

5.11 with the output being more curved than the line of best fit implies. When a non-

zero line of best fit was applied (available as Figure C.2) the curve was found to vary

with k1.91
m . Also like with 1.6[A106B]7 the predictive capability of the correlation also

has an acceptable level of accuracy despite the undesired curvature. For example,

the FAC rates predicted at a mass transfer coefficient of 0.82 cm/s in Figures 5.2

and 5.13 are ~3.25 mm/a and ~3.33 mm/a respectively. This prediction is only 0.08

mm/a off the original correlation meaning it shows a decent level of accuracy and

predictability considering this is within the scatter of the data points used to make

the correlation.

An interesting observation that came up during the tuning of the models is that

when the oxide porosity for a simulation was increased the power dependence on

km decreased. For example, if a porosity of 0.15 is used for the 2.4[STPT480]7

simulation instead of the final value of 0.205 used the power of the fit changed to

1.14 from the 1.16 given earlier in Figure 5.5. The opposite effect was also observed

where increasing the porosity decreased the power dependence. This could possibly

be due to modifications to the time between spalling events as increasing the porosity
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Figure 5.13: Variations in FAC rate and oxide thickness with mass transfer coefficient
from 2.4[A106B]7 benchmark

decreases the time between spalling events . However, since porosity is involved in

many of the equations in the model it is hard to ascertain the exact relationship

between the mass transfer coefficient and porosity.

After the effect that porosity had on the power of the fit was observed an additional

variation to the simulation parameters was carried out. The variation was that the

spalling constant and the porosity at the benchmark point remained the same but

as the flow velocity was varied so was the porosity. The porosity was varied linearly

so at the lowest value of the mass transfer coefficient correlation the porosity was

reduced by twenty percent and at the highest value it was increased twenty percent.

The reasoning behind this was that it was speculated that at high levels of mass

transfer the high rates of corrosion and oxide removal would cause more disorder in

the oxide layer and therefore more porosity. This logic was also applied to the lower

levels of mass transfer where the slower formation/removal allows for a more orderly
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oxide and therefore less porous layer to be formed.

This method was applied to 1.6[A106B]7 to see if it would improve its correlation with

mass transfer by removing some of the undesired curvature in the model output. The

results of these simulations can be found in Figure 5.14 where it can be observed

that it has modified the relationship with the mass transfer coefficient from the

original 1.14 to a power of 1.18 which is not an improvement on bringing it closer to

near-linear behavior but the opposite. Additionally, the oxide thickness relationship

changed from a power of -1.12 to -1.02 with this change due to the porosity changes

modifying the oxide thickness.

Figure 5.14: Variations in FAC rate and oxide thickness with mass transfer coefficient
varying porosity -20 to 20%

After seeing the results of the first porosity variation scheme the opposite was also

applied to see the results. The results of this flipped relationship are shown in Figure

5.15 which does give a power relationship of k1.10
m with the mass transfer coefficient.

This is the exact relationship that should be achieved with the outputs of model
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but there is little reasoning of why the porosity would decrease with increasing mass

transfer forces. Therefore, even though this variation in oxide porosity did improve

the fit it was not applied in the final version of the modeling. In future versions

of the FAC model when the relationship between the mass transfer coefficient and

oxide porosity is better known it may be applied but at present keeping it a constant

seems to make the most sense.

Figure 5.15: Variations in FAC rate and oxide thickness with mass transfer coefficient
varying porosity -20 to 20%

With the completion of simulating samples 1.6[A106B]7 and 2.4[A106B]7 the current

version of the model has been shown to be applicable to both STPT480 and A106B

samples in neutral conditions. The current model has shown to be somewhat accu-

rate in its predictions in terms of electrochemical potentials, correlation of corrosion

rate with the mass transfer coefficient, and oxide thicknesses but there is room for

improvements. However, to cover the operational ranges under which FAC occurs,

the model also had to be applicable to high pH samples and be able to correctly

predict FAC rates under those conditions.
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5.2.2 High pH Results

The STPT480 sample exposed to high pH conditions, 2.4[STPT480]9.2, has similar

conditions, shown here as Figure 5.6, to 2.4[STPT480]7, being made of the same

material, having the same flow rate, pipe diameter, and temperature but the key

difference is the pH level. This difference in pH levels brings along with it a differ-

ent dissolution rate constant and iron solubility meaning it has a significant effect

on corrosion rate. Additionally, as the morphology part of this study discovered,

the oxide exists as two separate phases and as such the oxide in the simulation is

considered a weighted average of the two in terms of diffusion properties. Ideally

when this average value is converted to the equivalent thickness of each phase using

that phase’s porosity the given thickness should match the thickness of each phase

observed on the surface. The oxide thicknesses on the surface of 2.4[STPT480]9.2

were measured to be between 44-98 nm for the ferrite phase and 0.61-3.67 µm for

the pearlite phase.

Table 5.6: Conditions for the simulation of 2.4[STPT480]9.2

System Conditions
Material STPT480 Exposure 71 Days
Temperature 140◦C Probe Diameter 2.4 mm
pH25◦C 9.2 Flow Velocity 600 cm/s
Pressure 150 psig Corrosion Rate 0.34 mm/a

After the model was tuned the porosity chosen for the pearlite phase was 0.17 which

is reasonable as this value is between the 0.15 and 0.19 measured in the FIB cut

on the surface of 2.4[STPT480]9.2. For the ferrite phase the porosity was assumed

to be 0.01 as there was no visible porosity exposed to the cut for the phase. With

Equation 5.2 this resulted in an average porosity of 0.06 based on the percentage

of the pearlite phase on the surface. With this porosity and a Ksp of 0.487 g∗Pa
cm3

the model correctly predicts the experimental corrosion rate of 0.34 mm/a with a
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predicted oxide thickness of 0.28 µm as can be observed in Figures 5.17 and 5.16

respectively.

Figure 5.16: Model output for 2.4[STPT480]9.2, predicted oxide thickness over time

When the average oxide thickness is converted into its equivalent thickness for each

phase it predicts ~50 nm of oxide thickness for the ferrite and ~0.8 µm for the pearlite

phase. Both of these predictions lay within the range of thicknesses measured for

each phase meaning that the average thickness is an accurate representation of the

two phases in terms of the diffusion properties. This shows that averaging properties

of each phase weighted on its percentage can be applied so the rate of FAC and

thickness of each oxide phase can be accurately predicted.

With the decreased solubility and dissolution rate constant at 9.2 pH conditions

when compared to neutral conditions it is expected that the balance of dissolution

and spalling removal rates will be affected as well. This is the case with the average

dissolution rate for this simulation being 5.83 ∗ 10−11 g
cm2s

which is several orders of

magnitude smaller than the dissolution rate of the STPT480 in neutral conditions

simulation. However, at a corrosion rate of 0.34 mm/a the oxide grows at a rate of

5.25∗10−9 g
cm2s

so therefore the dissolution rate alone would not be sufficient to thin

the oxide enough for the observed rate. The rest comes through the spalling removal
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with the model recording an average rate of 5.19 ∗ 10−9 g
cm2s

. This spalling removal

rate is over twice that observed in the STPT480 neutral pH simulation due to the

dissolution rate being much lower. Therefore in the high pH simulations it appears

that the spalling removes most of the oxide where in the neutral conditions this was

done by dissolution.

In order to get the quoted removal rate the model had an average spalling interval

of 2053 seconds and a predicted average particle diameter of ~21 nm. The interval

between spalling events is very short compared to the neutral pH simulations but

this is due to the small particle size predicted by the model. With the thin oxide

layers observed at 9.2 pH in the morphology study this is expected and a simulation

at 9.2 pH could expect to consist of many small spalling events compared to the few

but larger ones encountered in the neutral simulations.

Figure 5.17: Model output for 2.4[STPT480]9.2, predicted corrosion rates over time

When drawing a correlation between FAC rates and the mass transfer coefficient for

high pH conditions a wider range of power dependencies have been observed. In

Figure 5.2 the dependence for ammoniated conditions can be seen to vary between

k3.0
m and k7.6

m . The accuracy of these dependencies are tenuous at best due to the

scatter of the data. Another author has also noted a higher power dependencies
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in the range of k2.6−1.8
m [80]. The implications this has for the model is that there

is no exact power the model is supposed to trend with in high pH conditions but

in general the dependence should be higher than that of neutral conditions. This

appears to be the case when the simulation results for 2.4[STPT480]9.2 are plotted

with the FAC rates varying with k2.06
m , as seen in Figure 5.18. When the non-zero

fit was applied it was found that the power dependence was to be k4.77
m , shown in

Figure 5.19. This difference in dependencies may be due to the lower r-squared

value in Figure 5.18 when compared to other km correlations in this study. However,

both dependencies are in the range of previously encountered correlations from other

studies and demonstrate that the model behaves as expected in high pH conditions.

Figure 5.18: Variations in FAC rate and oxide thickness with mass transfer coefficient
from 2.4[STPT480]9.2 benchmark

For the A106B sample exposed to high pH conditions, 1.6[A106B]9.2, the same

procedure that was applied to the A106B probes in neutral was also applied. After

some trial and error the dissolution constant that was settled on was 0.001 cm/s

compared to the original value of 0.003 cm/s. The porosity of each phase was retained
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Figure 5.19: Non-zero lines of best fit for FAC rate vs mass transfer data from the
simulation of 2.4[STPT480]9.2

at 0.01 and 0.17 for oxide over ferrite and pearlite respectively but because there is

less pearlite coverage the porosity given by Equation 5.2 is now 0.04. Now with the

modified dissolution, the porosity, a spalling constant of 2.07 g∗Pa
cm3 , and the conditions

listed in Table 5.7 the simulation was run and achieved the experimental corrosion

rate of 0.14 mm/a as can be observed in Figure 5.20.

As for the oxide layer thickness, the range of thicknesses measured on the sample was

between 0.97-3.29 µm over the pearlite grains and 73-183 nm over the ferrite so the

model predictions should be within those ranges. The model predicted an average

of 0.66 µm of oxide thickness, as displayed in Figure 5.21. This value converts into
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Table 5.7: Conditions for the simulation of 1.6[A106B]9.2

System Conditions
Material A106B Exposure 26 Days
Temperature 140◦C Probe Diameter 1.6 mm
pH25◦C 9.2 Flow Velocity 704.5 cm/s
Pressure 700 psig Corrosion Rate 0.14 mm/a

equivalent oxide thicknesses of ~160 nm over the ferrite and 2.69 µm over the pearlite.

These values are both within the acceptable range and thus are reflective of the oxide

layer on the surface. This means the average oxide layer method has been applied

for both STPT480 and A106B samples in high pH conditions successfully.

Figure 5.20: Model output for 1.6[A106B]9.2, predicted corrosion rates over time

For the spalling behavior the model predicted an average spalling interval of ~2.4

hours and an average particle size of ~33 nm. This corresponds to a spalling removal

rate of 2.07 ∗ 10−9 g
cm2s

which is comparable to the removal rate of 2.4[STPT480]7’s

simulation of 1.76 ∗ 10−9 g
cm2s

but as with the other 9.2 pH simulation the spalling

consists of many smaller events instead of the fewer but larger events seen with

2.4[STPT480]7’s simulation. Additionally, the spalling makes up the majority of the

oxide removal as is the case with the other high pH simulation with the dissolution

removal rate being only 1.29 ∗ 10−10 g
cm2s

of the total oxide growth rate (2.2 ∗ 10−9
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g
cm2s

).

Figure 5.21: Model output for 1.6[A106B]9.2, predicted oxide thickness over time

As for variations of FAC rate with the mass transfer coefficient 1.6[A106B]9.2’s sim-

ulations produced a relationship with a power dependence of 1.96 when plotted,

as displayed in Figure 5.22. This is similar to the 2.06 produced by the STPT480

sample and in the expected range for power dependencies for high pH conditions.

When a non-zero fitting method (available as Figure C.3) was applied to this data

the dependence was found to be k2.54
m . This is less than the k4.77

m found in Figure

5.19 but may be attributed to the difference with the porosity and the dissolution

rate constant between the two simulations. It appears that the parameters required

for the higher corrosion rates of the STPT480 at the same level of mass transfer

coefficient compared to A106B causes the model output to have a higher power de-

pendence over the range of mass transfer coefficients. Since there are few data points

for A106B probes in high pH conditions it is hard to find something to compare the

predictive capabilities of the curve to but it does vary with mass transfer as expected

with high pH simulations.
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Figure 5.22: Variations in FAC rate and oxide thickness with mass transfer coefficient
from 1.6[A106B]9.2 benchmark
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Chapter 6

Conclusions

An extensive morphology study has been conducted on FAC probes gaining new

information on the oxide layer left behind by FAC. From this morphology study it

was discovered that the oxide layer can vary greatly depending on the conditions it

was formed under. In neutral conditions the oxide layer covered the probe’s surface

while being more porous and thicker than previously assumed. Under high pH

conditions it was found that two types of oxide covered the probes surface depending

on the metal’s grain it grew upon. On the ferrite grains a compact oxide layer with

little visible porosity covers the surface and on the pearlite grains a more porous but

thicker oxide is found. This microstructure effect may also apply to the neutral pH

conditions but is obscured by the thicker covering of oxide. More investigation into

the effect of microstructure on FAC may clarify this relationship and provide new

methods of controlling FAC.

Additionally, as a whole the high pH samples had a much thinner oxide layer when

compared to the samples from neutral conditions. This is an interesting finding as

it was previously assumed that in high pH conditions the oxide would be thicker
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than those in neutral conditions due to less dissolution but this appears not to be

the case. This may be due to the difference in morphology noticed between the

two conditions. Perhaps in high pH conditions the lower corrosion/dissolution rates

allow the formation of the more compact and less porous oxide layer through slower

growth.

Through several sightings and using backscattered electron images more information

on the previously observed "coral oxide" has been obtained. Based on the facts that

according to the BSE images indicating composition closer to the base metal than

the oxide layer and couple this with the intralaminar spacing between the plates

being within the range expected for lamella in pearlite grains supports the theory

that "coral oxide" is related to carbides in some manner. Whether this means that

the carbides themselves remain undissolved on the surface or if the carbides form an

oxide that is more enriched in chromium remains to be determined. In either case

the structure of the "coral oxide" seems to be derived from the carbides present in a

pearlite grain.

The last conclusion from the morphology study was some insight on how FFAs

interact with the oxide layer during FAC. Based on the findings of the study, when

an FFA is added to the coolant during an FAC situation it will incorporate itself

into the oxide layer filling in the open porosity and adhering to the surrounding

oxide. The oxide layer is then preserved in its current state by reducing the rate

of removal. This was shown when the oxide layer on our sample retained an oxide

morphology consistent with those found under neutral pH conditions even when the

pH was raised as part of the experiment.

Based on the information gained by the morphology, the FAC-rate-predicting model

was updated to better reflect what was observed experimentally. One of the major
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changes to the model was the adjustments to the parameters responsible for predict-

ing oxide thickness such as the porosity. This was done to reconcile the difference

between the oxide thicknesses measured in the study and those predicted by older

versions of the model. This involved increasing the thickness of the layer for neutral

conditions simulations and decreasing the thickness for ammoniated conditions. Af-

ter the adjustments were completed the model was available to adequately predict

the oxide thickness in most of the simulated probes. This includes the prediction

of each type of oxide in high pH simulations with decent accuracy by applying an

average oxide property method. However, there were some issues with the accu-

rate prediction of oxide thicknesses grown on A106B in neutral conditions as the

structure of the oxide varied between samples with some showing a more distinct

microstructure effect than other neutral pH samples. This led to a range of oxide

thicknesses across the surface that is not represented well by the estimate provided

by the model. Therefore, the quantification of this microstructural effect would be

valuable for future models by improving the accuracy of their predictions.

The effects of the electrochemical reactions involved in FAC were accounted for in

the current model and were shown to accurately predict the potentials as well. In

experiments previously the ECP of FAC has been measured at -0.65 V vs. SHE

at 140◦C neutral conditions and the model predicts a value of -0.61 V vs. SHE at

the same conditions. This means the model’s electrochemical equations at the M-

O interface predict the correct potential. Predicting accurate values of potential is

important since the model uses them for parameter adjustments.

After the successful application of the current FAC model to A106B and STPT480

samples in neutral and ammoniated conditions and successfully predicting oxide

thickness, FAC rate, and the corrosion potential the model can be considered ade-

quately accurate in this band of conditions. The model FAC rate outputs also vary
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with changes in the mass transfer coefficient similar to that observed in experiments

with the neutral simulations varying close to k1.1
m and the higher pH conditions having

a greater power for their fit, with k2.06
m for A106B and k1.96

m for STPT480. Therefore

with these points of accuracy the current modifications to the model could be said

to better reflect the actual mechanisms of Flow-Accelerated Corrosion. There is still

some room for improvements in the predictions of FAC rates at mass transfer coef-

ficients other than the points used for benchmarking in this study.This means that

this iteration of the model could be considered a step in the right direction rather

than a complete mechanistic description of FAC.
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Chapter 7

Recommendations

Though this study has revealed more about FAC and the morphology of the oxide

layer than previously known there is still much to learn. Therefore further study

is required in order to construct a more complete picture of FAC. A morphology

study like that conducted in this research of more samples from different conditions

would help to understand further the changes in morphology brought on by changes

in system conditions. For example, a further study could examine several A106B

probes with all the parameters the same except for changes in flow velocity. The

morphology information gained from such a study could provide some insight into

the FAC rate and mass transfer coefficient relationship or how the porosity changes

with flow.

In addition to the measurement of oxide porosity through the use of SEM imaging

and FIB-viewing slot, another technique that could be utilized in future studies is

mercury intrusion porosimetry. It was not utilized in this study due to the small half-

sections of pipe (~1 cm) sent away not having enough estimated pore volume to have

a detectable measurement (0.1 µL minimum). This could be remedied in a future
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study by sending longer or multiple sections of pipe at once so that there is sufficient

pore volume present to be accurately measured. This could be be achieved with 2

cm of half-sections of sample 2.4[STPT480]7, the most porous sample in this study.

If mercury intrusion porosimetery were applied then not only would the porosity of

the whole oxide layer be measured instead on the localized area measured by the

techniques used in this study but it would also estimate the pore sizes. With this

information available it may be possible to improve the model even further.

Another avenue of scientific inquiry that could be done is an investigation into the

interaction between iron carbide and the corrosion enviroment. In the morphology

study several occurrences of a "coral oxide" were observed in the oxide layer. These

formations consisted of parallel plates of oxide similar to the structure of carbide

lamellae found in a pearlite grain. Since there is a similarity of the structures and

BSE images revealed that the coral oxide structure consists of a higher ratio of

heavier elements than the surrounding oxide material it is possible that the coral

oxide is either comprised of iron carbide or is an oxide related to it. Therefore

further testing should be performed on iron carbides. The reasoning being that

carbides are either being retained on the surface with the oxide or they convert into

an oxide more resistant to dissolution with a higher ratio of heavier elements than

what is in magnetite. In either case the structure from the original pearlite grain is

retained in form of the coral oxide structure. By clarifying the role of carbides in

FAC and confirming the identity of the coral oxide a more complete picture could

be made.

128



Bibliography

[1] Lawrence M. Anovitz and David R. Cole. Characterization and Analysis

of Porosity and Pore Structures. Reviews in Mineralogy and Geochemistry,

80(1):61–164, 2015.

[2] McSwiggen & Associates. Tech Note: WDS vs EDS. Website, November 2005.

[3] World Steel Association. World Steel in Figures 2017. Online article, July 2017.

Accessed: 2019-07-10.

[4] P. V. Balakrishnan. A Radiochemical Technique for the Study of Dissolution

of Corrosion Products in High-Temperature Water. The Canadian Journal of

Chemical Engineering, 55(3):357–360, jun 1977.

[5] W. R. Bandi. Second Phases in Steel. Science, 196(4286):136–142, apr 1977.

[6] P. Berge, J. Decreux, and P. Saint Paul. Effects of Chemistry on Corrosion-

Erosion of Steels in Water and Wet Steam. In Water Chemistry of Nuclear

Reactor Systems 2, pages 19–23, London, 1981. British Nuclear Energy Society.

[7] P. H. Berge, C. Ribon, and P. Saint Paul. Effect of Hydrogen on the Corrosion

of Steels in High Temperature Water. CORROSION, 33(5):173–178, may 1977.

129



[8] F. P. Berger and K. F. Hau. Mass Transfer in Turbulent Pipe Flow Measured

By The Electrochemical Method. Int. J. Heat Mass Transfer., 20:1185–1194,

1977.

[9] Iva Betova, Martin Bojinov, and Timo Saario. Film-Forming Amines in

Steam/Water Cycles -Structures, Properties, and Influence on Corrosion and

Deposition Processes. Technical report, VTT Technical Research Centre of Fin-

land, 2014.

[10] G. J. Bignold, K. Garbett, R. Garnsey, and I. S. Woolsey. Erosion-Corrosion in

Nuclear Steam Generators. In International Conference on Water Chemistry of

Nuclear Reactor Systems 2, pages 5–18, London, 1981. British Nuclear Energy

society.

[11] Lee Blaney. Magnetite (Fe3O4): Properties, Synthesis, and Applications. The

Lehigh Review, 15(5), 2007.

[12] John O’M. Bockris and Amulya K. N. Reddy. Modern Electrochemistry. Springer

US, 1970.

[13] G. Bohnsack. The Solubility of Magnetite in Water and in Aqueous Solutions

of Acid and Alkali. Vulkan-Verlag, 1987.

[14] Mike Briggs. Experimental Investigation and Modelling of Iron Concentration

and Mass Transfer Effects on Flow Accelerated Corrosion. PhD thesis, The

University of New Brunswick, 2016.

[15] William D. Callister and David G. Rethwisch. Materials Science and Engineer-

ing: An Introduction. John Wiley and Sons, 2009. 8th ed.

[16] F. C. Campbell. Elements of Metallurgy and Engineering Alloys. ASM Inter-

national, Materials Park, Ohio, 2008.

130



[17] J. E. Castle and H. G. Masterson. The Role of Diffusion in the Oxidation of

Mild Steel in High Temperature Aqueous Solutions. Corrosion Science, 6(3-

4):93–104, jan 1966.

[18] W. G. Cook. Experiments and Models of General Corrosion and Flow-Assisted

Corrosion of Materials in Nuclear Reactor Environments. PhD thesis, The

University of New Brunswick, 2005.

[19] B. Craig. Hydrogen Damage. In Corrosion: Fundamentals, Testing, and Pro-

tection, pages 367–380. ASM International, 2003.

[20] L. D. de Pierrefeu. The Dissolution Behaviour of Magnetite Electrodes in High-

Temperature Water. Master’s thesis, University of New Brunswick, 2009.

[21] R. B. Dooley. Flow-Accelerated Corrosion in Fossil and Combined Cycle/HRSG

Plants. Power Plant Chemistry, 10(2):68–89, 2008.

[22] R. B. Dooley and V. K. Chexal. Flow-Accelerated Corrosion of Pressure Vessels

in Fossil Plants. International Journal of Pressure Vessels and Piping, 77(2-

3):85–90, feb 2000.

[23] EPRI. Results of an Experimental Program Conducted in Electricite de France’s

CIROCO Loop. Technical report, EPRI, Palo Alto, CA, 2006.

[24] EPRI. Guidelines for Control of Flow-Accelerated Corrosion in Fossil and Com-

bined Cycle Plants. Technical report, EPRI, Palo Alto, CA, 2017.

[25] K. Garbett, G.J. Bignold, and I.S. Woolsey. Mechanistic aspects of the tempera-

ture dependence of erosion-corrosion. In Meeting on Erosion-Corrosion of Steels

in High-Temperature Water and Wet Steam, Les Renardieres, France, 1982.

[26] Christie John Geankoplis. Transport Processes and Separation Process Princi-

ples. Prentice Hall, Upper Saddle River, 4th edition, 2011.

131



[27] Xuehui Hao, Junhua Dong, Ini-Ibehe Nabuk Etim, Jie Wei, and Wei Ke. Sus-

tained Effect of Remaining Cementite on the Corrosion Behavior of Ferrite-

Pearlite Steel under the Simulated Bottom Plate Environment of Cargo Oil

Tank. Corrosion Science, 110:296–304, sep 2016.

[28] Hitachi High-Technologies. Scanning Electron Microscope SU3500 : Hitachi

High-Technologies in Europe. Online Article, June 2019. Acessed: 2019-06-24.

[29] M. Jack, S. Weerakul, and D. H. Lister. The Iteraction of a Film-Forming Amine

with Surfaces of a Recirculating Experimental Water Loop. In International

Conference on Heat Exchanger Fouling and Cleaning XI - 2015, 2015.

[30] J. M. C. Johari. Modelling Corrosion for Corrosion-Product Transport in

CANDU Reactors and PWRs. Master’s thesis, The University of New

Brunswick, 1996.

[31] James W. Johnson, Eric H. Oelkers, and Harold C. Helgeson. SUPCRT92: A

Software Package for Calculating the Standard Molal Thermodynamic Proper-

ties of Minerals, Gases, Aqueous Species, and Reactions from 1 to 5000 Bar and

0 to 1000◦C. Computers & Geosciences, 18(7):899–947, aug 1992.

[32] G. A. Kanert, G. W. Gray, and W. G. Baldwin. Solubility of Magnetite in Basic

Solutions at Elevated Temperatures. Aecl report, Whiteshell Nuclear Research

Establishment, 1976.

[33] M. Khatibi. Parameters Influencing Flow-Accelerated Corrosion in The Sec-

ondary Side of Nuclear Power Plants. PhD thesis, The University of New

Brunswick, 2010.

[34] D. J. Kim, K. M. Kim, J. H. Shin, Y. M. Cheong, E. H. Lee, G. G. Lee, S. W.

Kim, H. P. Kim, M. J. Choi, Y. S. Lim, and S. S. Hwang. Oxidation Behavior

132



of Steel With Cr Content and Water Flow Rate. Archives of Metallurgy and

Materials, 62(2):1383–1387, jun 2017.

[35] Jordi Labs. Email Inquiry into Mercury Intrusion Porosimetery. Private Com-

munication, November 2018.

[36] L. C. Lang. Modelling the Corrosion of Carbon Steel Feeder Pipes in CANDU

Reactors. Master’s thesis, University of New Brunswick, 2000.

[37] Allan Leal. Thermodynamic Databases -Reaktoro Documentation. Online Doc-

umentation, May 2019. Accessed: 2019-02-13.

[38] R. J. Lemire, U. Berner, C. Musikas, D. A. Palmer, P. Taylor, and Tochiyama.

Chemical Themrodynamics of Iron. OECD, 2013.

[39] D. H. Lister. Mass Transfer in the Contamination of Isothermal Steel Surfaces.

Nuclear Science and Engineering, 61(1):107–112, sep 1976.

[40] D. H. Lister. Activity Transport and Corrosion Processes in PWRs. Nuclear

Science Engineering, 3(2):103–114, 1993.

[41] D. H. Lister and W. G. Cook. UN808: Reactor Chemistry and Corrosion.

Lecture series offered by Canadian Nuclear Society, June 2018.

[42] D. H. Lister, W. G. Cook, A. Feicht, K. Fujiwara, E. Kadoi, M. Khatibi, L. Liu,

T. Ohira, H. Takiguchi, and S. Uchida. A Laboratory Study of Flow-Accelerated

Corrosion in Feedwater Systems. In 16th Pacific Basin Nuclear Conference,

2008.

[43] D. H. Lister and L. Lang. A Mechanistic Model for Predicting Flow-Assisted

and General Corrosion of Carbon Steel in Reactor Primary Coolants. In In-

ternational conference on water chemistry in nuclear reactors systems, Avignon

(France), 2002.

133



[44] Derek Lister and Shunsuke Uchida. Determining water chemistry conditions in

nuclear reactor coolants. Journal of Nuclear Science and Technology, 52(4):451–

466, 2015.

[45] Derek H. Lister and Shunsuke Uchida. Reflections on FAC Mechanisms. Pow-

erPlant Chemistry, 12(10):590–597, 2010.

[46] Lihui Liu. A106B and STPT Microstructures Nitral Etch Results 09-21-2018.

Internal Document, September 2018.

[47] Alex Martin. Acoustic Emissions and Response for Dectection and Monitoring

of Flow-Accelerated Corrosion. mathesis, The University of New Brunswick,

February 2016.

[48] AZO Materials. How to Mix Backscattered and Secondary Electron Images.

Online Article, July 2019. Accessed: 2019-02-5.

[49] T. Matsoukas. Fundamentals of Chemical Engineering Thermodynamics. Pren-

tice Hall, 2013.

[50] K. McKeen, M. Lalonde, A. Scott, and J. Ross. Hydrogen Effusion Probe

Development and Installation at the Point Lepreau Generating Station. In 28th

Annual conference of the Canadian Nuclear Society, Saint John, New Brunswick,

Canada, 2007.

[51] Arthur Miller. Distribution of Cations in Spinels. Journal of Applied Physics,

30(4):S24–S25, April 1959.

[52] K. M. Moghaddam. The Dissolution Rate Constant of Magnetite in Water and

pH Conditions. PhD thesis, The University of New Brunswick, 2014.

[53] Eric H. Oelkers, Harold C. Helgeson, Everett L. Shock, Dimitri A. Sverjen-

sky, James W. Johnson, and Vitalli A. Pokrovskii. Summary of the Apparent

134



Standard Partial Molal Gibbs Free Energies of Formation of Aqueous Species,

Minerals, and Gases at Pressures 1 to 5000 Bars and Temperatures 25 to 1000◦C.

Journal of Physical and Chemical Reference Data, 24(4):1401–1560, jul 1995.

[54] O. Y. Palazhchenko. A Comprehensive CANDU-6 Model: Primary Side Trans-

port of Dissolved and Particulate Radioactive Species. PhD thesis, The Univer-

sity of New Brunswick, 2017.

[55] P. Phromwong. Experimental and Modelling Study of Flow and Material Effects

on Steel Corrosion under Typical Power Plant Coolant Conditions. PhD thesis,

The University of New Brunswick, 2013.

[56] Nikola K. Popov. The Essential CANDU, chapter Chapter 6 Themalhydraulic

Design, pages 265–537. UNENE, 2017.

[57] E. C. Potter and G. W. M. Mann. Oxidation of Mild Steel in High Temperature

Aqueous Systems. In 1st Int. Congress on Metallic Corrosion, pages 417–426,

1963.

[58] Philip L. Reiss and Thomas J. Hanratty. An Experimental Study of the Un-

steady Nature of the Viscous Sublayer. AIChE Journal, 9(2):154–160, mar 1963.

[59] Pierre R. Roberge. Handbook of Corrosion Engineering. McGraw-Hill Education

- Europe, second edition, 2012.

[60] J. Robertson. The Mechanism of High Temperature Aqueous Corrosion of Steel.

Corrosion Science, 29(11-12):1275–1291, jan 1989.

[61] L. E. Sanchez-Caldera, P. Griffith, and E. Rabinowicz. The Mechanism of

Corrosion–Erosion in Steam Extraction Lines of Power Stations. Journal of

Engineering for Gas Turbines and Power, 110(2):180, 1988.

135



[62] Donald T. Sawyer, Andrzej Sobkowiak, and Julian L. Roberts Jr. Electrochem-

istry for Chemists. Wiley, 2nd ed edition, 1995.

[63] Everett L. Shock and Harold C. Helgeson. Calculation of the Thermodynamic

and Transport Properties of Aqueous Species at High Pressures and Tempera-

tures: Correlation Algorithms for Ionic Species and Equation of State Predic-

tions to 5 kBar and 1000◦C. Geochimica et Cosmochimica Acta, 52(8):2009–

2036, aug 1988.

[64] C. R. Stuart, W. G. Cook, and E. C. Gardner. Primary Heat Transport System

Return To Service Following The Refurbishment Outage At The Point Lepreau

Generating Station. In Nuclear Plant Chemistry Conference, Sapporo, Japan,

2014.

[65] F. H. Sweeton and C. F. Baes. The Solubility of Magnetite and Hydrolysis of

Ferrous Ion in Aqueous Solutions at Elevated Temperatures. The Journal of

Chemical Thermodynamics, 2(4):479–500, jul 1970.

[66] A. V. Syugaev, N. V. Lyalina, S. F. Lomaeva, and S. M. Reshetnikov. Cathodic

Evolution of Hydrogen on Carbides of Iron-Family Metals. Protection of Metals

and Physical Chemistry of Surfaces, 48(5):515–519, sep 2012.

[67] R. L. Tapping. Materials Performance in CANDU Reactors: The First 30 Years

and the Prognosis for Life Extension and New Designs. Journal of Nuclear

Materials, 383(1-2):1–8, dec 2008.

[68] CANDU 6 Program Team. CANDU 6 Technical Summary. Technical report,

Reactor Development Business Unit, 2005.

[69] UNBWeb Development Team. JEOL 6400 SEM - Microscopy and Microanalysis

Facility. Webpage, June 2017. Accessed: 2019-08-24.

136



[70] L. Tomlinson. Mechanism of Corrosion of Carbon and Low Alloy Ferritic Steels

by High Temperature Water. CORROSION, 37(10):591–596, oct 1981.

[71] Peter R. Tremaine and Jacques C. LeBlanc. The Solubility of Magnetite and

the Hydrolysis and Oxidation of Fe2+ in Water to 300◦C. Journal of Solution

Chemistry, 9(6):415–442, jun 1980.

[72] M. Umemoto, Z. G. Liu, K. Masuyama, and K. Tsuchiya. Influence of Alloy

Additions on Production and Properties of Bulk Cementite. Scripta Materialia,

45(4):391–397, aug 2001.

[73] M. Umemoto, Z. G. Liu, H. Takaoka, M. Sawakami, K. Tsuchiya, and K. Ma-

suyama. Production of Bulk Cementite and its Characterization. Metallurgical

and Materials Transactions A, 32(8):2127–2131, aug 2001.

[74] John D. Verhoeven. Steel Metallurgy for the Non-Metallurgist. ASM Interna-

tional, 2007.

[75] D. A. Vermilyea. The Dissolution of Ionic Compounds in Aqueous Media. Jour-

nal of Corrosion Society, 113(10):1067–1070, October 1966.

[76] S. Weerakul. The Effects of Film-forming Amines on Flow-Accelerated Corro-

sion. PhD thesis, University of New Brunswick, 2018.

[77] S. Weerakul. Kurita Gmbh Contract Experiment. Private communication, 2018.

[78] Surface Science Western. Methodolgy of Testing. Private communication, May

2018.

[79] I. Woolsey. Erosion-Corrosion in PWR Secondary Circuits. Technical Report

Report TPRD/L/3114/R87, Central Electrcity Generating Board, Berkeley Nu-

clear Laboratories, Berkeley, UK, 1987.

137



[80] I. S. Woolsey, G. J. Bicnold, C. H. De Whalley, and K. Garbett. The Influence of

Oxygen and Hydrazine on the Erosion-Corrosion Behaviour and Electrochem-

ical Potentials of Carbon Steel under Boiler Feedwater Conditions. In WA-

TER CHEMISTRY OF NUCLEAR REACTOR SYSTEMS 4, pages 377–346.

Thomas Telford Publishing, jan 1986.

[81] S. E. Ziemniak, M. E. Jones, and K. E. S. Combs. Magnetite Solubility and

Phase Stability in Alkaline Media at Elevated Temperatures. Technical report,

Knolls Atomic Power Lab., may 1994.

138



Appendix A

Sample Code

Provided here is the Python code used in this study. It has been provided for those

who wish to continue the work. For the purpose of understanding the structure of

the code comments have been provided. Note that anything that follows a pound

symbol is a comment and has no effect on the function of the code. Another form of

commenting included is the use of three double quotes in a row (E.g.""") and after

the first set of double quotes everything after that is a comment until another set is

encountered. However, this is used only in titles of sections and to exclude printing

functions at the end unless one or more of them is needed.

" " "

Created on Thu Sep 12 09 :32 :44 2019

Fina l v e r s i on o f the FAC model to be submi t ted wi th t h e s i s . Numerical va l u e s l e f t

in the code are f o r the Japan2ASAMK simu la t i on but the major i ty are cons tant

at the 140C cond i t i on s .

@author : Cale MacLennan

" " "

from math import log , exp , pi , log10
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from s c ipy . s t a t s import halfnorm

import numpy as np

import matp lo t l i b . pyplot as p l t

from tqdm import tqdm

def fac_rate ( SuperSat , Fe_MO, kd , Geo_Factor , OB_Solub , km, Bulk_iron ,

Ox_porosity , Ox_tort , Ox_rho , Ox_Diff , Ox_thick ) :

#This func t i on i s the o v e r a l l r a t e equat ion f o r the FAC model and prov ide s

#the corros ion ra t e at the g iven time in the s imu la t i on . The equat ion i s

#s p l i t i n t o the numerator and denominator f o r r e a d a b i l i t y

rate_num = ( SuperSat ∗ Fe_MO − ( ( kd ∗ Geo_Factor

∗ SuperSat ∗ OB_Solub + (km ∗ Bulk_iron ) ) / ( kd ∗ Geo_Factor

+ km) ) )

rate_denom = (0 .476 ∗ (1 . 101 + Ox_porosity ) ∗ ( ( ( Ox_thick ∗ Ox_tort )

/ (Ox_rho ∗ (1 − Ox_porosity ) ∗ Ox_porosity ∗ Ox_Diff ) )

+ (1 / (kd ∗ Geo_Factor + km) ) ) )

ra t e = rate_num / rate_denom

return r a t e

def spa l l ing_t ime ( ksp , part i c l e_diameter , tau , SuperSat , kd , Geo_Factor ,

OB_Solub , Fe_OB, Ox_porosity ) :

#Function t h a t c a l c u l a t e s the s p a l l i n g time o f the s e l e c t e d ox ide p a r t i c l e

time = ( ( ksp ∗ ( par t i c l e_d iamete r ) ) / ( tau ∗ kd ∗ Geo_Factor ∗ Ox_porosity

∗ ( SuperSat ∗ OB_Solub − Fe_OB) ) )

return time

def pH_Mo (T, pH, EMO, ESO) :

#C a l c u l a t e s the pH at the Metal−Oxide l a y e r

CH_SO = 10∗∗(−pH)

CH_MO = CH_SO ∗ (1 − ( ( Faradays /(8 .3145 ∗ T) )∗ (EMO − ESO) ) )

pHMO = −l og10 (CH_MO)

return pHMO
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def Iron_Conc (K_FeOH, K_FeOH2, K_FeOH3, y1 , y2 , H_conc , Fe_total_conc ) :

#Using Tremaine and Leblanc h y d r o l y s i s cons tan t s to determine the

#d i s t r i b u t i o n o f i ron s u b s p e c i e s

Fe = ( ( Fe_total_conc )/(1 + ( ( y2 ∗ K_FeOH)/( y1 ∗ H_conc ) ) +

( ( y2 ∗ K_FeOH2)/ ( ( y1 ∗ H_conc )∗∗2) ) +

( ( y2 ∗ K_FeOH3)/ ( ( y1 ∗ H_conc ) ∗ ∗ 3 ) ) ) )

FeOH2_conc = (K_FeOH2 ∗ Fe ∗ y2 ) / ( ( y1 ∗∗2) ∗ (H_conc∗∗2))

return Fe , FeOH2_conc

def DebyeHuckel (T, pH, CMO_Fe_mass, COB_Fe_mass , pHMO) :

#C a l c u l a t e s the a c t i v i t y c o e f f i c e n t s us ing the Debeye−Huckel l i m i t i n g law

#doing so by c a l c u l a t i n g iron s p e c i e s concen t ra t i ons us ing Tremaine and

#Leblanc h y d r o l s i s cons tan t s

A =(0.5027 − 9.208∗10∗∗(−4) ∗ T + 3.315 ∗ 10∗∗(−5) ∗ T∗∗2 −1.709 ∗ 10∗∗(−7)

∗ T∗∗3 + 3.29 ∗ 10∗∗(−10) ∗ T∗∗4)

K_FeOH = 10∗∗−(17.098 − 3 .0291 ∗ 10∗∗(−2) ∗ T + 2.1429 ∗ 10∗∗(−5) ∗ T∗∗2)

K_FeOH2 = 10∗∗−(37.930 − 7 .5683 ∗ 10∗∗(−2) ∗ T + 5.3429 ∗ 10∗∗(−5) ∗ T∗∗2)

K_FeOH3 = 10∗∗−(58.295 − 0.11009 ∗ T + 7.8 ∗ 10∗∗(−5) ∗ T∗∗2)

CMO_Fe = CMO_Fe_mass ∗ 17 .907

COB_Fe = COB_Fe_mass ∗ 17 .907

H_conc_OB = 10∗∗(−pH)

OH_conc_OB = 10∗∗−(14−pH)

NH4_conc_OB = OH_conc_OB

I_OB = 0.5 ∗ (2∗∗2 ∗ COB_Fe + H_conc_OB + OH_conc_OB + NH4_conc_OB)

y1_OB = 10∗∗((−A ∗ 2 ∗ I_OB∗∗0 . 5 ) / (1 + 1 .5 ∗ I_OB∗∗0 . 5 ) )

y2_OB = 10∗∗((−A ∗ 1 ∗ I_OB∗∗0 . 5 ) / (1 + 1 .5 ∗ I_OB∗∗0 . 5 ) )

Fe_OB, FeOH2_OB = Iron_Conc (K_FeOH, K_FeOH2, K_FeOH3, y1_OB, y2_OB,

H_conc_OB, COB_Fe)

H_conc_MO = 10∗∗(−pHMO)

OH_conc_MO = 10∗∗−(14−pH)
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NH4_conc_MO = OH_conc_MO

I_MO = 0.5 ∗ (2∗∗2 ∗ CMO_Fe + H_conc_MO + OH_conc_MO + NH4_conc_MO)

y1_MO = 10∗∗((−A ∗ 2 ∗ I_MO∗∗0 . 5 ) / (1 + 1 .5 ∗ I_MO∗∗0 . 5 ) )

y2_MO = 10∗∗((−A ∗ 1 ∗ I_MO∗∗0 . 5 ) / (1 + 1 .5 ∗ I_MO∗∗0 . 5 ) )

Fe_MO, FeOH2_MO = Iron_Conc (K_FeOH, K_FeOH2, K_FeOH3, y1_MO, y2_MO,

H_conc_MO, CMO_Fe)

act_Fe = Fe_MO ∗ y1_MO

act_FeOH2 = FeOH2_OB

return act_Fe , act_FeOH2 , Fe_MO, Fe_OB

def ECP_dissolution (T, pH, AE_disso , E_diss , Iron_OB , act_FeOH2 ) :

#C a l c u l a t e s the p o t e n t i a l o f the d i s s o l u t i o n r eac t i on and

#the curren t d e n s i t y

Iron_OB_cm3 = Iron_OB / 1000

ECP_diss = ( E_diss − ( ( 1 . 9 8 ∗ 10∗∗(−4)) ∗ T ∗ (pH + log10 (act_FeOH2 ) ) ) )

i o_d i s s = ( ( 2 . 0 1 ∗ 10∗∗ (15) ) ∗ T ∗ ( exp ((−0.12 ∗ AE_disso ) / T)

∗ Iron_OB_cm3 ∗ exp ((−5802.23 ∗ ECP_diss ) / T) ) )

return ECP_diss , i o_d i s s

def ECP_corrosion (T, pH, AE_corr , E_corr , Iron_MO, act_Fe ) :

#C a l c u l a t e s the p o t e n t i a l o f the corros ion reac t i on and the curren t d e n s i t y

Iron_MO_cm3 = Iron_MO / 1000

ECP_corr = (E_corr + 9.923 ∗ 10∗∗(−5) ∗ T ∗ l og10 ( act_Fe ) )

io_corr = ( ( 2 . 0 1 ∗ 10∗∗ (15) ) ∗ T ∗ ( exp ((−0.12 ∗ AE_corr ) / T)

∗ Iron_MO_cm3 ∗ exp ( (11604 .31 ∗ ECP_corr ) / T) ) )

return ECP_corr , io_corr

def H2_diff (T) :

#Simple func t i on used to c a l c u l a t e the d i f f u s i v i t y

H2_Diff = (2 . 22 ∗ 10∗∗(−5)) ∗ T ∗ exp ((−12400) / (8 . 314 ∗ T))

return H2_Diff

def pressure_hydrogen (Bulk_H2 , FACrate , Ox_porosity , H2_Diff , km, Ox_thick ,
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Ox_tort , Ox_rho , km_H2, T ) :

#This func t i on i s used to c a l c u l a t e the p a r t i a l p re s sure o f hydrogen at

#each i n t e r f a c e . These are then used to c a l c u l a t e the r a t i o o f hydrogen at

#the metal ox ide l a y e r and t h a t in the bu l k

Conc_H2_SO = (Bulk_H2 +(((5 .659 ∗ 10∗∗(−3)) ∗ FACrate ∗ ( 7 . 32 − Ox_phi ) )

/ km_H2) )

Conc_H2_MO = (Conc_H2_SO +((( (5 .659 ∗ 10∗∗(−3)) ∗ FACrate ∗ ( 7 . 32

− Ox_phi ) ) ∗ ( ( Ox_thick ∗ Ox_tort ) / (Ox_rho ∗ (1 − Ox_phi ) ) ) )

/ (H2_Diff ∗ Ox_phi ) ) )

#Mass ba lances f o r s o l v i n g the concen t ra t ion o f Hydrogen at each l a y e r .

Henry_H2 = ( ( ( 7 . 9 0335 ∗ 10∗∗(−4)) ∗ exp (500/8 .3145 ∗ ( (1 / T) − (1

/ 2 9 8 . 1 5 ) ) ) ) )

#C a l c u l a t i n g Henry ’ s law cons tant

Conc_H2_MOm = Conc_H2_MO ∗ 495 .05 #conver t ing g/cm^3 to mol/ l

Conc_H2_SOm = Conc_H2_SO ∗ 495 .05

Conc_H2_bulk = Bulk_H2 ∗ 495 .05

PH2_MO = Conc_H2_MOm ∗ Henry_H2

PH2_SO = Conc_H2_SOm ∗ Henry_H2

PH2_bulk = Conc_H2_bulk ∗ Henry_H2

pH2MOarr . append (PH2_MO)

pH2OBarr . append (PH2_SO)

return PH2_MO, PH2_SO, PH2_bulk

def ECP_hydrogen_cathode (PH2, pH, T, E_hydrogen , AE_Hydrogen ) :

#C a l c u l a t e s the p o t e n t i a l o f the hydrogen e v o l u t i o n r eac t i on and the

#current d e n s i t y when i t a c t s as the ca thod i c r eac t i on at the Metal−Oxide

#i n t e r f a c e .

EH = (E_hydrogen + ((−1.98 ∗ 10∗∗(−4)) ∗ T ∗ pH) − ( ( 4 . 3 1 ∗ 10∗∗(−5)) ∗ T

∗ l og10 (PH2) ) )

Conc_Hi = (10∗∗(−pH) ) / 1000

io_H2 = ( ( 2 . 0 1 ∗ 10∗∗ (15) ) ∗ T ∗ ( exp ((−0.12 ∗ AE_Hydrogen) / T)
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∗ Conc_Hi ∗ exp ((−11604.31 ∗ EH) / T) ) )

return EH, io_H2

def ECP_hydrogen_anode (PH2, pH, T, E_hydrogen , AE_Hydrogen ) :

#C a l c u l a t e s the p o t e n t i a l o f the hydrogen consumption reac t i on and the

#current d e n s i t y when i t a c t s as the anodic r eac t i on at the Metal−Oxide

#i n t e r f a c e .

EH = (E_hydrogen + ((−1.98 ∗ 10∗∗(−4)) ∗ T ∗ pH) − ( ( 4 . 3 1 ∗ 10∗∗(−5)) ∗ T

∗ l og10 (PH2) ) )

Henry_H2 = ( ( ( 7 . 9 0335 ∗ 10∗∗(−4)) ∗ exp (500/8 .3145 ∗ ( (1 / T) − (1

/ 2 9 8 . 1 5 ) ) ) ) )

Conc_H2 = (PH2 / Henry_H2) / 1000

io_H2 = ( ( 2 . 0 1 ∗ 10∗∗ (15) ) ∗ T ∗ ( exp ((−0.12 ∗ AE_Hydrogen) / T)

∗ Conc_H2 ∗ exp ( (11604 .31 ∗ EH) / T) ) )

return EH, io_H2

def mixed_potentia l ( ECP_anode , ECP_cathode , io_anode , io_cathode , T) :

#C a l c u l a t e s the mixed p o t e n t i a l g i ven the p o t e n t i a l and curren t d e n s i t y o f

#the anodic and ca thod i c r e a c t i o n s .

mixed_ECP = ( ( 4 . 3 1 ∗ 10∗∗−5) ∗ T ∗ l og ( ( ( io_cathode∗ exp ( (11604 .31

∗ ECP_cathode ) / T) ) + ( io_anode ∗ exp ( (11604 .31 ∗ ECP_anode) / T) ) )

/ ( ( io_cathode ∗ exp ((−11604.31 ∗ ECP_cathode ) / T) ) + ( io_anode

∗ exp ( ( −11604.31 ∗ ECP_anode) / T) ) ) ) )

return mixed_ECP

def d i s so_ratecons tant (Symmetry , ECP_mixed_OB, ECP_diss , T, kd ) :

#Adjus ts the d i s s o l u t i o n ra t e cons tant based on the d i f f e r e n c e between the

#p o t e n t i a l o f the d i s s o l u t i o n reac t i on and the l o c a l p o t e n t i a l .

kd_new= kd ∗ exp((−Symmetry ∗ 96485 ∗ (ECP_mixed_OB − ECP_diss ) )

/ (8 .3145 ∗ T))

OB_pot . append (ECP_mixed_OB − ECP_diss )

return kd_new
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def Solub_calc (ECP_MixedOB, ECPeq_OB, Bulk_Solub , T) :

#Adjustment o f the s o l u b i l i t y based on Vermilyea equat ion

OB_Sol = Bulk_Solub ∗ exp ((−5802.23 / T) ∗ (ECP_MixedOB − ECPeq_OB))

return OB_Sol

def mass_transfer ( pipe_dia , coolant_V , coolant_rho , coo lant_visc , T, H2_Diff ) :

#C a l c u l a t e s the mass t a n s f e r c o e f f i c e n t us ing Berger and Hau ’ s c o r r e l a t i o n

#fo r Sherwood number . Then c a l c u l a t e s the shear s t r e s s based on the formula

#proposed by Briggs .

Di f f = 1.062 ∗ 10∗∗(−4)

Sc = ( coo lant_vi sc / ( coolant_rho ∗ Di f f ) )

Reynolds = ( ( pipe_dia ∗ coolant_V ∗ coolant_rho ) / coo lant_vi sc )

Sherwoods = (0 .0165 ∗ Reynolds ∗∗ ( 0 . 86 ) ∗ Sc ∗∗ ( 0 . 3 3 ) )

km = ( Sherwoods ∗ Di f f ) / pipe_dia

kh2 = ( Sherwoods ∗ H2_Diff ) / pipe_dia

tau = ( ( ( 1 . 9 ∗ coo lant_v i sc ∗ Di f f ) / pipe_dia ∗∗2 ) ∗ Sherwoods ∗∗3) / 10

print ( " Reynolds␣Number : " , Reynolds )

print ( " Shear ␣ S t r e s s : " , tau , "Pa" )

return km, kh2 , Sherwoods , tau

def par t i c l e_d iamete r ( s c a l e d i s t , Ox_thick ) :

#A func t i on t h a t randomly s e l e c t s a p a r t i c l e s i z e on a g iven range .

#This g iven range i s from 10 nm to up a max o f an 1/8 th o f the current

#ox ide l a y e r t h i c k n e s s .

#note s c a l e i s d e f a u l t 1 Standard Half−Norm D i s t r i b u t i o n

pmax = ( ( Ox_thick / Ox_rho) / 8) ∗ (1∗ 10∗∗7)

r = halfnorm . rvs ( s i z e =1, s c a l e = s c a l e d i s t )

pa r t i c l e_d i a = (10 + ( ( r / 2 . 61 ) ∗ pmax) ) / (1 ∗ 10∗∗7)

return pa r t i c l e_d i a

def oxide_growth ( SuperSat , kd , Geo_Factor , Fe_OB, OB_Solub , FAC_rate ,

Ox_porosity ) :

#This c a l c u l a t e s the ox ide growth or shr inkage from a ba lance o f the growth
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#of the ox ide and the curren t d i s s o l u t i o n ra t e .

ox_growth_rate = ( ( ( 0 . 4 7 6 ∗ FAC_rate ) ∗ (1 − Ox_porosity ) − ( kd

∗ Geo_Factor ∗ ( SuperSat ∗ OB_Solub − Fe_OB ) ) )

/ 0 . 723 )

Dis so lut ion_array . append (kd ∗ Geo_Factor ∗ ( SuperSat ∗ OB_Solub − Fe_OB ) )

return ox_growth_rate

def iron_conc_OB (FAC_rate , Ox_porosity , kd , km, OB_Sol , bulk_iron , SuperSat ,

Geo_Factor ) :

#This c a l c u l a t e s the concen t ra t ion o f i ron at the ox ide l a y e r and l i m i t s i t

#so does not exceed the s o l u b i l i t y o f the i ron i t s e l f .

C_OB = ((0 . 4 76 ∗ FAC_rate ∗ (1 . 101 + Ox_porosity ) + kd ∗ Geo_Factor ∗

( SuperSat ∗ OB_Sol) + km ∗ ( bulk_iron ) ) /

(km + kd ∗ Geo_Factor ) )

C_OB = min(C_OB, OB_Sol)

return C_OB

def iron_hydrogen ( SuperSat , Geo_Factor , OB_Solub , H2_MO, H2_bulk ) :

#C a l c u l a t e s the iron concen t ra t ion at the Metal−Oxide i n t e r f a c e based on

#the r a t i o o f hydrogen at the i n t e r f a c e and t h a t o f the bu l k .

C_MO = SuperSat ∗ OB_Solub ∗ ( (H2_MO/H2_bulk )∗∗ ( 1/3 ) )

return C_MO

def coo l an t_ve l o c i ty ( pipe_diameter , f low ) :

#An o p t i o n a l f unc t i on t h a t can be c a l l e d upon i f the vo lumet r i c i s known

#but not the coo lan t v e l o c i t y .

A = ( pi ∗ pipe_diameter ∗∗2) / 4

v e l o c i t y = f low / A

return v e l o c i t y

def ox ide_poros i ty ( f e r r i t e_ph i , pear l i t e_ph i , AreaFrac_pear l i te ) :

#C a l c u l a t e s the weigh ted p o r o s i t y o f the ox ide l a y e r . This f unc t i on i s on ly

#used when the two phase behav iour o f ox ide i s pre sen t .
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AreaFrac_fer r i t e = 100 − AreaFrac_pear l i te

weighted_avg = ( ( pea r l i t e_ph i ∗ AreaFrac_pear l i te ) + ( f e r r i t e_ph i ∗

AreaFrac_fer r i t e ) )/100

return weighted_avg

’ ’ ’

This s e c t i o n i s used f o r a d j u s t i n g the parameters used in a s imu la t i on

’ ’ ’

T = 413.15 # Temperature in Kelv in

pH = 7 # pH of the bu l k coo lan t

pHMO = 7

Bulk_H2 = 5 ∗ 10∗∗(−11) # Bulk concen t ra t ion in g/cm^3

Bulk_iron = 1.64 ∗ 10∗∗(−9) #Bulk c en t r a t i on o f d i s s o l v e d iron g/cm^3

Fe_conversion = 55.85 / 1000 #convers ion f a c t o r o f g ∗ L / mol ∗ cm^3

Bulk_iron_mol = Bulk_iron / Fe_conversion

kd = 0.22 # D i s s o l u t i o n ra t e cons tant ( un i t i s cm/s )

kdi = 0 .22 # i n t i a l va lue i s maintained here so i t i s not o v e rwr i t t en

Symmetry = 0 .5 # Elec t rochemica l symmetry used in s imu la t i on

SuperSat = 1 .1

Geo_Factor = 3∗∗ ( 0 . 5 ) #Geometric f a c t o r account ing f o r ex t ra su r f a c e area

pipe_diameter = 0 .24 # Inner diameter in cm

time = int (7884000) # Simulat ion time in seconds

water_visc = 0.001968 # v i s c o s i t y o f water g /(cm∗ s )

water_density = 0.9264 # Densi ty o f water g/cm^3

Ox_tort = 1 .5 #Tor tuos i t y o f the ox ide

Ox_rho = 5 .2 #Densi ty o f ox ide l a y e r in g/cm^3

Ox_Diff = 1.062 ∗ 10∗∗(−4) #D i f f u s i v i t y o f i ron

Ox_thick = 5 .2 ∗ 10∗∗(−6) #i n t i a l ox ide t h i c k n e s s g/cm^2

So lub_Int ia l = 1 .19 ∗ 10∗∗(−7) # I n t i a l s o l u b i l i t y o f magnet i te g/cm3
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Fe_MO = 1.19 ∗ 10∗∗(−7) #I n t i a l Concentrat ion o f i ron at M/O

Fe_OB = Fe_MO

OB_Solub = 1.19 ∗ 10∗∗(−7) # 144 ppb

AE_corr = 70000 #a c t i v a t i o n energy in J/mol

AE_diss = 160250 #a c t i v a t i o n energy in J/mol

AE_hydrogen_a = 130000 #AE in J/mol f o r hydrogen consumption

AE_hydrogen_c = 180000 #AE in J/mol f o r hydrogen e v o l u t i o n

Faradays = 96485.3 #Faradays cons tant in C/mol

#Arrays t h a t s t o r e v a r i a b l e s in them fo r the purposes o f cha r t i ng and t r a c k i n g

ox ide_th i cknes se s = [ ]

FAC_rates = [ ]

Oxmass = [ ]

Oxgrowths = [ ]

Mixed_MO = [ ]

Mixed_OB = [ ]

Fe_MOarray = [ ]

Fe_OBarray = [ ]

pH2MOarr = [ ]

pH2OBarr = [ ]

spa l l_t imes = [ ]

s p a l l_p a r t i c l e s = [ ]

kd_array = [ ]

Act_FeOH2array = [ ]

Act_Fearray = [ ]

OB_pot = [ ]

OB_undersol = [ ]

Di s so lut ion_array = [ ]
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’ ’ ’

S imulat ion Sec t ion

’ ’ ’

E_corr = −0.4068 #(−Gibbs_corr ) / (2 ∗ Faradays )

E_diss = −0.1264 #(−Gibbs_diss ) / (2 ∗ Faradays )

E_hydrogen = 0.0808 #(−Gibbs_hydrogen ) / (2 ∗ Faradays )

Coolant_Velo = 1800 #Ve loc i t y o f coo lan t cm/s

time_step = 60 #I n t e r v a l o f time in which the s imu la t i on p rog r e s s e s in

Ksp = 2732 #S p a l l i n g cons tant h i ghe r numbers put l onger t imes between s p a l l i n g

#even t s and v i c e versa .

Ox_phi = 0.15 #oxide_poros i t y (0 .005 , 0 .24 , 31 .45)

#ox ide l a y e r p o r o s i t y which i s e i t h e r entered manually or c a l c u l a t e d wi th the

#weigh ted average func t i on

H2_Diff = H2_diff (T)

km, kh2 , Sh , tau = mass_transfer ( pipe_diameter , Coolant_Velo , water_density ,

water_visc , T, H2_Diff )

s p a l l_p a r t i c l e = par t i c l e_d iamete r (1 , Ox_thick )

spa l l_t ime = spa l l ing_t ime (Ksp , s p a l l_pa r t i c l e , tau , SuperSat , kd , Geo_Factor ,

OB_Solub , Bulk_iron , Ox_phi )

#I n t i a l s p a l l e d p a r t i c l e i s chosen and the

spa l l_t imes . append ( spa l l_t ime )

s p a l l_p a r t i c l e s . append ( s p a l l_p a r t i c l e )

act_Fe , act_FeOH2 , Fe_MO_mol, Fe_OB_mol = DebyeHuckel (T, pH, Fe_MO, Fe_MO, pH)

#c a l c u l a t i o n o f i n t i a l a c t i v i t y c o e f f i c e n t

for t in tqdm( range (0 , time , time_step ) ) :

#I n i t i a t i o n o f the For loop used to c a l c u l a t e the ra t e over time
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i f t >= spal l_t ime :

#I f the time o f the loop i t e r a t i o n i s equa l or g r e a t e r to the current

#s imu la t i on then t h i s s e c t i o n w i l l k i c k in f i n d a new p a r t i c l e s i z e

#based on the current ox ide t h i c k n e s s and removes the o ld p a r t i c l e s

#worth o f t h i c k n e s s from the ox ide l a y e r

o ld_pa r t i c l e = s p a l l_pa r t i c l e

s p a l l_p a r t i c l e = par t i c l e_d iamete r (1 , Ox_thick )

spall_time_temp = spa l l ing_t ime (Ksp , s p a l l_pa r t i c l e , tau , SuperSat ,

kd , Geo_Factor , OB_Solub , Fe_OB, Ox_phi )

spa l l_t ime = spal l_t ime + spall_time_temp

spa l l_t imes . append ( spall_time_temp )

s p a l l_p a r t i c l e s . append ( s p a l l_p a r t i c l e )

Ox_thick = max( f loat (Ox_thick − ( o l d_pa r t i c l e ∗ Ox_rho ) ) , 0)

#The above l i n e ensures t h a t the ox ide t h i c k n e s s never goes be low zero

else :

pass

r a t e = fac_rate ( SuperSat , Fe_MO, kd , Geo_Factor , OB_Solub , km, Bulk_iron ,

Ox_phi , Ox_tort , Ox_rho , Ox_Diff , Ox_thick )

FAC_rates . append ( ra t e )

#C a l c u l a t e s ra t e at curren t cond i t i on s and records i t .

ECP_diss , i o_d i s s = ECP_dissolution (T, pH, AE_diss , E_diss , Fe_OB_mol,

act_FeOH2)

ECP_corr , io_corr = ECP_corrosion (T, pH, AE_corr , E_corr , Fe_MO_mol,

act_Fe )

PH2_MO, PH2_SO, PH2_bulk = pressure_hydrogen (Bulk_H2 , rate , Ox_phi , H2_Diff ,

km, Ox_thick , Ox_tort , Ox_rho , kh2 , T)

ECPHa, io_H2a = ECP_hydrogen_anode (PH2_SO, pH, T, E_hydrogen ,

AE_hydrogen_a)

ECPmixed_OB = mixed_potentia l (ECPHa, ECP_diss , io_H2a , io_diss , T)

Mixed_OB. append (ECPmixed_OB)

ECPHc, io_H2c = ECP_hydrogen_cathode (PH2_MO, pHMO, T, E_hydrogen ,
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AE_hydrogen_c)

ECPmixed_MO = mixed_potentia l (ECP_corr , ECPHc, io_corr , io_H2c , T)

Mixed_MO. append (ECPmixed_MO)

#C a l c u l a t e s the Mixed P o t e n t i a l s a t each i n t e r f a c e us ing the r e l e v a n t

#f u n c t i o n s .

kd = di s so_ratecons tant (Symmetry , ECPmixed_OB, ECP_diss , T, kdi )

kd_array . append (kd )

pHMO = pH_Mo(T, pH, ECPmixed_MO, ECPmixed_OB)

OB_Solub = Solub_calc (ECPmixed_OB, ECP_diss , So lub_Int ia l , T)

#App l i e s the E l ec t rochemica l adjus tments .

Fe_OB = iron_conc_OB ( rate , Ox_phi , kd , km, OB_Solub , Bulk_iron , SuperSat ,

Geo_Factor )

Fe_MO = iron_hydrogen ( SuperSat , Geo_Factor , So lub_Int ia l , PH2_MO, PH2_bulk)

Fe_OBarray . append (Fe_OB)

Fe_MOarray . append (Fe_MO)

#C a l c u l a t e s the iron at each i n t e r f a c e and records them .

act_Fe , act_FeOH2 , Fe_MO_mol, Fe_OB_mol = DebyeHuckel (T, pH, Fe_MO, Fe_OB,

pHMO)

OB_undersol . append ( SuperSat ∗ OB_Solub − Fe_OB)

Act_FeOH2array . append (act_FeOH2)

Act_Fearray . append ( act_Fe )

#C a l c u l a t e s the a c t i v i t y c o e f f i c e n t s o f each s p e c i e s and records them

oxgrow = oxide_growth ( SuperSat , kd , Geo_Factor , Fe_OB, OB_Solub , rate ,

Ox_phi )

Oxgrowths . append ( oxgrow )

Ox_thick += ( oxgrow ∗ time_step )

ox ide_th i cknes se s . append (Ox_thick )

oxres = ( ( Ox_thick ∗ Ox_tort ) / (Ox_rho ∗ (1 − Ox_phi ) ∗ Ox_phi

∗ Ox_Diff ) )
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Oxmass . append ( oxres )

#C a l c u l a t e s the growth ra t e o f the ox ide t h i c k n e s s and a d j u s t s i t

#acco rd ing l y . The D i f f u s i on r e s i s t a n c e o f the l a y e r i s a l s o c a l c u l a t e d and

#recorded a d d i t i o n a l l y

#note loop ends here and the code does not progre s s u n t i l the time i n t e r v a l i s

#completed and then the code w i l l p rog re s s .

’ ’ ’

Pr in t ing Sec t ion

’ ’ ’

con_factor = (Ox_rho ∗ (1 − Ox_phi ) )

#oxide t h i c k n e s s i s s t o r ed in g/cm^2 and the f a c t o r i s used to cove r t to cm

Last_thousand_FAC = FAC_rates [ −10000 : ]

avg_FAC = [ x ∗ 4017324.841 for x in Last_thousand_FAC ]

all_FAC = [ x ∗ 4017324.841 for x in FAC_rates ]

print ( "CR(cm/a ) ␣=" , np .mean(avg_FAC) )

#p r i n t s average FAC ra t e in cm/a

Last_thousand_thick = ox ide_th i cknes se s [ −10000 : ]

avg_thick = [ x / con_factor for x in Last_thousand_thick ]

print ( " Oxide␣Thickness (cm) ␣=␣ " , np .mean( avg_thick ) )

#p r i n t s average Oxide t h i c k n e s s in cm

Last_thousand_oxres = Oxmass [ −10000 : ]

print ( " Oxide␣Res i s tance ( s /cm) ␣=" , np .mean( Last_thousand_oxres ) )

#p r i n t s the average d i f f u s i o n r e s i s t a n c e

print ( "Avg␣ Pa r t i c l e ␣Diameter : " , np .mean( s p a l l_p a r t i c l e s ) , "cm" )

print ( "Avg␣ s p a l l i n g ␣ time : " , np .mean( spa l l_t imes ) , " s " )

print ( "Avg␣ d i s s o l u t i o n ␣ constant : " , np .mean( kd_array ) , "cm/ s " )

print ( "Mixed␣O/B: " , np .mean(Mixed_OB) , "V" )

print ( "Mixed␣M/O: " , np .mean(Mixed_MO) , "V" )

print (np .mean(OB_undersol ) , np .mean(Oxgrowths ) , np .mean( Dis so lut ion_array ) )
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print ( "Mass␣ t r a n s f e r ␣ c o e f f i c e n t : " , km, " (cm/ s ) " )

Oxide_plot_cm = [ x / con_factor for x in ox ide_th i cknes se s ]

Oxide_plot_um = [ x ∗ 10000 for x in Oxide_plot_cm ] # i f you want to p l o t in um

plot_step = time_step / 86400 # c o v e r t s the time s t ep from seconds to days

plot_time = np . arange (0 , ( time / 86400) , p lot_step )

#The f o l l o w i n g commands are used to produce p l o t s us ing the t r a c k i n g arrays

#they can be commented in and out as needed . A l t e r n a t i v e l y new f i g u r e s can be

#made by r e p l a c i n g the second v a r i a b l e in p l t . p l o t ( ) wi th another t r a c k i n g

#v a r i a b l e

p l t . f i g u r e ( )

p l t . p l o t ( plot_time , Oxide_plot_um)

p l t . x l ab e l ( "Days␣ o f ␣Exposure " )

p l t . y l ab e l ( " Oxide␣Thickness ␣ (um) " )

p l t . t i t l e ( " 2 . 4 [ STPT480 ] 9 . 2 ␣ th i c kne s s " )

p l t . f i g u r e ( )

p l t . p l o t ( plot_time , all_FAC)

p l t . x l ab e l ( "Days␣ o f ␣Exposure " )

p l t . y l ab e l ( "FAC␣ ra t e s ␣ (cm/a ) " )

p l t . t i t l e ( " 2 . 4 [ STPT480 ] 9 . 2 ␣FAC␣ ra t e s ␣vs ␣ time " )

’ ’ ’

p l t . f i g u r e ( )

p l t . p l o t ( plot_time , Disso lu t ion_array )

p l t . x l a b e l ( " Days o f Exposure " )

p l t . y l a b e l ( " D i s s o l u t i o n ra t e (cm/s ) " )

p l t . t i t l e ( " 2 . 4 [ STPT480 ] 9 . 2 D i s s o l u t i o n ra t e vs time ")

p l t . f i g u r e ( )

p l t . p l o t ( plot_time , Fe_MOarray)

p l t . x l a b e l ( " Days o f Exposure " )
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p l t . y l a b e l ( " Iron Concentrat ion ( g/cm^3)")

p l t . t i t l e ( " 2 . 4 [ STPT480 ] 9 . 2 Iron Conc . M/O I n t e r f a c e " )

p l t . f i g u r e ( )

p l t . p l o t ( plot_time , Fe_OBarray)

p l t . x l a b e l ( " Days o f Exposure " )

p l t . y l a b e l ( " Iron Concentrat ion ( g/cm^3)")

p l t . t i t l e ( " 2 . 4 [ STPT480 ] 9 . 2 Iron Conc . M/O I n t e r f a c e " )
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Appendix B

Additional Morphology Study

Images

In this section additonal images from the morphology study are presented. The

system conditions are presented before the images are listed for ease of access.

Table B.1: System conditions of 2.4[STPT480]7

System Conditions
Material STPT 480 Exposure 14 Days
Temperature 140◦C Probe Diameter 2.4 mm
pH25◦C 7 Flow Velocity 600 cm/s
Pressure 150 psig Corrosion Rate 2.99 mm/a
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Table B.2: System conditions of 2.83[A106B]7

System Conditions
Material A106B Exposure 7.7 Days
Temperature 140◦C Probe Diameter 2.83 mm
pH25◦C 7 Flow Velocity 1060 cm/s
Pressure 700 psig Corrosion Rate 8.06 mm/a
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Table B.3: System conditions of 1.6[A106B]7

System Conditions
Material A106B Exposure 6 Days
Temperature 140◦C Probe Diameter 1.6 mm
pH25◦C 7 Flow Velocity 1351 cm/s
Pressure 150 psig Corrosion Rate 2.04 mm/a
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Table B.4: System conditions of 2.4[A106B]7

System Conditions
Material A106B Exposure 6 Days
Temperature 140◦C Probe Diameter 2.4 mm
pH25◦C 7 Flow Velocity 600 cm/s
Pressure 150 psig Corrosion Rate 0.85 mm/a
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Table B.5: System conditions of 2.4[STPT480]9.2

System Conditions
Material STPT 480 Exposure 71 Days
Temperature 140◦C Probe Diameter 2.4 mm
pH25◦C 9.2 Flow Velocity 600 cm/s
Pressure 150 psig Corrosion Rate 0.34 mm/a
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Table B.6: System conditions of 1.6[A106B]9.2

System Conditions
Material A106B Exposure 26 Days
Temperature 140◦C Probe Diameter 1.6 mm
pH25◦C 9.2 Flow Velocity 704.5 cm/s
Pressure 700 psig Corrosion Rate 0.14 mm/a
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Table B.7: System conditions of 1[A106B]7-9.2

System Conditions
Material A106B Exposure 28 Days
Temperature 140◦C Probe Diameter 1.6 mm
pH25◦C 7-9.2 Flow Velocity 1188.4 cm/s
Pressure 900 psig Corrosion Rate 0.1 mm/a
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Appendix C

Additional Graphs

This section contains supplementary graphs that are referenced in the main body of

the report but were moved here to reduce clutter.
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Figure C.1: Non-zero lines of best fit for FAC rate vs mass transfer data from the
simulation of 1.6[A106B]7
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Figure C.2: Non-zero lines of best fit for FAC rate vs mass transfer data from the
simulation of 2.4[A106B]7
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Figure C.3: Non-zero lines of best fit for FAC rate vs mass transfer data from the
simulation of 1.6[A106B]9.2
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