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SUMMARY

The joint action of corrosion and tensile stress that

gives rise to Stress Corrosion Cracking (SCC) has produced serious

premature failure of structural material in several environments.

The traditional methods of assessment of the susceptibility of

material to SCC have proved time consuming and, in one particular

case, it is very cumbersome and unattractive for potential users.

‘Mm electrochemical technique and adoption of fracture mechanics

principles have been used to introduce a simple and rapid technique

for the determination of the threshold value of stress intensity

of stress corrosion cracking, Kisccs which is known to coincide

with the formation of stretch zone at the crack tip.

Another major problem in environments where metallic

structures are deployed, is their susceptibility to hydrogen embri-

ttlement. The isolation of hydrogen evolution from a corroding

metallic structure by the introduction of the use of active hydrogen

evolution electrocatalysts has been found effective. The significance

of the use of more efficient and active hydrogen evolution electro-

catalyst is that these electrocatalysts have lower hydrogen over-

potential and can operate in both 'sweet' and 'sour' corrosive

environments. These electrocatalysts could be connected and/or

coated to the steel whilst protected in an hydrogen environment.

Thus, the techniques proposed in this work provide a

better assessment of component susceptibility to SCC, prior to the

fabrication of the component and possibly the prevention of

hydrogen embrittlement could be realized.
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CHAPTER ONE

INTRODUCTION



INTRODUCTION

1.1. Corrosion

Corrosion has been a major problem confronting the use

of metallic material for construction in most environment. The

cost of replacement and maintainance of corrosion damage continues

to increase in magnitude and it is of great concern to construction ,

chemical and oil industries!~>, The present chapter is the out-

come of the constant search for the pertinent findings and

conclusions derived by research workers on the various aspects of

the corrosion problem. A critical study of the literature revealed

that much has been done and much more research is being carried out

in search of a competent and reliable means of protecting mettalic

material from corrosion damage. Thus, it is long been recognised

that corrosion is the wastage of structural material by chemical

or electrochemical action of the material with its environment.

This interaction and deterioration of the material, particularly

steel, reaches peak activity in certain environments such as

water with dissolved salts. Basically, all metals are thermo-

dynamically unstable and tend to react with their environment to

produce compounds such as oxides or rust. This is a corrosion

process””’, Hence, bare metals particularly iron and steel are

prone to corrode in most environments, but the extend of the

corrosion attack depends upon a number of factors: the most

important of which are the composition and surface conditions of

the metal; the corrosion medium itself and the local conditions

of the environment. Many years of study on the behaviour of



metals with their environments have shown that, in pure dry air

at ambient temperature, a thin oxide film forms on the surface

mirror of polished mild steel®. Unlike that formed on stainless

steel or aluminium, it is not protective in the presence of

electrolyte and usually breaks down in air, water and soil.

Since, the corrosion product of mild steel is loose, non-adherent

and therefore unprotective, corrosion continues until such a

material is completely destroyed®. It has been established that

the deterioration of iron in any environment is represented by

the anodic reaction:

Fe(.) -te=—-—> Fe*?(aq) qd)

The conjugate electronation reaction could be hydrogen evolution

and/or oxygen reduction given by:

10° 20 + 2e——> H,(9) (2)

0,(g) + 2H,0(2)—» 4 di(aq) (6)

other cathode reactions are possible, but the most feasible

reaction depends on the corrosion medium, the pH and the local

conditions of the environment? The anode corrosion product of

ferrous ions is naturally converted to ferric ion which constitutes

the simple form of rust. Wagner et ain have shown that the

final product is the familiar reddish-brown rust, Fe,0,. 2H,0.

Experience has shown that although the presence of

oxygen is usually essential, severe corrosion attack may occur



under anaerobic environment (ie. in the presence of sulphate

reducing bacteria present in soil and water)!+, The anodic

reaction is the same, but the cathodic reaction is complex,

which results in the reduction of inorganic sulphates to sulphide

and the eventual formation of rust and ferrous sulphide!?.

The rate of corrosion attack is obviously the most

important parameter, and will determine the life span of a given

metal structure?>, Pourbaix's pH-potential diagram for metal

water system is often used to predict the corrosion of iron!

But, the presence of HS, cyanide, nitrate or chloride in the

environments makes the use of Pourbaix diagram very unreliable}.

These deleterious compounds are known to induce high corrosion

rate characterised by non-passivity, pitting and exhibit other

forms of localised corrosion attack which in suitable condition

would lead to stress corrosion damage of the structure!O"!” |

1.2. Stress Corrosion Cracking (SCC

A corroding metal could be assisted by tensile stress

to bring about the rapid failure of the mettalic material in the

corrosive environment. Such a failure of a mettalic structure

arising from the combining action of corrosion attack and tensile

stress is termed stress corrosion cracking, ScGmmees This

catastrophe makes the use of mechanical properties of alloys

determined in an air environment in material selection and design

of components continue to prove unrealiable in other environment

where such materials are deployed, Thus, it is well known that



fracture of metallic structures can occur in various chemical

environment at static stresses which are considerably below the

predicted stress required to cause fracture in air’. Although

compressive stresses have not been reported to cause SCC,

residual and/or applied tensile stresses are known to produce

SCC in most environment“ It is apparent, therefore, that for

SCC to occur there are certain requirements. These are:-

(i) a susceptible metallic material

(ii) chemical species in the environment which are specific to

the material and

(iii) the presence of mechanical tensile stress.

The aggresiveness of the corrodent required to cause

SCC varies with different material, and failure can occur under

only mild conditions which produce no visible corrosion attack in

the absence of stress. Even in the presence of stress which may

be due to applied service load, heat treatment, cold work or

mismatch in fit-up etc., failure can occur with no visible indication

of corrosion” >76, Hence, fine intercrystalline or transcrystalline

cracks can penetrate the member, leading to eventual break up.

Stress corrosion failure are thus, a particularly insiduous form

of failure often occuring without visible sign of corrosive damage

or mechanical strain at stresses considered to be safe when judged

by the performance in air’, SCC has been the subject of a nunber

of extensive research which has shown that some material may be

highly susceptible in environment to which other materials are

immune? 5
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1.3. Possible Mechanism of Stress Corrosion Cracking

The behaviour and mode of failure of materials depend

on the condition of structural material and the environment.

Since there are many varying conditions of environment, a common

explanation of this phenomenon is improbable. A considerable

number of investigations which are summarised in several reviews?” ?28

have shown that no single or generalized mechanism is involved

in scc2?, In some systems, corrosion aspects are of major

importance, in others plastic strains and stresses are dominant

features. Sometimes, cracks are intergrannular and sometimes

transgrannular on the same material. Thus, the same alloy in

the same metallurgical condition can be made to crack in an

intergranular or transgranular simply by changing the environment.

Nevertheless, it is worth-while outlining can of the principal

conclusions reached in the various investigation into mechanism.

In a simple assessment SCC seems to proceed by three

main stages: (a) there is the initiation stage which consists of

slow corrosion attack which produces pits or other forms of

stress concentration points that can develop into a recognisable

crack; (b) there is a stage of slow crack growth, during which is

the combined effects of stress and corrosion promote propagation

with a corresponding rise in the stress intensity at the crack

tip and (c) there is the stage which is reached when the stress

intensity to such a level that rapid failure occurs under the

action of stress alone. However, in some material stage (c) is

not reached as the second stage may produce cracks of sufficient



length in some components to cause leakage and consequent reduction

in stress°°,

Hoar and Hines >! put forward similar views. They suggest

that there are three stages involved during SCC., Viz? (1) an

induction period; (ii) the initiation of cracks from corrosion

damage produced during induction period, and (iii) the propagation

of these cracks until complete failure occurs or the stresses

responsible for cracking are relieved. Although this suggestion

does not elucidate what is responsible for the induction period,

however this view is similar to the simple concept that cracks

are as a result of the pit associated with stress concentration

points?°, In another work, Hoar et alee however pointed out that

under the influence of stress preferential metal dissolution

occurs in depth at certain regions of disarray on the metal exposed.

This, they conclude could be responsible for the induction period

and that cracks are produced from the sharp notches initiated.

The suggestion that yielding at the advancing edge of the crack

increased the local dissolution rate of the metal is supported

by the views of many workers>>->>,

Tysack® pointed out that it is possible to combine

the Hoar and Hines proposal with mechanical model to the development

of fracture mechanics concept. He pictures crack propagation as

a preferential dissolution of the material at the crack tip which

is in the act of fracturing, this is a combinedprocess resulting

in a lowering of the effective fracture energy. This line of

thought looks attractive in that it offers the possibility that



divergent views can be combined into a coherent concept and

ultimately may well lead to a model that is acceptable to all

concerned ie. the introduction of fracture mechanics to

quantify the mechanism of SCC.

1.4. The Threshold Value of Stress Intensity of Stress Corrosion

Cracking, Kisce

Fracture mechanics provides a way to normalise out the

affects of the mechanical conditions perculiar to variations in

crack size and shape and the stress which this material disconti-

nuity refuses to support?” .

In order to utilise the fracture mechanics concepts for

SCC studies, precracked specimen must be employed and this

principle has several advantages in SCC"studies*®. This include

(i) the elimination of the undefined localized corrosion attack,

which is highly varying and often not representative of material

behaviour in service (ii) it avoids the variations in the metal

surface in which pitting is very sensitive and (iii) it facilitates

the measurements of the slow crack growth rate sls Specimen

configuration suitable for studying the fracture mechanics of

SCC are recommended by Fracture Committee th The adoption of

fracture mechanics technique for SCC studies have been found

useful because the design information that they provide to

potential users and it throws an insight to a better understanding

of SCC mechanism. Ina review, scully*® noted the immense

advantages the potential users of material derive from the



application of fracture mechanics. These, among other things

are the desired information about the SCC susceptibility that

is obtained rapidly, and most significantly comparison between

materials can readily be made. Although the generalisation of

SCC problem is improbable, predictive capabilities from one

environment to another is unreliable, the concept and technique

of fracture mechanics has given those in the field the predictive

capability, within limit, from one geometry to another.

The fracture mechanics parameter that has been of most

help in treating the SCC is the stress intensity factor K. A

lot of reviews, proceedings of symposium, handbook and monographs

in this field contain fundamental imformation on this fracture

mechanics parameter. It is acknowledged that a plate of metal

under sustained uniform tensile stress, subject only to the

presence of short crack, the elastic stress field at the edge of

the crack can be quantified by this single parameter K, which is

proportional to the norminal stress and the square root of the

crack size?9?41, From fracture mechanics studies, the parameter

K, is a quantitative measurement of the stress intensification

at the most vulnerable part of the engineering member ie. at the

crack tip. Thus, the stress intensity factor K, classifies the

crack extension process into mode ie. the stress intensity opening

mode Ko the stress intensity shearing mode Kw and the stress

intensity tearing mode Kai It follows then, that the failure

of a component consists of these three modes acting jointly as the

stress intensity K, or the fracture toughness Kic is the most

significant and tends to dominate the promotion of structural failure’?



In some environment in which there is a slow crack extension in

the member at Ky values less than Ke then this subcritical

crack growth which is stress corrosion causes a steady increase

in Ky until Ke is reached and unstable fracture occurs*?, This

initial minimum K value corresponding to K, value at which

environmental failure occurs and below which failure does not

occur is termed : THE THRESHOLD VALUE OF STRESS INTENSITY OF

41,43,44 ;
STRESS CORROSION CRACKING, Kyecc . This parameter Kyoncs

o/2 and defines the stressis usually expressed in unit MNm

level below which SCC does not occur,but above this value becomes

catastrophe. Kisce value is independent of the environment and

it has a specific value for each metal alloy.

1.5. The Problem

The problem that has confronted competent hands in this

field has been determination of the exact value of Kiscc for

metallic material used in the fabrication of components. The

search for a technique for the determination of K. that commands
ISCC

the confidence of designers of components and corrosion experts

has motivated the present work. Traditionally, smooth specimen

is used to determine the threshold value of norminal stress from

which the susceptibility of the material to SCC is assessed.

This inyolves the exposure of the material in a corrodent under

sustained tensile stress. The time-to-failure parameter when

plotted as a function of initial stress level shows a horizontal
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assymptote which is designated as the threshold value of norminal

stress intensity. The problems involved in the use of smooth

test specimen could be summarised as follows: (i) since this

technique relies solely on pitting process for its crack initiation

and consequent stress intensification leading to crack propagation,

the parameter determined will unavoidably depend on the nature of

the environment and surface condition of the material, (ii) the

time-to-failure will depend on the material size and configuration,

and (iii) the time-to-failure will depend on the period of

incubation. These variables accompanying this technique make

the assessment of threshold value of norminal stress intensity

very suspect.

Another method often used involves the use of precracked

specimen to determine the Kisce value. This technique which

adopts the fracture mechanics principles ie. eliminates the long

period time required for pit growth and accelerated test could be

realised. Thus, this technique involved the use of notches and

precracked specimen sustained a stress in such a way as to open

and extend the crack, hence the norminal stress is intensified

near the crack tip. A measure of SCC growth rate as a function

of K, shows there is lower levels of K in which crack growth rate

becomes very sensitive to K value*>, In this region, at sufficiently

low value of K, there appears to be a threshold which is designated

Kigcc: Irwin’? observed that the K;gcc obtained from this

technique depends on ones ability to predict the norminal stress

and size of crack like surface flaw. This method does depend on
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chance rather than skill, therefore measural value of Kisce

obtained by it throws a cloud of doubt .

However, the use of precracked specimen makes it

possible to assess SCC susceptibility of non pitting alloys.

But, all the above techniques which are currently being used

for the assessment of SCC for the susceptibility of materials

are time consuming particularly the use of smooth specimen that

depends on pit formation for its crack initiation and propagation.

McIntyre’®, on the other hand, has shown that in an

HS environment steel test piece failed within several seconds

of the crack tip stress intensity reaching Kiscc? and suggests

that this environment provided an accelerated method of testing.

The problem of this method is that H,S being toxic requires

elaborate safety precautions. As designers and experienced hands

in the field do realize the significance of Kiscc? the problem

of the determination of the parameter using the available means

appear very unattractive due to their time consuming and safety

requirements .

1.5.1. Hydrogen Embrittlement

Another major problem that confronts corroding mettalic

structures used in service is their susceptibility to hydrogen

enbrittlement /?°? Although the majority of the H, produced

on the cathodic areas during the corrosion of a material is evolved

as gas and assists the removal of corrosion products, some of it
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diffuses into the steel and can render it brittle. Peisi

has pointed out that these adsorbed hydrogen Hads get dissolved

in the metal and occupy interstitial sites in the host lattice.

Thus, in all known metal-hydrogen alloy, the dissolved hydrogen

expands the crystal lattice of the host metal. And, each

hydrogen interstitial causes displacement of the metal atoms

from their regular sites and the resulting crystal lattice

distortion which effect the physical properties of the metal.

This formation of M-H solid solution is a phenomenon which is

common among the d-block elements particularly among the elements

in the centre of the transition series. Iron, steel, Palladium

and its alloys are among these technological material of immense

importance that dissolve hydrogen. Hence, relative volume

expansion of the metal lattice,due to the solution of one hydrogen

atom per metal atom could be responsible for the severe construc-

tion problems for such metals used in a hydrogen environment,

owing to the drastic change in the dimension of the construction

material” .

1.5.2. Hydrogen Permeation in Metals

The absorption of large volumes of hydrogen by palladium

has long been established and continues to be of immense interest

in MH studies. Ubbelohde*® and Isenberg”? formulated the

metallic theory of hydrogen in hydrides which has been used in

the interpretation of a number of recent palladium-hydrogen studies.



Unlike Pd, iron does not form hydrides, instead it has the

tendency to dissolve a little hydrogen. And, iron-hydrogen

solubility increases with increase in temperature. Hydrogen

solubility in iron is not large enough to be of storage interest,

although the phenomenonis of great metallurgical importance®®,

Since the entry of hydrogen into iron does not go through hydride

formation, it is quite possible that the palladium hydride

concept could not be applicable to explain the dissolution of

hydrogen in iron and steel. Quite recently, an electrochemical

technique has been used to evolve hydrogen on one face of an

iron/steel membrane in an electrolyte, the Habs is de-electronated

on the second face of the same steel membrane. This de-electro-

nation current is a manifestation of H atom, thus the hydride

formation in iron or steel is suspect ®!~>3,

It is however known that in a corroding steel in an

aqueous environment in which H, evolution is the electronation

reaction. Bokris, Mcbreen and Navis?* and DaVanethan and

Stachurski>’ considered the formation of hydrogen atoms Hads on

the metal surface as an essential intermediate step in the

electro-kinetic of hydrogen evolution. They postulated various

steps which include the desorption of the hydrogen by the formation

of the hydrogen gas, Hy and diffuse into solution. During this

desorption process, there is still some adsorbed hydrogen atom

which dissolve into the metal constituting absorbed (Habs)

hydrogen. This absorbed hydrogen within the bulk metal lattice

sets up a hydrogen concentration gradient between the M-Hads entry
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face and the bulk of the metal, thus, this concentration gradient

becomes the driving force which makes the adsorbed hydrogen

diffuse into the metal.

Recently Davanathan and Stachurski>2 introduced a two

compartment cell technique to measure H diffusivity in metal using

an electrochemical method and the Fick's non steady state diffusion

law. Bockris et al“ used similar technique to determine the

diffusion coefficient and activation energy of H permeation into

Steel Glass, Taylor and Beck>> investigated the effect of H)S,

nN, No, and alkali on the hydrogen permeation in steel. © They

showed that H dissolution and consequent diffusion increased in

the order HS > CN > No, > OH (Alkali) in steel. On the basis

of this result, Kabozev and Montblamova’o??” considered

the rate - controlling step in H evolution on iron as the recombi-

nation. They suggested that the increase in adsorption of

anions (ie. CN, H,S, NO, etc.) is due to a lowering of the

M-Hads bond. Since there is no significant change in activation

energy for M-Hads in these environment, Bockris et al and Taylor

et al hold the view that the chemisorbed anion (ie. HS, a, No,

etc.) on the iron surface decreases the recombination step of

hydrogen during the process of H, evolution on the steel substrate.

Thus, it follows that it is this decrease in recombination that

increases more Hads consequently more H permeation current. This

view is realistic and it is acceptable to explain the increase in

Hads by the presence of chemisorbed anions.

Also, the rate of hydrogen dissolution in iron and steel
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is known to depend on the composition, the structural defects

such as interstitial sites, grain boundaries, dislocation etc.

in the steel which provide H diffusion paths. Phalen and

Vaughen?® have shown that H dissolution and consequent diffusion

in steel is through structural defects paths which are enlarged

in size or number of the presence of residual or applied tensile

stresses”’. As the effect of surface stress on hydrogen

absorption by steel has not been established, the relationship

between surface tensile stress and H permeation is considered

an important investigation to be carried out later.

It has been shown recently that the electrochemical

conditions (ie. solution pH and electrode potential) at the tip

of an advancing stress corrosion crack in steel exposed to 3.5

per cent Nacl solution are favourable for hydrogen evolution

regardless of the externally applied potential or the pH of the

bulk solution®?, At the same token, Brown®! found that the

solution inside a fissure on the surface of a specimen becomes

very acidic (from pH 6.5 to pH 3.5) and that metallic ions are

present. He emphasised his point by plotting the combination

of pH and potential observed during cracking on a Pourbaix

diagram, he found that the points always fall in that region

where hydrogen evolution is possible. He states that "there

does not appear to be any valid reason to require a mechanism

other than hydrogen embrittlement to account for the cracking of

high strength steels in salt water". Also, for low alloy steels,

without applied potential, snape®2 attributed failure mainly to
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hydrogen embrittlement. Thus, the failure of a metallic

structure could be the responsibility of stress corrosion cracking

and/or the hydrogen embrittlement where the specific cause

‘ : : :

célébre in any environment is not clear.

1.5.3. Effect of Hydrogen Embrittlement on Off-Shore Structures

One of the major problems in off-shore gas and oil

pipe lines is their susceptibility to stress corrosion cracking

due to hydrogen embrittlement. The problem is particularly

serious in riser pipes which carry the hot crade oil or gas from

the ocean bed to the under water pipes which transport the fuel

to the shore. The riser pipes are subjected to considereable

stress caused by oil or gas pressure as well as the pounding action

of the waves. The presence of H,S or moist CO, which is strongly

adsorbed and dissociates very easily on the steel structure.

The action of HS is generally assumed to be due to the poisoning

of the H atom recombination sites by strongly adsorbed S* , thereby

forcing the H atoms to diffuse into the metal lattice. Hence,

this phenomenon could be responsible for the internal corrosion

of pipelines and equipment which are encountered in most oil

and gas production units. However, the degree of internal

corrosion attack will vary with the production site and this will

change during the production life of the well and also as operating

procedures and the production rate change. This is because the

rate and type of corrosion is dependent on various parameters,

such as the amount of water co-produced with the gas and/or crude,
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the presence and concentration of Coy, and/or HS, the pH, the

salt content and ingress of oxygen. This type of corrosion

can be Classified into two basic types, namely "Sweet" corrosion

due to presence of Co, and water and. "Sour" corrosion due to the

presence of HjS. In both cases, the rate of the cathodic Hy

evolution is increased, leading to Hads and dissolution into the

metal lattices, consequently more hydrogen embrittlement and

premature failure. Moreover, in the presence of carbonic acid,

the localized corrosion attack on the steel is increased; the

presence of pits would enhance the possibility of stress corrosion.

The evolution of hydrogen can be written as:-

H,0' (aq) + e —?H,0(2) + Hads a)

Hads + Hads ———y H,(g) (2)

In sour pipes, Hs reacts with steel to form iron

sulphides. On such surfaces, reaction (2) is the rate determining

step and the possibility of adsorbed H atom (Hads) diffusing into

the steel would be greatly increased.

xHads + Fe ———> FeHx (3)

This will then result in hydrogen embrittlement, which has been

identified as the main cause of stress corrosion cracking of

internal steel pipe lines during gas and crude oil production®?,
6Present protective measures z have been taken to prevent

hydrogen embrittlement, including:-



(i) Design : by eliminating abrupt changes in flow direction,

the corrosion caused at local sites is minimised.

(ii) Proper choice of materials : this is, however, often

constrained by cost and practical considerations. In certain

areas chromium steel have been used but mechanical requirements

and the possibility of their cracking in high chloride, high

temperature environments restricted their large scale use.

(iii) Inhibitors : this is the most favoured method at the

moment. Basically, these are organic molecules in corporating

active polar groups containing sulphur, nitrogen or phosphorous

eg. alkylamines or amides. These compounds adsorb on the metal

surface and decrease the rate of electrochemical reaction.

However, the inhibitors have to be added either continuously or

at weekly intervals. Moreover, it is not certain whether it would

be very effective in sour pipes, since the inhibitors cannot

stop the reaction between HS and steel. Tomashov® considered

that greater effectiveness of control may be achieved by adopting

more than one method of protection that they all effect the same

controlling factor.

1.6. Hydrogen Evolution Electro Catalyst

Literature has shown that iron and/or steel is a poor

electro catalyst for hydrogen evolution. Platinum is often an

alternative choice to steel for Hy evolution. Thus, the tendency
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of Hy evolution occuring on steel surfaces during corrosion

process could be due to pH of the environment.

Bockris et ee have recently shown that electronic

factors markedly influence the heat of activation in reactions

involving chemisorbed species, and Mi11s® results also confirmed

the earlier view that electronic properties are a major factor

affecting H, evolution catalytic activity.

Thus, from the experimental results as well as theore-

tical considerations it is most probable that an efficient

electrocatalyst for H, evolution could be achieved by developing

a compound which has a fairly moderate M-Hads bond energy, a

good electrical conductivity, corrosion resistant and most

significantly a low hydrogen overpotential.

By taking the above consideration into account, recent

work at The City University on an E.E.C. funded project entitled

"OPTIMISATION OF TEFLON BONDED GAS POROUS ELECTRODE", Tseung and

Man®® OL developed what could be described as a novel nickel-

cobalt-sulphide, NiCo,S, , cathode catalyst which gave over 1000 m\/

cm2 at ~- 170 mV vs RHE in 5 M KOH at 70°C after ohmic correction.

Recent life tests in 5M KOH @ 85°C, have confirmed that Teflon

bonded NiCo,S, cathode catalyst can operate at 1 Nem?, -130 nV

vs RHE (Ir corrected) for over a test period of 3300 hours without

any deterioration in performance. Moreover, NiCoS, is not

affected by HS from which it is prepared and subsequent exposure

to air even at 85°C shows immense corrosion resistance.
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1.7. Summary of the Problem

In summarizing the problem, it is evident that the use

of smooth specimen for the assessment of SCC susceptibility of

metallic materials has proved very suspicious. This is because

the results, based on its use depend on the period of incubation,

material surface and size, and environmental conditions which

all together are known to vary markedly. Also, the use of

precracked specimen for Kisce determination as described above has

proved time consuming. However, the recent method of determining

Kiscc by the use of precracked specimen in HS environment does

command the confidence of competent hands in this field, but

the elaborate safety requirement because of the toxicity of Hs

handicaps its frequent application. Thus, this makes it

cumbersome and unattractive for potential users.

1.8. The Present Work

Therefore, the present work aims at finding a simple,

rapid and reliable method to assess the SCC susceptibility of

materials before such materials are used. It is intended to

achieve this goal by using a precracked specimen and an electro-

chemical method to determine the threshold value of stress

intensity of SCC, Kisce:

The isolation of Hj evolution from the corroding material

could be a better technique of protecting a metallic structure

from hydrogen embrittlement. Thus, the second part of the



present investigation introduces the use of some active Hy

evolution electrocatalysts to isolate the hydrogen evolution

from a corroding material.

These techniques proposed in this work for the

determination of Kisce value and the isolation of hydrogen

evolution from a corroding metallic structure should throw

light in the choice of material in the design of components

and possibly eliminates the failure of such components by hydro-

gen embrittlement.
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CHAPTER IT

AN ELECTROCHEMICAL METHOD FOR DETECTING THE THRESHOLD STRESS

INTENSITY IN STRESS CORROSION.

2.1. _ INTRODUCTION

2.1.1. Literature Survey

The search for a simple technique to be used for the

assessment of the stress corrosion susceptibility of material has

been the problem.confronting designers and competent hands in

this field. Traditionally, smooth specimen is used to determine

the threshold value of norminal stress from which the susceptibility

of the material to SCC is assessed. A typical investigation of

this type is shown in Fig. 1 below, which plots applied stress

against time to failure for a magnesium alloy exposed to a 3.5 per

20
cent Nacl solution’~. As the magnitude of che stress decreases,

the time for failure increases. Such plots have been obtained

STRESS
i a

Fig.I Schematic SCC data from smooth specimen

for various material/environment combinations and can be seen that

stress threshold are not always obtained in short-term testing.

Time to failure, even at high stresses, can be very long in this

type of experiment, as some initiation process, usually the
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formation and enlargement of a corrosion pit, is required before

cracks will propagate. Such an initiation process may occupy

a high proportion of the failure time.

Another method often adopted to measure the threshold

value of stress intensity of stress corrosion cracking involves

eee When a precrackedthe adoption of fracture mechanics

metal is stressed in such a way as to tend to open and extend

the crack, the norminal stress is intensified near the crack tip.

The fracture mechanics parameter, ie. stress intensity K is used

to quantify the stress field at this point as shown in figure II.

Log Stress
‘

Rare
Fig. II Effect of stresy intensity or SCC Kinetics

The SCC growth rate is measured as a function of K as

shown in Fig. II. Here, the ones marked II, the crack growth

rate is high and is insensitive to K. At a lower levels of K

ie. region I, the crack growth rate becomes very sensitive to K.

At sufficiently low value of K there appears to be a threshold

which has been designated Kiscce that such a genuine threshold K

exists has been clearly proved for titanium alloys in salt water,

and it appears probable in steel, but its existence is in
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question in some aluminiun alleys’). The value of such a

parameter of Kiscc? where such a genuine threshold exists depends

on ones ability to predict the combination of remote (nominal)

stress and size of crack-like surface flaw through the use of

Inin relation". Thus, the value of Kygq, determined by this

method will undoubtedly depend on the skill of the worker and

possibly will not command the confidence of all concerned.

McIntyre’ , on the other hand, has shown that in an HS

environment using the precracked steel test specimen failed within

seconds of the crack tip stress intensity reaching Kigce: He

suggests that this environment provided an accelerated method of

testing. Although this method is reliable, the only problem

that it poses is that H,S is toxic, thus elaborate safety pre-

cautions are required and this makes it unattractive to potential

users.

2.1.2. Present Work

The present chapter is devoted to the introduction of

a simple and rapid method for the determination of the threshold

value of stress intensity for stress corrosion cracking designated

41,43,44
TSCC 2", It has been shown by McIntyre that Kisce

with the formation of the stretch zone, thus the problem of

K coincides

determination of Kisce can be also the detection of the stretch

zon? This investigation proposes to adopt the fracture mechanic yeah

principle and an electro-chemical approach basedon the simple fact

that as the stretch zone forms a greater area will be exposed



to the corrodent and thus the corrosion current will increase

“significantly, irrespective of whether the system is polarized

anodically or cathodically. In order to achieve this goal, a

compact tension notched and precracked specimen insulated with

tensol cement except at the crack tip as the test specimen will

be used for the investigation. By subjecting this specimen to an

impressed voltage during application of tensile load, the detection

of the formation of the stretch zone by a sharp increase in current

due to the sudden increase in exposed area was realised. The

load level correspending to this sharp increase in the current

was used through the application of fracture mechanics" 40 to

determine the threshold value of stress intensity of stress corrosion

cracking, Kisce:

It is however observed that by using sea water as

corrodent for this investigation, the reaction corrosion products

impeded the magnitude of this sharp increase in current at the

threshold. It became desirable to change to reversible electrolyte

system, and improved on the technique by using the potentiostatic

pulse method. However, the same Kise value was obtained by this

improyed method for the same steel specimen, but the magnitude of

the sharp increase in current was of much higher value. And, most

remarkable is that the values of Kisce and exposed surface at the

stretch zone obtained in this work compared very favourably with

the result of MeIntyre*® for the same steel specimen.
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2.2. EXPERIMENTAL TECHNIQUE

2.2.1. Corrodents

The corrodent used by several workers in stress

corrosion tests is an aqueous solution of 3.5 per cent sodium

chloride buffered at a pH 3.8 by the addition of 1.02 per cent

potassium bi-phthalate. This pH level is chosen because it has

been found to be the pH at the tip of a stress corrosion crack

in several high strength steel in the absence of an applied

potential, regardless of the pH of the bulk solution outside the

crack. Marine environment is known to contain chemical species

which have aggresive corrosive attack to a broad spectrum of

metals and alloys especially the entire family of steel. Natural

sources of sea water are not often used for laboratory tests due

to the presence of microbiological impurities®S , Synthetic sea-

water is known to be free of organic impurities and has been

considered useful for this work. Its chemical constituent is

known®? by BDH Analar grade samples used. This synthetic

sea-water has pH 8.5, specific gravity 1.03 and resistivity 25

Ohm-cm at 25°C. Corrosion polarisation studies show that

synthetic sea-water is corrosive and -400 nV Vs SCE is sufficient

to induce corrosion of steel while -1000mV Vs SCE could give rise

hydrogen evolution on steel 3,70

Another corrodent used in this work was 4 x ope

equimolar ferricyannide and ferrocyanide in tenth molar KCl as

the supporting electrolyte. This concentration has pH 9.10
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and resistivity 84 Ohm cm at 20°C. The i-V polarisation

curve was determined for this concentration which was observed

to show appreciable current with less corrosion affect on the

surface of steel used as working electrode.

A reversible hydroquinone-quinone system was also

considered very useful for the investigation and estimation of

the surface exposed on the bare metal at the stretch zone during

SCC. The electrolyte was prepared by the dissolution in tenth

molar potassium nitrate as supporting electrolyte,a known

weight quinhydrone which in solution dissociates to set up

quinone-hydroquinone equilibrium’ + -

CoO, + 2e + 2hz30° == CHa (OH),
( Quinone ) Hxdagant) (Hy Reguins)

This millimolar of quinone-hydroquinone in tenth molar KNO, as

supporting electrolyte gave a reproducibility result on steel

working electrode. This concentration has pH 5.67, resistivity

100 Ohm cm and open circuit voltage (OCV) was about -480 mV Vs SCE.

Cylic voltametric studies of this system haveshown reversibility

characterised by two electron transfer peaks. A steady state

potentiostatic i-V polarisation curves were determined within the

first electron transfer region in both aerated and deaerated

solution for this concentration Fig. (3).

2.2.2. Material Preparation

An En30B- = (ie. 835 M 30) steel brand of chemical

composition in Table2I was chosen because the results obtained



in this work could be compared with results of earlier workers’®

The steel was machined in the longitudinal direction to produce

specimen dimension 30 mm x 20 mm x 13 mn, which has a V - notch

end with a root radius not exceeding more than 0.013 mm and from

which a fatigue crack not greater than 2.54 mm would be developed

Fig.(1). This specimen satisfied the conditions as recommended

by material testing institutes’ AOE These test specimens were

heat treated to a temperature of 830°C in an argon environment

in the furnace for one hour. This was followed by oil quenching

at room temperature and tempered at 200°C and cooled at room

temperature. These specimens were polisehd with very fine

grade emery paper in a direction that could not interfere with

the observation of the fatigue crack to be initiated at V - notch

tip.

A fatigue crack a, was developed from the starter

notch end by the application of dynamic load levels. This

was achieved by subjecting the test piece to a dynamic loading

in air. The Servo Fatigue Test Machine, model 181R/CY which

was maintained at 8.0 kilo Newton (KN) and 0.4 kN of maximum

and minimum tension loads respectively at the frequency of 10 Hz.

An amplitude of 3.8 KN load was realized for this fatigue cycid?,

A hand lense, magnification X20, was used to observe the

initial crack at the tip of the starter V - notch. Once the

crack was initiated, it was observed to propagate by the

help of the hand lense and at the same time, the maximum load

was gradually reduced to 2.0 KN. Thus, the maximum load
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now at 2.0 KN, amplitude of 0.8 KN, the frequency was still

maintained at 10 Hz while the crack was closely watched to grow ~.

An average of about 1.5 x 10° cycles was required to initiate

and grow a fatigue crack length exceeding about 1.25 mm. The

exact fatigue crack lengths on each specimen were measured using

the matellurgical Vicker Projection microscope at magnificatim

X 100. The fatigue crack lengths used in this investigation

were between 1.25 mm and 1.95 me These precracked specimen were

protected from the environment with glue tapes placed on the

cracks and stored in a desicator until required for the tests.

The precracked specimen was to be used as the working

electrode in the corrodents. Thus, Tensol cement, an I.C.I.

grade 6 polymer product was used to insulate the specimen except

the V - notch end which was the entry of the corrodent into

the cracks was sliced open with a knife edge before the electro-

chemical test. The coating of the specimen was repeated until

the precracked specimen and its attachment were adequately

insulated.

The effectiveness of the coating was tested by subjecting

an insulated specimen to similar stress-anodic and stress-cathodic

potentiostatic polarisations in the corrodents and determined the

corrosion reactions currents. The corrosion current values

obtained in these trial tests were negligible which indicated

that the insulation was effective as far as both the coated

specimen and attachments were handled with dexterity.



TABLE 2:1

CHEMICAL COMPOSITION AND HEAT TREATMENT OF STEEL USED

ELEMENTS (wt %), IRON BALANCE

STEEL Cc Si Mn s P Ni Cr Mo Vv HEAT TREATMENT:

En30B 0.31 0.21 0.49 0.024 0.012 4.11 1.21 0.24 a A830

(837 M 30) 0Q

T200

En24 0.34 0.23 0.55 0.045 0.030 1.60 1.13 0.30 = A830

0Q
T600

En42J 0.85 0.35 0.75 0.05 0.05 = za! ei = As Rolled

A1$1 1080

En42 0.75 0.30 0.65 0.05 0.05 a = al a As Rolled

Ay, 1070

* Austenitisation Temperature (°C)

** Oil Quenching

*** Tempering Temperature (°C)
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Fig. 1.- Compact Tensile Specimen Dimension in m

(a = total notch and fatigue crack lengths)



The joint action of applied mechanical stress and

corrosion on a material in an aqueous corrodent constitute

stress corrosion, This concept was employed for

this investigation.

a. Steady State Load - Current Measurements

Within the starter V-notch of the insulated test

specimen, the surface leading into the fatigue crack which was

covered with coatings was carefully scratched open with a knife

edge. This specimen was the working electrode (W.E.) in synthetic

sea-water as corrodent. Platinium screen was the counter electrode

(C.E.). The W.E. was subjected to static loading in the Monsanto

Type Tensometer Machine and at the same time held at a chosen

potential of -400 mV Vs Saturated Calomel Electrode (SCE) housed

in a luggin capillary as the reference electrode (RE) as in Fig.(2).

The initial load applied to the W.E. was kept at zero kN, and

its steady state current was recorded. Then, the load was

increased in steps of 0.25 KN or 0.50 KN at a regular interval of

about 60 seconds. <A maximum load of 6.5 KN or 7.00 KN was

attained in each test and throughout each run, the W.E. was

maintained at anodic potential of -400 mV Vs SCE by an electronic

potentiostat and the current was recorded by a digital voltmeter

at each loading step. The anode current recorded was plotted

against the corresponding applied load levels.
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In the second test in sea-water, a fresh coated pre-

cracked specimen was used in the same test assembly Fi Be (2).

This time, the specimen was maintained at -1000 mV Vs SCE in

which hydrogen evolution was the dominant reaction on the test

specimen. The current at zero load was measured. The current

was recorded at subsequent load increases applied in the usual

manner. Thus, the cathodic current recorded was plotted against

the corresponding applied load level. It could be necessary to

limit the time between the loading to about 20 seconds in order

to minimize the effect of too much hydrogen evolution within the

fissure.

For the same test in ferri-ferro cyanide corrodent,

the W.E. was held at -510 mV Vs SCE cathodic potential. The

load was increased from 0.00 KN in steps of 0.25 KN to a maximum

heed level of 8.00 KN. A digital voltmeter (D.V.M.) connected

across a known electrical resistor was used to monitor the current

at each loading step. It was however observed that the current

recorded was a steady state current ie. when the potentiostat

which was preset at -510 mV (SCE) was switched on, a much higher

current recorded was observed to decay from about 120 pA to

the steady state of 25 A in about 55 seconds. Therefore, all

current measurements were made at this steady state value. The

load-current plot was obtained in the same manner for this system.

In quinone-hydroquinone systems, oxygen inhibits the

initial reduction reaction rate, but the limiting current density

is independent of oxygen coverage’”>, It became desirable to
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hold the W.E. at -600 mV Vs SCE which was within the limiting

potential range as shown in Fig.(3). This was achieved by

presetting the electronic potentiostat at -600 mV Vs SCE, and

the system was allowed enough time to attain its open circuit

voltage (0.C.V.) of -480 mV SCE before the potentiostat was

switched on. Again, the current was observed to decay from

75 yA to steady value of 40 pA in 90 seconds. Thus, at this

steady state current, the load was increased in the same manner

(ie. from 0.00 KN in steps of 0.75 kN to a maximum of 8.00 KN).

The current was recorded by the DVM and the typical load~current

plot was obtained for this system.

b. Potentiostatic Pulse for Load - Current Measurements

The application of potentiostatic pulse technique in

this investigation was to eliminate the mass transfer contro1”>

which was responsible for the small value of current in the

steady state measurements. Thus, this procedure was observed to

increase the recorded current in this electrochemical test.

The determination of the double layer charging time

for the corrodents used was concluded by applying a 50 mV Vs SCE

below the 0.C.V. for synthetic sea-water and quinone-hydroquinone

system respectively. A typical current-time responses of the

double layer charging were obtained on the storage oscilloscope’>*76,

The sharp spike was due in each case to the charging of the double

layer, and the continuous trace at longer time could be attributed

to pseudo-capacity effect. The charging times obtained were
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600 1-second and 400 y-second for hydroquinone-quinone and

sea water respectively.

The same precracked steel specimen was insulated in

the same manner and immersed in the quinone-hydroquinone redox

system. This was the working electrode W.E. which was held at

its open circuit potential (-480 mV Vs SCE) by an electronic

potentiostat while at the same time maintained under applied

load in the Monsanto type tensometer as illustrated in the test

assembly Fig.(2). By using a pulse generator, the 0.C.V. was

rapidly changed to the limiting current voltage region (ie. -610

mV Vs SCE) which was within the first electron transfer region

for 10 milli-second. The oscilloscope was used to obtain the

current—time response. The pulse application was repeated on

the sane electrode at each applied load level and the pulse time

in each case was kept at 10 msec. The plot of applied load

against the peak current responses was obtained for this system.

Also, an i-V pulse polarisation curve was obtained on a

fatigue surface which was prepared by a complete rupture of the

precracked specimen Fig.12 .- Basically, this was accomplished

by rupturing the precracked specimen of known crack length in

air at about 15 KN, then the entire half of the test piece

except the fatigue crack which was distinguishable from the

notch and the rapid rupture surfaces on the specimen similar to

Fig.(4). In the same manner as above, the potentiostatic

pulse at 10 m second was applied between the 0.C.V. and Ep

(where Ep was the applied pulse potential decreased from



-450 mV Vs SCE in steps of 10 mV Vs SCE to a minimum of -800 mV

Vs SCE).

Similarly, the second half of the ruptured specimen

was used to determine identical i-V pulse polarisation curve

in systhetic sea water Fig.(13).

Again, the same insulated specimen of known crack

length was immersed in synthetic sea water as the working

electrode (W.E.). The W.E. was held at its 0.C.V. by an

electronic potentiostat and as usual maintained under applied

load. At each increasing load level, the 0.C.V. was rapidly

changed to pulse potential Ep (ie. -1000 mV Vs SCE) in 8 milli-

second while the current time response was traced on the

oscilloscope. The peak of the current responses was plotted

against the coriesponding applied load level.
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(SCE)

Working Electrode

: Metal Attachments for load application
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: Sea Water
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: Luggin Capillaryay bee : Tensioning Force

Fig. 2 Schematic Diagram of Test Assembly.
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25 RESULTS

2.3.1, Steady State Measurements

The load - current plot obtained for the steady state

polatisation in sea water are displayed in Figs.(5 and 6). It

is interesting to examine these figures. First, the anodic mode

Fig. (5), there is a gradual increase in current corresponding

to a similar increase in applied load expressed in kilo Newton.

This simultaneous increase in both current and applied load is

observed to be more pronounced particularly the current which

shows a sharp increase at specific applied load level. Secondly,

in the cathodic mode Fig.(6), the current is insensitive to the

increase in load, but at a particular load level, there is a sudden

increase in current which is short lived as the magnitude of the

current recedes to its original value after few seconds. Thus,

unlike the cathodic current which is predominantly H7 evolution

current, the anodic current is stress corrosion current which is

observed to increase with applied load.

In the steady state polarisation of the same specimen

under sustained loading in ferricyanide - ferrocyanide medium as

a corrodent, the load current plot is in Fig.(7). The current

is observed to increase gradually with increase in applied load.

But at particular load level the current increased sharply and

recedes with the same gradual increase in load. Thus, this sensitive

increase in corrosion current with applied load observed in this

medium is an evidence that ferri - ferrocyanide medium is corrosive

to iron and steel. Thus, the dark bluish colouration observed
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during the tests could be the corrosion products.

The steady state polarisation measurement for the same

specimen under sustained load in quinone - hydroquinone redox

system shows yet another interesting result. A close observation

of the load - current plot Fig.(8), shows that the current is

independent of the applied heed, until at the critical load level

where the current shows a sharp increase with the applied load.

Bedece Pulse Measurement

The potentiostatic pulse application to these investigations

is observed to increase the values of the recorded current

because the mass transfer difficulty has been eliminated. The

absence of the problem is well reflected in the current measured

by this technique compare with the above results.

In sea-water, the pulse method applied on the specimen

under sustained load in the cathodic mode,the current measured

improved by more than a hundred fold. Again, the current is

independent of the applied load except at the critical load level

in which a sudden increase in current is observed. Unlike in the

steady state tests, the current does not recede to its original

value above the critical load levels Fig.(9).

For quinone - hydroquinone redox system, the current is

observed to be insensitive to the increase in applied load as

indicated above, but at the critical load level, there is a sudden

and tremendous increase in current which quickly attains a limiting



value at higher load levels figs. 10 and 11.

These sudden increases in currents observed in these

investigations are due to the attainment of the critical load which

is responsible for the formation of stretch zone at the crack

tip of the steel specimen. Thus, the critical load level

responsible for each observed sudden increase in current in the

each medium considered is used for the calculation of the thres-

hold value of stress intensity of stress corrosion cracking Kiscee

as shown in Tables22 and25. By considering the dimensions,

initial fatigue crack length and load at which a sudden change

in current occurs, the Kisce value for the steel specimen could

be calculated using the fracture mechanics relation®©»39.40 co

P.B
K =—_ SeeIscc B- we

where B= a/w, and often provided in literature’?, Otherwise
38 ,39

it would be estimated by using the following relation

7,

v o, Ve so17(2\%s eaa-0 AY?B={ 296 (3)’- 185-5 (% -0557(2) 101 “@) +638-9(2

where P = Load at which current increased sharply

B = Breadth of the specimen

Wo Width 53" u

a/w = Ratio of total flaw length (ie. notch and fatigue
crack lengths) to width of specimen, fig.1.

The Kisoc calculated for the steel specimen in the steady state

measurements in synthetic sea-water, ferricyanide-ferrocyanide
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and quinone - hydroquinone are given in table 2.2 While table 23

shows Kisce values obtained in synthetic sea-water and quinone-

hydroquinone from the pulse technique.

TABLE2.2

The threshold values of stress intensity of stress

corrosion cracking K
ISCC’

for En 30B steel determined by Steady

State Load current measurements in (i) Synthetic sea-water,

(ii) Ferricyanide-ferrocyanide and (iii) quinone-hydroquinone

environments .

c Fatigue Crack Critical Load | Threshold VaEnvironments Length o (cm) i (KN) ae (MN maf)

Sea water 0.1338 3.00 11.86
(Anode Mode) 0.1523 Zeid 10.94

Sea water 0.1355 3.25 12.68
(Cathode Mode) 0.1470 Zeta 10.94

0.1723 2.50 9.95

Ferri-ferrocyanide 0.1350 3.00 42.25
0.1460 219 11.24

Quinone-hydro- 0.1385 3.00 12.17
quinone 0.1465 3.00 MeeLy!



TABLE2-3

The threshold values of stress intensity of stress

corrosion cracking Kisce > and the determined lengths of the

surface exposed on the bare En 30B steel at the stretch zone

by the transient load current measurement in sea water and

quinone-hydroquinone environments.

Fatigue Crack Critical Load | Threshold Value | Crack

Environments a (cm) k, (ky) Kigcc eM m-3/2 | Opened
Ag (mm)

Sea water 0.1755 3.00 12.68 0.0277
0.1785 2.75 11.88 0.0117

Quinono-hydro 0.1637 2.50 10.42 0.0318
quinone 0.1647 2.50 10.40 0.0420

0.1287 5.25 12.98 0.0210
0.1268 3.25 13.04 0.0160



2.4. — DISCUSSION

Another examination of the load - current profile for

the specimen in synthetic sea water in the anodic mode fig.5,

shows a responsive increase in current to the corresponding

increase in applied load. This current increase becomes

pronounced at the critical load at which supposedly a stretch

zone is formed. The simultaneous increase in corrosion current

with supplied load is the out come of stress corrosion. Again,

in the cathodic mode, load-current in sea water fig.6, shows

that the H, evolution current is independent of the applied load

until at the critical load which shows a sharp increase in

current possibly due to formation of the stretch zone. But,

the increased current quickly receded to its original value.

This sharp decrease even at much higher load above the critical

load has been caused by the hydrogen gas bubbles blocking the

reaction surface in the fissure. This phenomenon was investigated

by switching off the applied voltage on the potentiostat while

continued to maintain the constant applied load just above the

critical load for 15 minutes to allow the hydrogen gas occluded

within fissure to diffuse into the bulk solution. Then, the

applied potential was restored by switching on the potentiostat,

the magnitude of the current was found to have returned to the

higher value (50 pA). Thus, within about 15 minutes hydrogen

accummulation again caused the fall back to the lower value.

The average Kisce calculated based on specific fatigue
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crack lengths and the critical loads for both anode and cathode

a/2 andmodes for the specimen in sea water were 11.40 MN mn

11.20 MN mee respectively as shown in Table 2. In the same

corrodent (ie. Sea water), the load current profile obtained by

the pulse technique displayed indentical insensitivity of the

current with increased applied load except at the critical load

level. At this critical load, the current increased sharply

in the same manner but did not decrease Fig.9 as observed above.

The absence of this decrease even at load well above the critical

load could be attributed to the short time (10 m sec.) which is

not enough for more hydrogen gas bubble to accumulate within

the micro crack. Similarly, the average Kisce obtained by this

pulse technique in sea water from Table22 is 12.28 MN Mele
3/2

which is comparable to the average 11.30 MN n- as obtained

for the same specimen in sea water by the steady state method.

Hence, it could be considered that Kisce average for the material

using the two techniques is 11.79 MN ml?

The load - current relation for the same specimen in

ferricyanide-ferrocyanide corrodent shows that the current

increase depends on the increase in applied load which depicts

stress corrosion process Fig. 7. The average Kiscc obtained

3/2
for the same steel specimen is 11.70 MN m in this mediun,

Table 2.2. This value of Kjoo¢ is very close to the average

3/2
value of 11.79 MN m_ obtained for the same steel in sea water.

For the quinone-hydroquinone system, the load current

profile is basically the same but the current value is highly



4S

increased in the potentiostatic pulse technique more than in the

steady state. The ratio of the sharp increases in current at

the formation of the stretch zone in both techniques shows that

steady state current is 100 times less than the pulse technique.

However, the load - current relations in the two techniques in

quinone-hydroquinone medium repeated the insensitivity of the

current to the increase of the applied load except at the stretch

zone, but the current in each case attains a limiting value at

higher load, Figs. 10& 11. The Ky obtained from the two
‘SCC

techniques are displayed in tables%2 &25, from which the average

Kiscq are 11-80 MV mTM9/? and 11.96 MV mTM*/? for the steady

state and pulse techniques respectively. The average of these

two is 11.79 Wm!” for the steel specimen.

Summarising therefore, the K for the En 30B steel
ISCC

in sea water, ferricyanide-ferrocyanide, and quinone-hydroquinone

3/2 11.70 WN m/? and 11.88 MN m/2media are 11.79 MN m

respectively. It is very remarkable that within the experimental

and environmental differences particularly with the wide variations

of the prepared fatigue crack lenghts the same magnitude of Kiscce

are obtained. And, most remarkably, these Kisce values compare

favourable with that reported by McIntyre’® of 12.09 + 1.10 WN m2/?

for the same steel specimen in H,S environment. Thus, these values

of Kisce from this investigation”” as well as my preliminary work’®

and that of McIntyre, have supported the view that an alloy has

a specific value of Kigcc Which is independent of environment 146 |
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The degree of the surface exposed at the stretch zone

could not be corrolated to the recorded current obtained by the

steady state measurements because of mass transfer control effect

which makes such corrolation very suspicious. However, the

peak current obtained by the potentiostatic pulse technique and

the predetermined i-v curves Fig. 12 & 13 are used to estimate

the length of surface exposed at the stretch zone in synthetic

sea water and quinone-hydroguinone media. For the varying

crack lenghts and environment ie. sea water and quinone-hydroquinone,

the average stretch zone in both environment are 0.0161 mm and

0.0277 mm respectively as shown in Table23. An average of these

two values for the same steel specimen is 0.0219 mm which compares

favourably with the result obtained by direct electron microscopic

examination of 0.009 mm by earlier worker’©,

The steel specimen used to determine the stretch zone

in quinone-hydroquinone environment for 45 minutes test period at

the maximum applied load of 8.00 KN is dried in an oven at 75°C,

then ruptured at 15 KN in air. A visual inspection of the two

halves of the specimen shows four distinctive surfaces Fig.4.

These include the notch, fatigue, stretch zone and rapid rupture

surfaces. The stretch zone is relatively very small compared

with the fatigue surfaces and surprisingly seems not to propagate

further as the load is increased even at higher load levels well

aboye the critical load level.

Summarising therefore, the steady state and potentiostat

pulse methods have been used to determine the same value of Kisce



of the steel specimen considered in various environments.

The results obtained by the technique proposed in this work”?

compare very favourable with McIntyreés results for the same

specimen in HS environment. Thus, the simplicity and the

rapid result obtained by using this technique could save a lot

of time for the potential users and possibly restores the confidence

of experts in the field.
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! (i) Compact En30B steel drie
x vy after use in quinone-

hydroquinone environment,

X and Y indicates two

S | C halves of the component

after fracture in air
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Fig. 4.

(i) | En30B steel used in aqueous. environment before rapid

rupture in air at 15 KN.

(ii) One half after fracture in air for visual inspection on the

effect of electrolyte/stress at stretch zone.
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(b) A—A 1.7550 mm at 8 m sec. potentiostatic pulse in sea water.
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CHAPTER THREE

HYDROGEN PERMEATION INTO STEEL
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CHAPTER TIT

Sele INTRODUCTION

3.1.1. Hydrogen in metals

This chapter investigates the absorption and consequent

dissolution of hydrogen in metals. The hydrogen diffusion

parameters in steel are determined and several factors which

induce more hydrogen permeation are investigated.

Recent studies of hydrogen permeation in metal have been

dominated by palladium and titanium, little is known about hydro-

gen diffusion in iron and stee1‘8.50 It is,however, known that in

corroding steel in an aqueous environment in which hydrogen

evolution is the electronation reaction, some of the hydrogen evolved

are absorbed into the lattice of the steels?
80

Bockris , Mcbreen

and Devanathan and Starchurski>?*8!and Nanis considered the

formation of hydrogen atoms adsorbed Hads on the metal surface as

an essential intermediate step in the electrokinetics of hydro-

gen evolution. They postulated various steps which include the

desorption of the hydrogen by the formation of the hydrogen gas

Hz, and diffuse into solution. During this desorption process,

there is still some adsorbed hydrogen atoms which dissolve into

the metal constituting absorbed hydrogen. This absorbed hydrogen

within the bulk metal lattice sets up a hydrogen concentration

gradient between the hydrogen-metal entry and the bulk of

the metal, thus, this concentration gradient becomes the driving

force which makes the adsorbed hydrogen diffuse into the metal.

Recent work has demonstrated that diffusion of hydrogen (H) in

the bulk of the metal is a fairly fast process .22 780
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3.1.2. Hydrogen Diffusion Parameters in steel

The assessment of H diffusion rate has been demonstrated

by different methods. Traditionally, the permeability and

diffusion rate of H through steel membrane are determined using

the modified form of Troiano, Berth and Steigerwald eet

This technique has been used to measure the hydrogen passing through

a steel membrane into an evacuated known volume. Basically, it

involves one side of the steel membrane being exposed to an

electrolyte while the membrane is held at Hz evolution potential

and the other side is the evacuated volume container. The H

permeability is determined from the pressure rise as a function

of time, while the comparative diffusivities are determined from

the time lag as postulated by Barrer,

Recently, Davanathan and stachurski®5»84 introduced a

separate technique to measure diffusivity using electrochemical

method. This involves the use of a thin steel membrane which

separates two identical cells containing an electrolyte. The H

entry face of the membrane is maintained at hydrogen discharge

current while the H diffusing through is being oxidized by main-

taining a H oxidation potential. The rate at which hydrogen

diffuses through the membrane is determined by the current needed

to maintain the constant H anodic potential at the second face of

the membrane. Thus, the ionization current is the manifestation

of the hydrogen permeating through the steel membrane from the

surface on which hydrogen is evolved.
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The number of H diffusing through the steel membrane

per unit time is proportional to the concentration gradient as

established by Fick's law. Thus, the changes in H concentration

(ie. permeation current density) with time ‘dc/dt could be

quantified by Fick's second diffusion law:

where c = the change in concentration

t = time change for the change in concentration

x = the thickness of the steel membrane

D = Diffusion coefficient (cm2/sec)

y,z = denote that diffusion is considered only in one direction.

By using Laplace transformation and Error function based on the following

(HE C=. @ x=0 and t =o ee

(ii) C = 0 @x=L an tzo

McBreen, Nanis and Becks®® obtained the solution of equation 3.1 as:

Dsg0:25xe fae eee ee. 3.2)

where D in the diffusion coefficient, for membrane thickness x,

and t : the time required by the H permeation current to reach

0.83 I,, | (Limiting current). Thus, the diffusion coefficient

determined in this work is based on equation 3.2.

Diffusion coefficient D is known to vary with the nature

of the solute atoms, solid structure and with changes in temperature.

For solid structures ie. iron and steel which exhibit surface

defects such as lattice imperfections like impurities, dislocations,

precipitation, grain boundaries and existance of residual or

applied service load, the diffusion coefficient for such material
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will depend on these defects®>. However, diffusion coefficient

is related to the temperature using the Arrhenius equation for

the electrochemical reaction system as follows:-

D, = Do exp -E,/RT Ree decile ss sve Se Veres so

where Dt : Diffusion coefficient at any temperature

Dy : Experimentally determined factor for the diffusion species

Eq : H - activation energy of permeation

R : Universal gas constant (1.987 Cal Mol/°K)

T : Absolute temperature

Thus, since the number of diffusion H with its activation energy

varies exponentially with the reciprocal of temperature,

equation 3.3. would be useful for the determination of E, of H

permeation through steel in this work. Also, Devanathan et 218384

two compartment electrochemical cell technique would be used for the

investigation of the effect of steel membrane thickness. and surface

impurities in the electrolyte on the H permeation in steel.

3.2. X PERIMENTAL TECHNIQUE

3.2.1. Choice of material and preparation

The En42 steel membrane or foil, Table 2.1 chapter II,

was chosen for this work because this grade of steel is supplied

in variable thickness ie. 0.254 mm, 0.381 mm , 0.7112 mm and

even 0.9144 mm all of the same width 101.6 mm and for any length.

Since comparison of H permeation rate with steel membrane thick-

nesses is envisaged, this brand of steel was very adequate. The

steel membrane was polished with 400 and P600A abrasive of water



proof silicon carbride paper grades until a smooth surface was

obtained. This polished smooth surface was degreased with

acetone in cotton wool buds. The membrane was cut with mechanical

shears into the dimensions required to fit the two flanges of the

two compartment cell. A nickel electrical conductor was spot

welded onto the prepared tip of this steel membrane. This was

once more degreased with acetone and stored in the dessicator until

required for use.

For the electrolytes, deionized, distilled water was

used to prepare one tenth molar potassium hydroxide. This solution

was electrolysed using gold and platinium foil electrodes for

about 24 hours under constant magnetic stirring. Thus, the catho-

lyte consits of this electrolysed solution. The anolyte contains

one-centimolar potassium nitrite and ten-micromolar palladium

chloride both in the electrolysed one tenth molar potassium hydroxide.

Hence, both the catholyte and theanolyte are stored in two separate

covered volumetric flasks.

Except for the H,S gas bubble direct into the catholyte

of the two compartment cell as H permeation inducing anion agent,

other inducing anion agents ie. Centimolar potassium cyanide and

centi-molar potassium nitrite were prepared in the electrolysed

one tenth molar potassium hydroxide as supporting electrolyte.

These two catholytes were stored safely in covered volumetric flasks

until required for use. A Corning-EEl, model 109, digital pH meter

was used to determine the pH of anolyte (12.68) and catholyte

(12.65) and the reagents were of the Analar grade.
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3.2.2, Cell Design

The cell design used in this work was a modified cell

used by Devanathan et pine row Basically, it consisted of two

identical compartments of glass ware with flanges. These flanges

were mirror image of the other and between them was the steel

diffusion membrane which has sticky teflon tapes that served dual

purposes: (a) it exposed a known specific geometric area on the

steel membrane to the electrolyte on both sides of the cell, and

(b) provided a cushioning effect as a water-tight gasket between

the glass flanges and the metal surfaces. The steel membrane

has the same diameter as the flanges, hence the whole joint was

covered with silicon set 151 aquasealant, a product of I.C.I.

A pyrex and aluminium brackets with long screws were simultaneously

used to hold this joint firm and water tight Fig. 3.1. This joint

separated the anolyte from the catholyte compartments. The anode

compartment has a saturated colomel electrode (SCE) reference

electrode housed in a luggin capillary pointing close to the

working electrode (ie. A side of the steel membrane) ,a column con-

taining the platinium counter electrode and a tube that led in

nitrogen gas, through a sintered disc into the cell. Similarly,

the cathode side has two colums: one for Pt counter electrode,

and a nitrogen gas inlet tube. The nitrogen was let out of the

cells through bubblers on either side of the two compartment cell

assembly in Fig. 3.1.
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Fig. 3.1. The Bi-electrode Diffusion Cell Assembly showing the Anode (A) and Cathode

(C) compartments. (B) Aluminium brackets and steel screws.
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3.2.3. Electrochemical Tests

The cyclic voltammogram was determined for Hz evolution

and de-electronation processes using En42 steel membrane as

electrocatalyst in deaerated tenth molar potassium hydroxide using

Bryan model 29000 A4X -Y pen recorder, a potentiostat, a wave

generator etc. At a sufficiently slow speed rate, the current

voltage variation was observed to show two peaks on the H,-evolution

direction. The first peak -750 mV (SCE) was characteristic of

the adsorption and protonation process while the second pronounced

peak above -950 mV SCE was the H evolution. On the return cycle,

a peak was observed about -570 mV Vs SCE which was the de-electro-

nation of hydrogen. The de-electronation was reproduced by

recycling the system between 0.C.V. and the protonation region

which substantiated that the peak at -570 mV Vs SCE was de-electro-

nation of H. Fig. 3.5. But, the electrodeposition of palladium

on the steel membrane made the de-electronation peak shift to

more positive value, and this palladium plated surface provided

more reproducibility.

A galvanostatic steady state polarisation technique

involved the use of potentiostat to maintain a fix potential across

a fixed electrical resistor from which the current that passed

into the cell was recorded. This principle would be used to

maintain the cathode side of the membrane in the two compartments

at constant H, discharge current density for a long period of

time. Fig.3.2. shows the circuit arrangement for this principle.

The potentiostatic polarisation which involved maintaining



both the working electrode and the reference electrode at a

constant potential by using a potentiostat. The circuit

arrangement Fig. 3.3. shows how this principle would be used to

maintain the anode side of the steel membrane in the two compartment

cell at H de-electronation potential. The H de-electronation

current which was a measure of the H permeation process would be

recorded by X-t pen recorder.

3.2.4. Potentiostatic and Galvanostatic Polarisation of the

bielectrodes

The electrochemical technique for the study of the

permeation process of H through steel was realised by the use of

bielectrode system. This has been achieved by the use of a

modified form of Devanathan and Starchurski cell assembly??? ,

This involved the use of polished and degreased steel membrane

which separated the two electrolytes at the joint as described

above and shown in Fig.3.4. The faces of the steel membrane

on both sides were exposed to approximately 1.00 cm? geometric

area to the respective electrolyte by the use of sticky teflon

tapes.

Initally, the anolyte surface of the bielectrode

membrane was plated with thin layer of palladium. This was

accomplished by passing 2 mA/cm2 for 10 m second using a galvanost-

atic pulse technique. These current and time were estimated to

electrodeposit a thin layer of palladium on the steel membrane

at the anolyte side of the two compartment diffusion cell in

Fig. 3.1. The Hz evolution arising during this electrodeposition
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process was oxidized before the cathodic H charging was commenced

by adjusting the anode potential to the H - deelectronate value.

AnX-t pen recorder was used to monitor the H-oxidation current

which decays slowly to about zero. As theX-t recorder traces

a constant value of H-oxidation current, the 10 mA/em2 Hy dis-

charge current was commenced on the cathode side of the diffusion

membrane by using the second potentiostat. Within minutes, the

X-t recorder started to trace an increasing H permeation current.

This increase was the manifestation of the arrival of H from the

Hy discharge side at the cathode. The permeation current

increased as much as the H continued to arrive for de-electronation

until a limiting current was attained.

A stop of the H) discharge by switching Off the 10 mA/

cm2 from the potentiostat, has shown that within seconds, a

sharp decrease of the H permeation current being monitored by the

X-t recorder. As long as the H discharge current density was

cut off, the decrease in the H permeation continued until zero

H permeation current was realised. The permeation current was

restored as soon as the 10 mA/cm2 Hp ficcheree current was

maintained by switching On the potentiostat. The circuit

arrangement for this process is shown Fig. 3.4. It is, however,

important to point out that H, gas was bubbled into the anolyte

especially during the electroplating process and continued during

the de-electronation of permeated hydrogen. Also, the anolyte

was electrolysed in situ for about an hour before the permeation

test was commenced.
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The effect of membrane thickness was investigated by

changing the diffusion membrane at the joint Fig. 3.1. with

0.254 mm, 0,381 mm, 0.7112 ,, and 0.9114 mm. The H permeation

current and diffusion coefficient were determined for each

membrane thickness by the same technique as described above.

The effects of temperature between 20° and 75°C were investigated

using 0.254 mm steel membrane and from this result the activation

energy of H permeation in steel was determined.

Various Catholyte environments were used to study the

effect of the presence of specific anions in the catholyte would

have on the H evolution and permeation on the steel membrane.

For this purpose, a steel membrane thickness of 0.254 mm was

used and the anions considered were CN , NO, OH and the HS gas.

Basically, the anolyte was maintained as above for all the tests.

The millimolar concentrations of potassium cyanide, potassium

nitrate and tenth molar of potassium hydroxide were used respect-

ively as the catholyte and in each case a fresh steel membrane

was fitted at the joint. Fig. 3.1. In the case of H,S, the

tenth molar potassium hydroxide was the supporting electrolyte

which was saturated with H,S by passing the gas through it.

Two techniques were deployed for these tests Viz: (i) The presence

of an anion in the catholyte without the application 10 mA/em?

WY) discharge current, and (ii) The presence of an anion in the

catholyte followed by a simultaneous application of 10 mA/cm2

H, discharge current density. Thus, from this procedure, the

effect of these anions on the H permeation current at temperatures



between 20°C and 75°C as well as the activation energy of H

permeation in each anion were determined.

Caution: HS being very toxic, elaborate arrangement was made

to prevent any harzard. An acidified 0.5 M potassium permanganate

was used to oxidize it as soon as it was let out of the catholyte.

35.5. RESULTS

3.3.1. Hydrogen Permeation Current-Iime Profile

Initally, the X-t pen recorder was monitoring the de-

electronation current arising from hydrogen evolution during

the elect rodeposition of palladium on the anode side of steel

membrane. This de-electronation current being monitored by

X-t pen recorder was observed to decrease to a very low constant

value which attained to zero at much longer period. As the

10 mA/cm? hydrogen discharge was commenced at the cathode side

of the diffusion membrane, within minutes, the current being

monitored was observed to increase. This increase inX -t pen

recorder current was an indication of the arrival of the H from

the cathode side through the steel membrane for de-electronation

at the anode side. A delayed time or time lag was observed,

this was from the time the 10 mA/em” hydrogen discharge current

was commenced to the time of the increase in current on the

X-t pen recorder, After the time lag (A-B), the current increased

fairly gradually to attain a constant current value, as shown in

Fig. 3.6. At a prolonged time period, the 10 m/cm” H, dis-

charge current was switched off, within seconds, this limiting H
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permeation current started to decrease, and decreased very

rapidly for the first few seconds and fairly gradual thereafter

(C-D). The decrease in H permeation current continued to its

zero value at much prolonged period as shown in Fig. 3.6. The

reproducibility of the magnitude of the H permeation current

on the same diffusion membrane depended on the time of exposure

of the membrane to the catholyte. Passivation of the catholyte

side of the steel diffusion membrane continued to be possible

especially when the 10 mA/em Hy discharge current was cut off.

In this case, the H permeation profile was realised, but the

magnitude of the limiting current could be difficult to attain

possibly due to large ohmic drop in the cell.

The same H permeation profiles were obtained by the

presence of chemical anions in catholyte for each test. Thus,

the H- permeation current-time profile was typical of Fig. 3.6,

but the magnitudes of the H permeation limiting current measured

at 25°C increased in the order HjS > CN > NO7 > KOH for the

same steel membrane thickness for the presence and absence of

the application of 10 mA /on? hydrogen discharge current at the

cathode side. The time lag decreased in the order HS < <

NOz < KOH Tables 3.2, 3.3, 3.4, 3.5 and 3.6.

For each chemical anion in the catholyte, I observed

that increase in temperature increased the H permeation limiting

current in the same order ie. HS > CN > No, > KOH (Blank)

and the time lag decreased in the same order ie. H)S < CN < NO} <

KOH as shown in Table 3.6.
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3.3.2. Diffusion Parameters of H Permeation in Steel

In order to test the validity of the relation proposed

by McBreen et al (ie. equation3.2 section 3.1.2.), the time t

required for the H permeation current It,to attain 83 per cent

of the H permeation limiting current Gs) for various membrane

thicknesses were determined as shown in Fig.3.6. and Table 3.1.

Thus, a plot of square of the membrane thickness x2, against

time from Table31 confirmed a linear relation from which the

diffusion coefficients (ie. the gradients) were calculated,

Fig. 3.7. The gradients of the two straight lines in Fig3.7

for t = 0.83 to» and t = te gave diffusion coefficient values:

6.82 x 10°8 cm2/sec and 5.56 x 10° 8cm?/sec respectively at 25°C

for this steel membrane. The two diffusion coefficients together

gave an average of 6.2 x 10°8cm?/sec which could be compared

confidently with D Q 10°°cm?/sec obtained for Armcoiron by

McBreen et alae at 25°C using the same technique. Also, a plot

of the membrane thickness against the reciprocal of the H permeation

current depicted a linear relation as predicted by Fick'$ Law

of diffusion ie. that the diffusion process of H through the steel

membrane was bulk diffusion controlled as observed by Beck, Bockris,

and M cBreen®? Fig. 3.8.

The diffusion coefficient was observed to vary with

temperature, thus the diffusion coefficient was determined for

each chemical anion introduced into the catholyte. In the use

of each anion, the cathode side of the diffusion membrane was

maintained at 10 mA/cm2 Hz discharge current. But, in another



use of HS gas, the 10 mA/en2 H, discharge current was cut off,

thus the permeation was predominantly due to H,S dissociation

on the steel membrane at the cathode side for all the temperature

range considered. In Tables 3.2, 3.3, 3.4, and 3.5, the

diffusion coefficient and H permeation limiting current were

observed to reflect marked increases in the environments and

temperatures investigated. Hence, H permeation current increased

tremendously due to combined effect of HS and 10 m/c? Hy

discharged current compared with small effects due to cyanide,

nitrite or KQH. Table 3.6,

An Arrhenius plot Fig. 3.9 of the logarithm of diffusion

coefficients against the reciprocal of the absolute temperatures

was obtained based on the re-arrangement of equation 3.3. section

3.1.2. as shown:-

¥ sO deiLogig Dy = Log, D, Alo 503. R (t) See nen 4

where the meaning of the symbols remain the same. The above

relation was used to compute for the activation energy for H

permeation in steel membrane in the environments investigated.

Thus, the activation energy obtained are shown in Table 3.7.



TABLE 3.1

Below shows the diffusion coefficients, limiting current

densities at t = 0.83 t_ and t = to for varying membrane thickness

in tenth molar potassium nitrite catholyte at 25°C from which ne

versus t plot is obtained in Fig. 7.

Membrane | Diffusion Limiting Current | Time to Time to

Thickness | Coefficient | Density. I, Attain I Attain

(cm) D cm*/sec 0.83 I,

L cmxlo2 px10°cm? /sec pA/em2 t,, (mins) t (mins)

2.540 5.241 13.28 62.65 52

3.810 5.820 9.85 125250 104

TAZ 7.464 6.38 344 57 286

9.144 6.816 4.67 615 .66 ol:

TABLE 3.2

Shows the variation of diffusion coefficient with

temperature for thickness of steel membrane of 0.254 mm in

potassium hydroxide as the catholyte.

£°C T OK Diffusion Coeff. | Log,, D
D x 108cm2/sec 10

24 297 4.41 -7.36

36 309 4.89 -7.31

42.5 315.5 5.10 -7.29

56 329 7.47 -7.13

62.5 335.5 8.40 -7 .08

76 349 9.95, -7.00



TABLE 3.3.

Shows the effect of temperature on (i) the diffusion

coefficient D, and (ii) the H permeation current density for

membrane thickness of 0.254 mm in cyanide catholyte medium @

10 mA/cm2 Hy discharge current density.

t °C | T °K | Permeation Current Diffusion Coeff. Log; .D
density I,=0.831,, |D x 107cm“/sec

25 298 33.20 PAZ 6.95

30 303 53.95 eee 6.91

43 316 $8.10 1.58 -6 .80

4 327 87.15 2.24 ~6 .65

66.5 | 339.5 93.8 2.69 6.57

TABLE 3.4

Shows the effect of temperature on (i) diffusion

coefficient and (ii) H permeation current density for membrane

thickness of 0.254 mm in H2S with 10nA/cm? H discharge current density.

° Permeation Current | Diffusion Coeff. |} Log. iPCL TD Midensity 1,=0.831,, | D x 10/cm¢/sec 10?

26 299 266 1.34 -6 .87

35 308 320 1.58 ~6..80

a 324 345 2.24 -6.65

62 335 375 " 2.56 -6.59

81 354 487 4.27 6.37
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TABLE 3.5

Shows the effect of temperature on (i) diffusion

coefficient and (ii) H permeation current density for membrane

thickness 0.254 mm in HS catholyte medium.

% |T °K | Permeation Current | Diffusion Coeff. Log, (D
density, 1p-0.831,, D x 10/cm*/sec

pA/cm

26 299 2 3.67 ~5.44

37 310 91 4.48 5.39

50 323 156 Dee -5.28

62 355 286 Ose 5.17

71 344 420 9.48 -5.10



79

TABLE 3.6

Shows the comparison of the amount of H permeation into

En42 steel in various environments at 1omA/em2 Hy discharge current.

H2S ENVIROMENT

Catholyte Discharge Permeation current

“~ Te MA/em2 density I, neat T,,/I¢ x 100

26 10 320 Sed

5 yr 385 3.85

51 be 415 4.15

62 ny 450 4.50

81 Ui S17 Dake

Gi)

CN" ENVIROMENT

Catholyte Discharge Permeation current

i. density Ic MA/cm2 density I, A/cm’ 1,,/Ic x 100

25 10 33.0 0.33

30 ou 54.0 0.54

43 My 58.0 0.58

54 bt} 87.0 0.87

66.5 W 94.0 0.94

(iii)

NO} ENVIRONMENT

Temp | Catholyte Discharge Permeation currgnt L/I 100
oC current density density IyA/cm colic X

Tg MA/cm?

24 10 52 0.05

36 ry 8.0 0.08

42 bg 10.0 0.10

56 25.0 0.25

76 © 37.0 0.37
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TABLE 3.7

Shows the activation energy determined in various catholyte

environment and the diffusion coefficient Do

Catholyte Condition Activation Energy Diffusion,Coefficieny
K Cal / mole /OK Dy cm* / sec

01M KOH + 10MA/cm2 3.44 1.30 x 10°

O.1M KOH + H,S + 10 ~7Ra Jeme 4.26 4.17 x 10

O1M KOH + CN" + 10 7Maen 4.47 3.47 x 10

OM KOH + H,S only 4.03 8.13 x 10°
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3.4. DISCUSSION

The H permeation current is realised by applying an H

de-electronation potential on the anode site of the bielectrode

steel membrane. This H de-electronatim site is protected from

anodic dissolution and possible passivation of the steel membrane

by electroplating a thin layer of palladium. This thin electro-

plated element did not materially affect the rate of the permeation

of atomic hydrogen H, which is rate controlled only in the steel

membrane as observed by Devanathan®! , The H permeation current

density is observed to increase with increase in the H discharged

current at the cathode site of the steel membrane. And, each

increase in H permeation current density time profile is charac-

teristic of sharp increase before setting to constant value which

is more pronounced at large H, discharge current density, Fig.3.6.

It is not clear what is responsible for the sharp increase but from

results of ealier workers, a possible lattice defect of the steel

membrane is not ruled ute? 225281 However, at 10 MA/cm@ H dis-

charge current density, this sharp increase is not very pronounced,

and does not affect the determination of the diffusion parameters

based on the steady state limiting current density.

An additive (ie. anion) in the catholyte is observed to

increase the H permeation current, Table 3.3,3:4, 3.5,3.6, thus the

magnitude of the permeation current depends on the catholyte

additive, the steel membrane thickness, the temperature and the

H discharge current density. By keeping these variables constant,

it was observed that H permeation current increase in the order
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H,S > CN’ > KOH as the catholyte additives are varied.

Table 3.6. Beck, Devanathan and Starchurski?” obtained similar

trend for Armco iron membrane and Bockris, McBreen and Nani

confirmed the same behaviour for the Armco iron membrane. | I

investigated further, the role of CN group on the H permeation

current by varying the CN” concentration which again shows the

dependence of H permeation current on the high concentration of

CN” as obtained by Glass, Taylor and Beck”>. On the basis of

these observations, Kabosez and Montblannova®® in considering the

rate-controlling step in H evolution on iron is not H recombination,

but suggested that the increase in H permeation is due to a lowering

of the M-Hads bond caused by the adsorption of anions (ie. CN ,

HS, NO, etc.). Although the rate determining step assumed

by these workers is no longer an acceptable one for iron as post-

ulated by Bockris®”, Devanathan and Starchurski®>, nevertheless,

their ideas can be incorporated in the mechanism of hydrogen

evolution and entry into the steel as deduced later in this work.

The diffusion coefficients of 1.34 x 10” ene /sec;

1.12 x 10°7/sec and 4.41 x 10 8cm’/sec determined for En42 steel

membrane in H,S, CN” and KOH catholyte respectively, Table 3.2,

3.3 & 3.4, do not reflect the differences in the catholyte

additives particularly for the HS and CN. This result is in

good agreement with 3.8 x 10°77 cn? /sec contained in Palczewske

Ratajczyk's work for Armco iron, Devanathan et al obtained

2.0-x 107” cm/sec for AISI 4340 steel>* and Wood®® got 1.25 x

10 cm/sec for SAE 4130 steel, all the results were obtained at
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25°C. However, other workers have obtained lower diffusion

coefficient (ie. Gellar and Sun calculated 2 x 10 cm/sec for

Armco iron which is in fair agreement with the above results.

In this work, it is observed that the diffusion coefficient

varies markedly with temperature as predicted by Arrhenius

relation for the catholyte system investigated, but it is found

to be independent of membrane thickness which substantiates the

McBreen, Navis and Beck approximate solution of Fick's second

law (equation 3.1,section 3.1.2). However, the H permeation current

density is shown to be inversely proportional to be membrane

thickness Fig. 3.8. as predicted by Fick's law and supported by

work of Bockris, Beck and Nanis.

The activation energies determined from this work for

En42 in HS, CN” and KOH catholyte additives by the Arrhenius

plot are 4.26 Kcal/mole/°K respectively, Table 3.7. Also, the

activation energy determined only by the dissociation of H2S

on the catholyte site of the steel membrane without 10 MA/cm2 H

discharge current density is 4.03 Kcal/mole/°K. The activation

energy obtained in the KOH catholyte shows a slight difference

from that of H2S, and CN but they are of the same order of

magnitude. However, the activation energy in KOH is in good

agreement with 3.05 + 0.10 Kcal/mole/°K for cast iron (0.012 Ni)

by Stross and Tompkins®9 , However, Heinrich, Johnson and

Crouthamel obtained 10.26 Kcal/g-atom/°K for Armco iron in cyanide

environment2°, Smithels and Rensley work contains activation

energy of 11.0 Kcal/g-atom/0K?! and Benneck et 19° also obtained

activation energy of 9.4 Kcal/g-atom/°K all the values are for
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Armco iron in cyanide catholyte. The 4.47 Kcal/mole/°K and 4.26

Kcal/mole/°x obtained in this work for CN and HS catholyte

environments are in good agreement with the above results parti-

cularly the recent activation energy of 9.2 Kcal/g-atom/°K for

Armco iron polycrystals by Bockris et ale Thus, from these

identical activation energy values it is aboundantly evident that

these alditives could be playing identical role in the H permeation

process. Therefore, the lowering of the M-Hads bond energy as

proposed by Kabozev and Montblanova could not be considered as a

serious factor. Instead, the experimental evidence as well as

the theoretical analysis by Beck, Glass, and TaylorTM> have dis-

closed that CN, which is strongly chemisorbed during H-charging

of a steel surface, effectively retards the recombination rate

of simultaneously adsorbed hydrogen atom. The chemisorption

increases rapidly with H-charging time, and this results in a

rise in the hydrogen coverage and creation of a steep hydrogen

concentration gradient at the steel catholyte surface. This

mechanism explains the initial sharp rise of H permeation current

in the CN” and HS containing catholyte which is responsible for

the high hydrogen coverage at this side of the membrane. Thus,

since there is no marked difference in the H permeation activation

energy, the additive (ie. anion) must be playing an identical role,

ie. decreasing the recombination of the H at the cathode side.

The H dissolution rate in steel seems to be varying with

steel and depends on the composition of the steel, the lattice

defects and possibly by residual and applied stress. The influence

of applied stress to H permeation would be investigated later.
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CHAPTER IV

HYDROGEN PERMEATION INTO STEEL

UNDER APPLIED TENSILE STRESS

4.1. “Introduction

The rate of hydrogen dissolution in steel is known to

be influenced by the composition, the structural defects such

as interstitial sites, grain boundaries, dislocation etc., which

provide hydrogen diffusion paths in the stee1>®»92 These

structural defect paths for H permeation are enlarged in size

or number by the presence of residual or applied tensile stress?”

Phalen et ay? ee have shown that the H entry into the steel grain

boundaries is further enhanced by applied tensile stress.

As the effect of stress on H absorption by steel has

not adequately been established, this work proposes to investigate

cn the relationship between applied stress and H permeation in

steel. Also, the mechanical properties of the steel specimen

would be determined.

4.2. EXPERIMENTAL TECHNIQUE

4.2.1. Mechanical Properties of Steel Specimen

En42 steel membrane was mechanically press-cut into a

standard tensile test piece according to the specification of

material testing organisations*)*40 This short length strip

tensile piece is shown in Fig. 4.1. below.

The tensile specimen described above was polished at

the centre with a very fine emery paper and degreased with acetone

before an electrical resistance strain gauge was introduced.
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Fig. 4.1. Short length tensile strip test piece of En42 steel, thickness
0.274 cm (Dimensions in cm)
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Each strain gauge used consisted of a wire or foil grid mounted

on a plastic base, which in turn was bonded onto the centre of

the surface of the steel specimen on which the strain was to be

measured. The electrical resistance strain gauges usedin this

work have gauge factor of 1.98 which was predetermined by the

manufacturer. The gauge factor is defined by:

= 1
Gauge Factor = AR ( mR? ACL.

where R = gauge resistance

AR = resistance change due to strain E

The installation of the gauges onto the tensile specimen were

carried out as illustrated procedure by Coutts et ale A digital

strain indicator made by Vishay/Ellis, model 20 was used to record

the strain while the applied stress was recorded and progressively

increased on the Monsanto Type Tensometer. The applied stress

(N/mm?) and resultant strain ( y-strain) were used to compute

the elastic modules for the material in the usual manner .99»96

4.2.2. Mechano - Electrochemical Tests; Hydrogen Permeation in

Steel Under Applied Stress

The two-compartment-cell used for this investigation

was basically the same as described in Chapter III section 3.2.4

and Fig. 3.1. However, the tensile specimen Fig4.1 above, was

made to fit the glass ware flanges at the joint and at the same

time projected above and below the joint of the two-compartment-

cell. These two projections of the tensile specimen were clamped

firmly to the provisions made for them on the Mosanto type Tensometer



which was held vertical for convenient application of specific

stresses. Pictures of the test assembly are shown in Figs. 4.2

and 4.3.

The hydrogen permeation studies were conducted based

on the previous technique in Chapter III, section 3.2.4. Thus,

the anolyte and catholyte were maintained as described in section

3.2.4. The tensile diffusion membrane was initially at zero

stress level while the cathode side was maintained at 10 mA/om2

_ hydrogen discharge current density in cyanide catholyte. The H

permeation current was recorded by the X-t pen recorder in the

usual manner. But, at the maximum H pemmeation current (ie.

limiting current), the stress level was increased from its zero

stress level at 186 N/mm? and simultaneously, the H permeation

current was observed to increase with the applied stress and

attained a higher value of limiting current corresponding to this

stress level. The stress level was once more increased from

186N/mm? to 248 N/mm, 372 N/mm2, 433 N/mm? and 557 N/mm? and the

limiting current was determined respectively for these levels of

applied stress. The H permeation limiting currents were similarly

determined for 650 N/mm2 and 681 N/mn2 applied stress levels

which were beyond the elastic region.

The effect of reducing the stress level rapidly to zero

stress level for selected applied stress levels, while the 10 mA/

em? Hy discharge current density was continously kept, was invest-

igated. Also, the H permeation diffusion coefficients in steel

under specific applied stress levels were determined.



Fig. 4.2. Front view of the mounted monsanto type

tensometer with the steel membrane under

an applied tensile stress.
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4.3. RESULTS

The stress-strain diagram obtained by the mechanical

test on the tensile specimen of thickness of 0.274 mm is shown

in Fig. 4.4. This stress-strain relation does not pass through

the origin as theoretically expected. However, the curve exhibits

a proportionality limit which could be defined as the greatest

stress level that a material can endure without losing a straight

line of proportionality between stress and strain as defined by

Hook's law. The slope of the linear portion of the stress-strain

curve provides the elastic modulus £, defined by:

ait cemttetee ie e.cisiaiafe Sie'eine 40001

where P: applied stress (N/mm?) and E, the strain (y-strain) .

The elastic modulus for the steel membrane used is 234 x 10° N/mmn2,

which is in good agreement with the specification value given for

the same material in material selector and design guide?” , A

complete plastic region of the curve, Fig.4.4, could not be obtained

because the electrical resistance strain gauge peels off above

an applied stress level of about 920 N/m? .

The H permeation is determined for stress level within

the elastic region and about the plastic region. In each case,

the H permeation current is allowed to attain a limiting value

after a long period, first at the zero stress level before

increasing the applied stress to higher values. The subsequent

H.permeation current monitored by the X -t pen recorder is observed

to increase simultaneously with increase in applied stress levels.

In effect, as the stress level is raised, the H permeation is



96

observed to increase to a higher value which after short period

attained a limiting current value corresponding to the level of

applied stress. Thus, the H permeation currents are observed

to increase as the stress level increased from 186 N/mm, 248 N/mm2

372 N/m’, 433 N/nm? to 557 N/mm? and their corresponding limiting

current are shown in Table 4,land Fig. 4.5. These stress levels

are within the elastic region of the stress/strain relation Fig.4.4.

However, the permeation process at 650 N/nm2 and 700 N/mm? which

are beyond the elastic region are observed to produce more pronounced

high current value and the limiting current is an average of the

zig-zag current values recorded by the X -t pen recorder.

Diffusion coefficient of H permeation in steel membrane

at 248N /ann2 and 372 N/mm? applied stresses are 4.48 x 107m? /sec

and 6.25 x 10-/cm?/sec respectively.

However, at limiting current for 557 N/mm? (ie. within

the elastic region), this stress level was rapidly reduced to zero

stress, within seconds the permeation current is observed to

increase before an expected decrease. Fig. 4.5. Suprisingly,

this sudden increase at rapid reduction of the stress is about

35 pA more than the limiting current at 557 N/mm? . At 700 N/mm

stress level which is within the plastic region, the increase in

H permeation current when the 700 N/mm? stress level was rapidly

reduced +o zero, is only 13 yA which depicts the attainment of a

permanent set in the membrane Fig. 4.5A. A plot of H permeation

limiting (yA) against the corresponding applied (N/mm?) shows

that the current increases with applied stress, and this simultaneous



increase in current with load is more pronounced at the plastic

region ie. above 550 N/mm? as shown in Fig. 4.6. However, the

plot of H permeation current against the strain Fig. 4.7. shows

a corresponding increase which could be approximated to a linear

relationship even within the plastic region. These results

could be significant in the explanation of H dissolution in steel.
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TABLE 4.1.

Shows the effects of (i) applied stress (N/mm?) and

(ii) strain (WE) on the H permeation current for En42 steel

of thickness 0.274 mm and cross-sectional area 3.10 m? @

10 men? Hy discharge current density in cyanide catholyte

@ 25°C.

Applied Load | Applied Stress Strain H Permeation Current
KN N/inm2 vE pA

0.00 0.00 0.00 59

0.6 193 262 76

0.8 248 370 88

1.2 Bie 602 100

1.4 433 713 113

1.8 557 980 126

2.1 650 1120 150

2.2 681 1238 208
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4.4. DISCUSSION

The stress-strain relation determined for the steel

specimen used in this investigation has shown two distinct regions

ie. the elastic region and above 560 N/m is the region of

plasticity, Fig. 4.4. H permeation current has been investigated

within these two regions as illustrated in Figs. 4.5, 4.6 and 4.7

and the data displayed in Table 4.1. Within the elastic region

ie below 560 N/mm? Figs. 4.5 and 4.6, the H permeation current is

observed to increase with increase in applied stress, but the use

of a mathetical relation to quantify this mode of increase is

difficult. However, the H permeation current is observed to

increase with strain in the member. Figs. 4.5.and 4.7. Thus,

an approximate linear relation for the H permeation current densities

with strain suggests that more active sites seems to be created by

the presence of strain due to applied stress. The strain in the

member is possibly influencing the lattice distortion more than

stress, presumably due to the lattice elongation. Such affect

could increase the defect points on the steel, consequently more

H path could develop which is responsible for the increase in H

permeation current particularly above the elastic region where the

strain is fairly independent of applied stress.

However, Phalen et aloo in their assessment of H permeation

in steel pointed out that the number of reaction sites is controlled

by the magnitude of the tensile stress. In this respect, H

embrittlement has been enhanced in steel tanks by the presence of

tensile stress’®, Thus, the collection of hydrogen in the high



tensile stress region, whether the stress is applied before or

after cathodic charging, suggests that preferential diffusion and

acceleration of M-H reaction occurs only in steel stressed

specimen?? The inability of detecting a hydride phase in steel?

supports the earlier view that atomic hydrogen does enter the

surface of the stress metal, diffuses to and concentrates in the

region of highest tensile stress. This fact could explain the

rapid increase in permeation current observed when the steel

membrane was contracting as the stress is suddenly removed, or

reduced to zero. This rapid increase in permeation current could

be due to "squeezing out" of the dissolved H at high stress that

could not be accommodated at the limited sites available at zero

stress.

But, at plastic region where the strain has more dominant

effect than stress, much higher H permeation current was obtained,

However, when the strain is reduced, the amount of H squeezed

out was observed to be much lower than in the elastic region Fig.4.5.

This phenomenon suggests that the strain in the material has

induced a permanent set in the steel, consequently the dissolved

H has enough sites at lower stress or strain level due to the

formation of plasticity in the membrane.

The diffusion coefficient D, is observed in this

investigation to be independent of applied tensile stress in the

steel membrane within the elastic region. A similar result”?

is obtained for AISI4340 steel. However, it is not clear the

effect of strain on the diffusion coefficient in the plastic region
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because the electrical resistance gauge peeled off during the

long period of test. However, the permeation current change

observed from the lateral contraction of the membrane with stress

or strain shows that the increase in the H permeation rate with

stress could possibly be due to increase in the hydrogen solubility

with applied stress or strain.

Recent work?> has indicated that as hydrogen enters

the steel their tensile strength decreases markedly and corrosion

in this area continues to generate more hydrogen which reacts

with the steel and probably diffuse into the grain boundaries.

Thus, along these grain boundaries, H diffusion may be more rapid

as much of the embrittlement occurs here. In this regard, more

investigation is envisaged in the next chapter to introduce

electrochemical hydrogen evolution catalyst which could possibly

isolate hydrogen evolution and dissolution from the corroding steel.
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CHAPTER FIVE

THE ELECTROCATALYST FOR HYDROGEN

EVOLUTION REACTION (h.e.r)
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CHAPTER V

THE ELECTROCATALYSTS FOR HYDROGEN EVOLUTION REACTION

(h.e.r.)

5.1. Introduction

5.1.1 ASurvey of h.e.r. electrocatalyst

Hydrogen evolution reaction often accompanies many

electrochemical industrial processes and it is of considerable

importance in water electrolysis and diaphragm chlor-alkali celis10101

The h.e.r. over-voltage influences the energy requirements of most

electrochemical processes, hence extensive studies are being

carried out in search of the electrocatalyst requirements for

h.e.r. in most electrochemical systems. The h.e.r. over-voltage

has been shown to vary periodically with atomic number of various

metallic elements by earlier workers! Parson and Brecter!03

pointed out that there is a close relationship between the rate

of h.e.r. and the heat of adsorption M-Hads,on the metal. A

volcano-type relationship was found between hydrogen over-voltage

and the M-Hads bond strength The hydrogen over-voltage have

a minimum value for Ni, Pd and Pt elements as compared with high

over-voltage values observed for Zn, Cd and Hg elements by

Bockris et al7> the electronic configurations of these elements

are given by Ni(d8s2), Pa(d's) and pt(a9s!) compared to M (a!%?)

characteristic of Zn, Cd and Hg elements. Based on the h.e.r.

performance of the above elements and results of earlier workers /> +104

electronic factors could play a significant role in h.e.r.

performance of electrolysts.
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Recently, many workers in this field have combined

elements by doping etc. to achieve a compound with proper

electronic properties that has high h.e-r. performancel>» 10s

In this regard, Tungsten oxide doped with platinum by implantation!

and sodium Tungsten bronze are two of the compounds which have

shown enchanced h.e.r. performance The h.e.r. performance of

these electrocatalysts obtained by combination of elements has

recently discouraged the common use of steel as h.e.r. electro-

catalyst. Platinum is often an alternative choice to steel,

but this element is expensive and often very susceptible to

poisoning by trace of impurities from the cell component and

electrolyte.

Therefore, from the above facts on the properties of

h.e.r. electrocatalyst, it is most probable that an efficient

electrocatalyst for h.e.r. can be achieved by developing a

compound which has a fairly moderate M-Hads bond energy, a good

electrical conductivity, corrosion resistant and most significantly

a low hydrogen over-voltage. In considering these facts, recent

work at The City University on an E.E.C. funded project entitled

‘OPTIMISATION OF TEFLON BONDED GAS POROUS ELECTRODE', Tseung and

Manl07 »108
developed what could be described as a novel nickel-

cope snicnice NiCo2S4 cathode catalyst which gave over 1000
MA/cm@ at -170 mV Vs RHE in 5 MKOH at 70°C after ohmic drop

correction. Recent life tests in 5M KOH at B5°C" have confirmed

that teflon bonded NiCo2S4 cathode catalyst can operate at

1.0 A/em?, - 130 mV Vs RHE, (Ir corrected), 85°C, for over a
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test period of 3300 hours without any deterioration in performance.

Moreover, this cathode catalyst NiCo,S,, is not affected by

subsequent exposure to air even at 85°C.

In order to study the electrocatalyst activity, the

present work aims at comparing the h.e.r. performance of iron

sulphides with the NiCo Sy cathode catalyst developed by Tseung

and Man. To achieve this comparative study, this investigation

proposes to determine (i) the current density - voltage performance

curves and (ii) the basic electro-kinetic parameters for iron

sulphides and nickel-cobalt-sulphide NiCo,S4, in different

electrolyte systems.

The h.e.r. requires the presence of proton in solution,

thus in acidic medium there is preponderant amount of proton

while in alkaline solution water molecule is the only source.

Heyrovsky, Horiute and Okamoto! postulated a mechanism for

h.e.r. for both acidic and alkaline media. But, their mechanism

does not differ markedly from the often considered mechanism

put forward by Volmer and Tafe1’> which involves a charge transfer

and recombination steps in alkaline medium :-

(i) H,0 (2) +e ——-» Hads +OH (aq) Volmer 54

(ii) Hads +. Hads > Hy (9) Tafel 5-2

The reaction mechanism and rate determining step changes depending

on the nature of the electrocatalyst material, the condition of

the surface and various other factors. However, by considering

a simple electrochemical redox reaction system, the electro-

kinetic parameters are defined at low hydrogen over-potential by



109

Bulter-volmer equation from which the Tafel equation :

WE = a+b logi 53

Tois derived.” where Le: hydrogen over-voltage

i: the reaction current density

a;b : the tafel parameters for the intercept

and slope respectively.

Therefore, a knowledge of the Tafel parameters, exchange current

density ig , stoichiometric number and the Arrhenius activation

energy could be very useful for the elucidation of the electro-

catalyst activity for h.e.r.

edie EXPERIMENTAL TECHNIQUE

Dieliake Preparation and Characterisation of the Electrocatalyst

for h.e.r.

(a) Nickel - cobalt - sulphide, NiCo7S4.

A high surface area nickel-cobalt-oxide was prepared

from the nitrates of the respective elements by freeze-drying

as improved by Tseung et alae? and used by Manl©8 The second

batch of oxide was prepared by decomposing a known mixture!10

of the nickel-cobalt-nitrates solution placed on En42 steel

membrane as a support. The BET surface area of the oxide

powder was 74 w2/ g- These oxides were sulphided in a flowing

stream of HS gas in the furnace at 300°C for 8 hours as

described byMan. The sulphides produced from the freeze dried

and air decomposed oxides were labelled A and Aj respectively

and their respective sulphur content was determined.
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(b) Tron Sulphide

The type B iron oxide was prepared by decomposing in

air, a BDH analar grade ferrinitrate solution {Fe(NOz) 3} to

produce a black "'Cake'", This resultant black ferri-oxide was

ground into powder and sulphided in the stream of HS as above.

The type C iron sulphide was prepared by dissolving

in 100 ml distilled water analar grade crystals of 9.69 g

ferrous chloride and 27.58 g ferricchloride. A solution of

these salts was treated with6M NaQH solution to obtain a black

precipitate which was filtered and washed several times with

distilled water and dried in an oven at 75°C for 5 hours.

The "'Cake'' produced was ground into brown powder which has a

BET surface area of 102 m2/g. This oxide was suphided in a

stream of H2S in the usual manner.

Type D was prepared by exposing the En42 steel for

about six months in air. Rust was observed to cover the steel.

This rusted steel was fed into a stream of H,S in the furnace

and sulphided in two batches: (i) 75°C for 18 hours and (ii)

at 300°C for 8 hours to produce D, and D iron sulphides respect-

ively.

The fourth type of iron sulphide involved anodizing

the En42 steel in the electrolytic cell, then H)S was introduced

into the cell to reduce in situ the oxides formed to their

respective sulphide. The electrochemical h.e.r was tested

immediately after sulphiding.:
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C. X-RAY ANALYSIS

X-ray and chemical analysis confirmed that the resultant

NiCo7S4 cathode catalyst possessed the thio-spinel structure!8,

The x-ray diffraction pattems determined for various types of

iron oxides and iron sulphides show the following properties:-

The iron oxide from the air decomposed ferric nitrate shows only

the presence of a -Fe203, but the oxide from FelII/FelII chlorides

shows the presence of a -Fe20z and traces of a-FeO(QH). The

x-ray pattern for iron oxide from rust in analysed to contain

magnetite and haemetite ie. Fez04, and a -Fe,03 respectively.

Also, traces of a -FeO(QH) is evident but the x-ray patterns made

it very unreliable to distinguish succinctly other forms of ferrite

allotropes designated by 6 and y.

The x-ray patterns for the various grades of iron

sulphides were observed to be highly indistinguishable. However,

the type (B) (Table 5.1) iron sulphide shows the cubic ferrous

sulphide of general formula FeS}_, where (1<X>0). The type

(C) from mixed oxides is analysed to contain Troilite and

pyrrholite type sulphides with general formula FeS)_,. and

Fey_, S, where (0.95 <X>0.875) respectively. The type (D)

iron sulphide obtained from rust contained iron disulphide (FeS2),

the pyrrholite (Fe;_,S) and Troilite, FeSj_,.- The presence

of the pyrite FeS2 is as expected, but the absence of other

homologue ie. FeSy etc. could be due to the temperature of

preparation as reported by Reiff!l2et a1 and Shoesmith et al113,
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The d- spacings from this work and the JCPDS powder

diffraction index are shown in the appendix. The Debye-Scherrer

powder diffraction photographs were used to obtain the d- spacing

of the oxides and sulphides in these analyses. And, the x-ray

diffraction unit, model PW 1010, made by Phillips was of much

help for these structural analysis.

(D)__ Sulphur Content Determination

The sulphur content of all the the sulphides were

determined by Schdniger combustion unit. This technique involved

the use of weighed amount of the iron and nickel-cobalt sulphides

specimens which were oxidized by combustion in a stream of

oxygen. The effluent gases were then absorbed and dissolved

in a solution of hydrogen peroxide of known concentration to

form sulphate ions which were titrated against Barium chloride

solution, using Thorin solution as indicator. The result of

this analysis is displayed in Table 5.1.



5.2.2. Half-Cell Electrochemical Testing

(a) Electrode Fabrication:

The freeze dried NiCo S, and type D iron sulphide were

each mixed with I.C.I. Fluon dispersion and pested onto 100 mesh

nickel screen. The catalyst/teflon ratio in each case was 10/3.

The catalyst loading was between 2 and 5 mg/cm. The electrodes

were dried at 100°C for one hour, followed by final curing at

300°C for one hour. ‘The electrodes were 1.0 cm? in geometric

area in all cases and 1.0 mm thick nickel wire was spot welded

onto the electrode to facilitate current collection.

The second batch of NiCo,S, produced on En42 steel

membrane support was cut with mechanical shears into 1.0 cm? area

electrode with spot welded nickel wire for current collection

and other iron sulphides were prepared in the same manner.

(b) Electrochemical Test:

An electrolytic cell Fig. 5.1, consisting of platinum

screen counter electrode, the saturated calomel electrode and

the working electrode. The working electrode prepared as

described above varied from NiCo,S, to all the different types

of iron sulphide. The electrolytes used were (i) 0.1 M KOH and

(ii) 3.5 per cent Nacl at chosen temperature range. This

involved, introducing each electrode into the electrolyte and

cathodized at -300 mV Vs SCE hydrogen over voltage for about

120 minutes. The potentiostatic polarisation measurements were

taken from the direction of high current to low current and

measurements were made at steady state current density. The

electrolyte was purged with nitrogen gas.
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The i-v potentiostatic polarisation curves were

obtained for NiCo7Sq and En42 steel in 0.1 M KOH at 25°C. Then

i-v potentiostatic curves were obtained for NiCo,S,, all grades

of iron sulphides including the iron sulphide prepared in situ

in 3.5 per cent Nacl at 25°C. An i-vcomparative study was

made in each case. Finally, Tafel plots were determined for

NiCo2S4 and sample D iron sulphide prepared from rust in which

comparable performance was observed in 3.5 per cent Nacl.

Arremius activation energy was investigated for these two com-

parable h.e.r electrocatalysts in 3.5% Nacl solution. The Ir

correction was obtained for each system studied by using the

interrupter technique.



Fig. 5.1. Three’ compartment cell assembly for i-v

performance studies of the sulphide electrodes

on h.e.r.
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5.3. _ RESULTS

Figure 5.2. shows the performance of NiCo,S, and En42

steel for hydrogen evolution in 0.M KOH @ 25°C and Fig. 5.3

depicts the same performance of these catalysts in the absence

and presence of HjS in 3.5% sodium chloride solution. Their

performances are observed to be more enhanced in presence of H,S

than without. Similar i-v curve is obtain for NiCo,S,4 and steel

in sea water, Fig. 5.4.

The electrochemical h.e.r performance conducted using

various grades of iron sulphide is shown in Fig. 5.5. while the

iron sulphide electrodes prepared direct from iron and electrode

from sulphided-anodized-iron show similar performance which are

much lower than the high performance of other grades. Also,

there seems to be no distinguishable performance between the iron

sulphide electrode prepared from iron rust and the one from mixed

FeII/FeIII salts. Thus, these two electrodes gave the same

electrochemical h.e.r performance @ 25°C in 3.5% Nacl solution.

Fig. 5.5, but both of them show a low marginal difference of

performance to a better NiCo2Sy electrocatalyst Fig. 5.6, @

50°C

Figures 5.7 & 5.8 show plots of log i vs. over-potential

in 3.5% Nacl for 2.4 ng/om2 and 4.5 mg/cm? of NiCo,S, and iron-

sulphide (from rust) catalyst loadings respectively at temperatures

25°C, 45°C and 60°C. Reproducibility was good for both catalysts

but much better on NiCo,S,. Two Tafel slopes are observed in each

case at lower overpotential and the heat of activation at high
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overpotential are obtained from a plot of log i vs reciprocal

of the absolute temperature Fig. 5.9. The numerical value of

the heat of activation E,, may yield information on reaction

mechanism (ie. E, is expected to be high for the slow discharge

mechanism, which involves breaking of a strong 0-H” bond and

formation of relatively weak M-H bond, while low Ey is for slow

recombination mechanism, which involves breaking of two relatively

weak bonds to form a strong H-H bond).

Note, the determination of Tafel parameters were made by taking

measurements in the low over-voltage region (f <RT/F) in order

to avoid or minimise contribution due to activation, ohmic and

concentration polarisation at higher overpotentials.
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TABLE 5.1

Sulphur content (w/w per cent) in iron sulphide grades

and NiCo2Sq prepared in a stream of HS for 8 hours.

Source of Sulphides Grade Temperature | w/w %

of sulphi- | sulphur

disation

NiCo,Sq from freeze dried NiCo,0, | A 300°C 22.10
oxide

NiCo.S, from Air decomposed
5S A 300 18.40

NiCo04 1

FeSx from decomposition of 0,
Fe(NO 3) ; B 300°C 19.4

FeSx from NaOH: and mixed 0;
Fell/FeIII chlorides e poe aoe

FeSx from Rust D 300°C 12.4

FeSx from Rust (sulphided 0,

for 18 hours) Dy 8o"c 10.2
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TABLE 5.2

Kinetic parameters for h.e.r. on NiCo,S, and FeSx

prepared from iron rust. The electrolyte used is 3.5 per cent

Nacl @ 25°C, 45°C and 60°C. { NiCo,S, is prepared on the steel

membrane while the FeSx is obtained by reducing the rust on

the menbrane with H,S }

Temp Tafel Slope @ | Activation Ene-Electrocatalysts oC low rey AEF/R

NiCo,S, (catalyst 2 25 0.0701
loading is 2.5 mg/cm“) 45 0.1125 1860.5

60 0.1620 a =80mV SCE)

FeSx from Rust z 25 0.0875

(loading 4.5 mg/cm?) 45 0.1634 2142.8
60 0.2333 @ =75mV SCE)
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DISCUSSION

The hydrogen evolution performances on various grades

of iron sulphide obtained in this work Fig. 5.2, 5.7. show

marked performances of two grades of iron sulphide namely

grades C and D sulphides from mixed FeII/FeIII oxide and iron

rust respectively. The iron sulphide from iron rust shows a

better performance at lower over-potential but at higher over-

potential its performance and that of grade C are found to be

same. The grade B ie. from the decomposed ferric nitrate

which shows a comparable performance with the first two grades

C and D, but performance of only steel and steel exposed to H2S

have been found to be very poor. Fig.5.2, 5.5. Thus, the

iron sulphide prepared from combined oxides of iron has shown

to give a better performance than steel and iron sulphide

prepared direct from steel. Fig. 5.5. Again, the performance

of iron sulphide in h.e.r seems to depend on the composition

of the oxides from which such sulphides are prepared. This

fact is manifested in this work ie. the iron sulphide obtained

direct from only Fe,0z gives a better performance than iron

sulphide obtained direct from steel. The iron sulphide prepared

from the combination of Fe,_,0, Fe,0z and Fe20, (ie. rust)

gave a much better performance than the sulphide from only the

mixture Fe,_,0 and Fe,0z as shown in Fig. 5.6. There is no

evidence in literature to explain this phenomenon. The diffe-

rence in sulphur content ,Table SI was considered responsible



but the minimum sulphur content (12.4 w/w per cent) of rust as

Compared with the 19.4 and 26.8 w/w per cent for grades B and

C iron sulphides respectively Table 5.1. shows the contrary.

In effect, the grade D sulphide from rust with its low sulphur

content gave higher performance which suggests that other

factors could be responsible. As, it was not possible to

measure the surface area of the various grades of sulphide

because of the loss of sulphur during the degassing stage in

the BET measurement}! we could not effectively explain

these observations based on surface area of the catalysts.

However, from the X-ray analysis, we observed differences in

the structure of each grade of sulphide. Thus, the presence

of different structure in the overall composition of the sulphide

could be responsible for this observed performance. This fact

supports the earlier view14 that electronic properties of the

catalyst does influence the hydrogen evolution reaction and

this has been maniisted in the result of this work in which

the sulphide prepared from mixture of Fey_, 0, Fe20z and Fe,0,

(ie. rust) gave a Comeanding performance compared with sulphides

with fewer oxide combination.

Two grades D and Dy (Table 5.1) of iron sulphide

prepared from rust at 300°C and 80°C for 8 hours and 18 hours

respectively were found to contain the same amount of sulphur

and gave the same h.e.r performance. The performance compared

with that of NiCo,S, shows that at 105 mV SCE over-potential,

omA/om” and 18 mA/cm2 for D grade of FeSx and NiCo,S4



respectively in 3.5 per cent Nacl at 25°C (Ir corrected) .

But, at 250 mV (SCE) overpotential, 85 mA/cm2 and 90 mA/om®

for grade D iron sulphide and NiCo,S, respectively under the

same condition. These results show comparable performance

Fig. 5.6. The Tafel slopes for the two h.e.r electrocatalysts

determined at 25°C) 45°C and 60°C as well as the Arrhenius

activation energy show identical values, Table 5.2. Since the

Tafel slopes at lower overpotential are relatively identical

under the same experimental conditions, this strongly suggests

that the reaction mechanism remains the same for the two

electrocatalysts.

It follows, however, that this comparable kinetics

studies of iron sulphide and NiCo,S, have shown that both

electrocatalysts have comparable hydrogen evolution performance.

Thus, the application of anyone of them could be as effective

as the other for the prevention of hydrogen embrittlement in

a corroding steel envisaged in the next chapter.
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CHAPTER SIX

HYDROGEN EMBRITTLEMENT IN STEEL



CHAPTER VI

HYDROGEN EMBRITTLEMENT IN STEEL

6.1. Introduction

Hydrogen evolution is among the varying cathodic

reactions which accompany the corroding steel structure in some

environments, (equation 2, chapter 1). Although the majority

of the Hz produced on the cathodic areas is evolved as gas and

assists the removal of corrosion products, some of it diffuses

into the steel in the atomic form and can render it brittle.

As pointed out in Chapters iII & IV, the presence of impurities

such as arsenic, H2S, Cop, CN” etc reduce the formation of H2

gas. on the steel, consequently, the amount of atomic hydrogen

diffusing into the steel, and the brittleness are increased.

As well as causing brittleness, the absorbed H atom combines

to form molecular hydrogen on the surface of inclusions and voids

within the steel. Thus, a gas pressure is set up in the voids

and this may be sufficient to cause blisters to appear either

during pickling or particularly during processes leading to

stress corrosion damage (20) Hydrogen evolution and consequent

diffusion of H atom into steel is vulnerable in localized

corrosion sites where ingress of oxygen or any other reducible

species is restricted. It has recently been observed that the

electrochemical conditions (ie. solution pH and electrode

potential) at the tip of an advancing stress corrosion crack in

steel exposed to 3.5 per cent sodium chloride solution are

favourable for hydrogen evolution regardless of the externally
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applied potential or the pH of the bulk solutiontt$

Brown®!

Similarly,

found that the solution inside a fissure on the surface

of a specimen becomes very acidic (from pH 6.5 to pH 3.5) and

that metallic ions are present. He emphasised the point that,

on plotting the combination of pH and potential observed during

cracking on a Pourbaix diagram, the points always fall in that

region where hydrogen evolution is possible. He states that

‘there does not appear to be any valid reason to require a

mechanism other than hydrogen embrittlement to account for the

cracking of high strength steels in salt water’. For low alloy

steels, without applied potential, snape®! attributes failure

mainly to hydrogen embrittlement. Thus, the failure of a meta-

llic structure could be the responsibility of stress corrosion

cracking and/or the hydrogen embrittlement where the specific

cause c¥lébre in any environment is not clear.

Kennedy and Whittaker®! emphasized the practical

importance of distinguishing between the cracking due to hydrogen

and that due to anodic attack at the crack tip, since such

information is necessary in deciding on a protective treatment.

If the mechanism of fracture can be shown to be of the second

type, then coating consisting of a metal anodic to the basis of

the metal should provide cathodic protection at the gaps (at

least for some time), whereas, if the mechanism of failure is

connected with hydrogen, the choice of an anodic material is

likely to be disastrous; phosphating and painting may be more

suitable. They discuss methods of distinguishing between the
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two types of failures, reaching the conclusion that various

techniques, such as changes in cathodic polarization and fracto-

graphic techniques are of some value in determining failure

mechanism but absolute diagnosis is not yet possible.

One of the major problems in off shore gas and oil

pipelines is their susceptibility to stress corrosion cracking

due to hydrogen enbrittlement®” The problem is particularly

serious in riser pipes which carry the hot crude oil or gas from

the ocean bed to the underwater pipes which transport the fuel

to the shore. The riser pipes are subjected to considerable

stress caused by oil or gas pressure as well as the pounding

action of the waves. An added factor - the presence of H2S

which is strongly adsorbed and dissociates very easily on the

steel structure. This reduces the possibility of H atom recom-

bining as H2 molecule®?” consequently most of the H produced in

the dissociation process diffuses into the metal, thereby redu-

cing the energy needed for creating new surfaces when a disloca-

tion pile up is transformed into true crack.

6.1.2. Possible Mechanism and Prevention

46,59 and theThe contribution of earlier workers

results based on the present work (ie. Chapters III and IV) have

shown that the presence of H7S increases the rate of hydrogen

permeation into steel. The action of H2S is generally assumed

to be due to the poisoning of the H atom recombination sites

by strongly adsorbed S=, thereby forcing the H atoms to diffuse



into the metal lattice?° Hence, this phenomenon could be

responsible for the internal corrosion of pipelines and equipment

which are encountered in most oil and gas production units.

However, the degree of internal corrosion attack will vary with

the production site and this will change during the production

life of the well and also as operating procedures and the

production rate change. This is because the rate and type of

corrosion is dependent on various parameters, such as the amount

of water co-produced with the gas and/or crude oil, the presence

and concentration of carbon dioxide and/or hydrogen sulphide, the

pH, the salt content and ingress of oxygen. Thus, the corrosion

can be classified into two basic types, namely "Sweet" corrosion

due to the presence of the Coz and water, and "Sour" corrosion,

due to the presence of HS.

In both cases, the rate of the cathodic hydrogen

evolution is increased, leading to hydrogen embrittlement and

premature failure. Moreover, in the presence of carbonic acid,

the pitting corrosion of the steel is increased; the presence

of pits would enhance the possibility of stress corrosion.

The evolution of hydrogen can be written as :

HY (¢ -8* Hads 6.1

Hads + Hads + Hz 6.2

In sour pipes, H2S reacts with steel to form iron

sulphides. On such surfaces, reaction 6. 2)is the rate deter-

mining step and the possibility of adsorbed H atom into steel

would be greatly enchanced :
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XHads + Fe + Fe(H)x 6.3

This will then result in hydrogen embrittlement, which has been

identified as the main cause of stress corrosion in the internal

gas and crude pipelines®”

The present protective measures®” include:

(i) Proper design : This eliminates abrupt changes of flow

direction. This will minimize local effects.

(ii) Proper selection of material : The method is often constrain-

ed by cost and practical considerations. In certain areas

chromium steels have been used but mechanical requirements

and the possibility of their cracking in high chloride, and high

temperature environments restrict their large scale use.

(iii) Coatings : These have the disadvantage that,over a period

of time, pores and cracks develop and severe localized attack

results.

(iv) Inhibitors : This is the most favoured method at the moment.

Basically, these are organic molecules incorporating active

polar groups containing sulphure, nitrogen or phosphorous,

eg. alkylamines or amides. These compounds adsorb on the

metal surface and decrease the rate of electrochemical reac-

tion. However, the inhibitors’ have to be added either

continuously or at specific time intervals. Moreover, it

is not certain whether it would be very effective in sour

pipes, since the inhibitors cannot stop the reaction between

H2S and steel.



The present work proposes a novel technique for the

prevention of hydrogen.embrittlement in steel. The technique

ensures that when the steel is being corroded, the cathodic

hydrogen evolution reaction occurs on highly efficient hydrogen

evolution electrocatalyst sites instead of on the steel. In

this way, the amount of Hads available for diffusion into steel

will be greatly reduced. The active hydrogen evolution elec-

trocatalysts ie. Nickel dicobalt tetra-sulphide, NiCo2S, and

iron sulphide, being considered in this investigation have been

demonstrated in Chapter V to have low hydrogen over-voltage,

high corrosion resistance and possess electrical conductivity.

In order to demonstrate the efficacy of this technique,

anyone of these active electrocatalysts is provided before the

steel to be protected from hydrogen embrittlement is exposed

to the corrosive environment, and/or may be provided whilst

the steel is so exposed.

Several applications of these active electrocatalysts

have been demonstrated these include : An electrode (ie. Section

5.2.2, chapter V) made from anyone of these electrocatalysts

may be electrically connected to the steel to be protected

against hydrogen embrittlement. However, the technique will

not, in general, be suitable for use in the protection of pipe-

lines etc. and, for such applications, it is preferred to coat

the active electrocatalyst directly onto the surface to be

protected. This is achieved by coating the surface of the steel

with a solution of the mixed nitrates which decomposes on heating
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with or without a chemical inert binder and then converting

the mixed oxides by treating with H)S or another sulphur

containing compound eg. carbon disulphide, CS.

This technique has proved very effective in preventing

hydrogen permeation in steel in this work and possibly will be

very useful for the prevention of hydrogen embrittlement in

oil and gas pipe lines.

6.2. EXPERIMENTAL _ TECHNIQUE

6.2.1 METHODS OF PROTECTION OF STEEL FROM HYDROGEN EMBRITTLEMENT +

6.2.1A Electrically Connected Steel to an Electrocatalyst.

The H permeation current was the manifestation of H

atom absorbed at the cathode side of the bielectrode steel

membrane, diffused through the membrane and was de-electronated

at the anode side of the same membrane, Chapter III. These

principles and the two compartment cell techniques would be

used in this chapter to investigate the possibility of preventing

hydrogen permeation, by (i) electrically connecting and/or (ii)

bonding the cathode side of the bielectrode steel membrane to

a more efficient and active hydrogen evolution catalyst (ie.

NiCoS, or iron sulphide) .

The aim of this investigation has been realized by

using the two compartment cell Fig.6.1, which has an additional

colum to hold the catalyst in the cathodic compartment. As

described in Chapter III, the steel membrane (En42 grade)

separated the two compartments at the joint. The constituents
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of the anolyte was maintained as in Chapter III and the electro-

deposition of thin layer of palladium on the anodic side of the

membrane was accomplished in the same manner. The catholyte

was changed to satisfy some specific conditions in these series

of investigations: -

(a) NiCo2S4 Catalyst Used To Protect Steel From Hydrogen

Embrittlement In 0.1M KOH/H2S.

In the first case, the catholyte was 0.1M KOH at 25°C.

The NiCo2S4 catalyst electrode was electrically connected to the

cathodic side of the bielectrode steel (En42) membrane to be

protected from H embrittlement and maintained at 10 mA/cm@

hydrogen discharge current density as shown in Fig. 6.1 and

electrical circuit in Chapter III.

There was no hydrogen permeation current monitored due

to the presence of NiCo2S, which is in electrical contact with

the steel substrate being protected. Thus, after a long period

of time, the NiCo2S4 catalyst was disconnected from the steel

which was still maintained at 10 mom hydrogen discharged

current and within seconds, the H permeation current was monitored

by the X-t pen recorder. The H permeation was allowed to increase

until it attained its limiting current value, the NiCo2S, was

once more electrically connected to the steel. The H permeation

was observed on the X-t pen recorder to decrease rapidly to its

zero current value. Hence, by this make-and-break device

between the electrical connection of NiCo7S, to steel, the process

could be used to demonstrate the effective protection of steel
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from H embrittlement by the NiCo2S4 catalyst application.

H)S gas has been noted to induce H permeation into

steel (chapter III), and the effect of protecting the steel from

H embrittlement by using NiCo2S, catalyst in H)S environment

was investigated. In the manner as described above, the catho-

lyte was 0.1M KOH in the first instant at 25°C and later increased

to 75°C. The steel and the NiCo7S4 catalyst were electrically

connected and maintained at 10 mA/cm@ in the potentiostat.

After about one hour, the H)S gas was introduced to saturate the

0.1M KOH catholyte at 25°C. As soon as H7S was introduced, a

small H permeation current was monitored by X-t pen recorder.

This current increased and attained its maximum value of about

5 pA. But after a long period, as soon as the NiCo7S, catalyst

was disconnected from the steel, the H permeation current in-

creased very sharply and within 120 seconds attained a maximum

value of over 160 Ampere. After a prolonged period of time,

the NiCo2S, was re-connected to protect the steel and within

seconds, the H permeation current was observed to decrease very

rapidly to its initial current value.

In the same system at 75°C, introduction of HS gas

gave a H permeation current while the NiCo2Sq catalyst was

still protecting the steel but after a long period, the catalyst

was disconnected. The H permeation current shot up to just

under 400 pA, but on reconnection of the NiCo2S4 catalyst to

protect the steel, the H permeation was observed to decrease

very sharply to its initial value. Thus, the NiCo Sy catalyst
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protects the steel from H embrittlement even at above room temp-

erature.

(b) NiCo Sy Catalyst Used To Protect Steel In 3.5% Nacl Solution/H2S.

The effect of electrically connecting the NiCo,S, on

the H permeation rate of steel to be protected in the presence

and absence of H2S in 3.5 per cent Nacl solution at 25°C and

75°C were investigated. This was accomplished by maintaining

the requirements as described above. The catholyte in this

case was 3.5 per cent Nacl. In the same manner, the NiCo2S4

catalyst was electrically connected to the steel to be protected

and maintained at 10 mA/cm? hydrogen discharge current density.

As expected, there was no H permeation current monitored for

a long period. But, as soon as the NiCo7Sy catalyst was elec-

trically disconnected, the H permeation increase fairly gradual

to a maximum of just over 80 pA. To continue the protection

of the steel, the NiCo Sy was reconnected and within seconds,

the H permeation current decreased fairly rapidly to its initial

zero current.

But, under the same condition above, the H2S was

introduced into the 3.5% Nacl catholyte at 25°C. As soon as the

H2S was introduced into catholyte, H permeation was observed

and it increased to maximum value of about 50 pA. At this H

permeation current value (50 yA), the NiCo2S4 was electrically

disconnected from the protected steel. Within seconds, the H

permeation current shot up rapidly to about 200 yA maximum
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current value which later decreased vary steeply as soon as the

NiCo2Sq was electrically reconnected to protect the steel. At

75°C in the system, H permeation current (100 yA) was observed

as soon as the H2S was introduced into the catholyte, whilst the

steel was being protected by the catalyst. But, after a pro-

longed time period, the catalyst was electrically disconnected

from the protected steel. The H permeation current was observed

to shoot up tremendously to a maximum value of about 500 yA

within seconds. After short period, the NiCo7S4 was reconnected

to protect the steel and simultaneously, the H permeation current

was observed to decrease very steeply to a value little above its

initial current value.

(c) Iron Sulphide Catalyst Used To Protect Steel From Hydrogen

Embrittlement.

However, although the use of NiCo2S, electrocatalyst

in the above investigation have proved very effective, iron

sulphide has been shown (chapter V) to possess high activity for

hydrogen evolution. In this respect, it is surprisingly found

that iron sulphide (ie. grades D from oxides of mixed chlorides

and D from iron rust,both in chapter V) exhibited a low over-

potential for the cathodic evolution of hydrogen, accordingly, these

iron sulphide is ~suitable as an active catalyst for use in

accordance with the present investigation. Thus, the effect

of electrically connected iron sulphide electrode on the protect-

tion of steel from H embrittlement was investigated. Basically,
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the above principle was used for the investigation. Thus, the

iron sulphide electrode and the steel being protected were

electrically connected and maintained at 10 m/e? H, discharge

current in 3.5% Nacl at 25°C. There was no H permeation current,

but as soon as the iron sulphide electrode was electrically dis-

connected from the steel, the H permeation current was monitored

which increased to a maximum H permeation current (18 yA) which

decreased to its zero value as soon as the iron sulphide electrode

was reconnected to protect the steel.

In the presence of H2S in the same system at 25°C, H

permeation current (30 yA) was observed as soon as the HS gas

was introduced into the 3.5% Nacl catholyte whilst the steel was

being protected by the iron sulphide. However, at a prolonged

time period, the iron sulphide was electrically disconnected ‘

from the protected steel and at the same time the H permeation

current increased to about 80 yA within mintues. But, the steel

was once more protected by reconnecting the iron sulphide elec-

trode, the current (80 yA) was observed to decrease to about its

initial value (30 pA). At 75°C, the introduction of H2S into

the 3.5% Nacl catholyte brought about H permeation current of

about 60 pA whilst the steel was protected by the iron sulphide.

When the iron sulphide was electrically disconnected from the

steel being protected, the H permeation increased very sharply

to a maximum value (210 pA).

(Note: the NiCo2S, and iron sulphide electrodes used for the

above investigations were prepared as described in chapter V,

section 5.2.2)
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(d) Protection Of Steel Under Tensile Stress From Hydrogen

Embrittlement .

The effect of NiCo,S, catalyst electrically connected

to the steel membrane for the prevention of H embrittlement

whilst the steel was under applied tensile stress was investiga-

ted. The two compartment cell and cell assembly both in Figs.

4.2 & 4.3 of chapter IV were used for the test. Basically, the

steel membrane was connected to the NiCo2S, electrode and main-

tained at 10 mA/em2 Hy discharge current density. Initially,

the steel membrane was at zero stress level at 10 mcm? Hy

discharge current density at the cathode side. There was no H

permeation. The H permeation current was not observed even when

the applied stress was increased from 0.00 N/mm to 433 N/nm2,

but at 681 N/mm2 stress level there was H permeation which attained

a maximum value of 6 yA. After a considerable time period at

the 681 N/mm2 applied stress level, the NiCo2S, catalyst was

electrically disconnected and within seconds, the H permeation

current was observed to increase very sharply to about 160 yA.

Again, the NiCo2S, was reconnected at the same stress level

(ie. 681 N/mn2) ; the H permeation was observed to decrease

rapidly to its initial value. The final stress level 681 N/mm2

was within the plastic deformation of the steel, thus when the

stress was reduced to zero, the H permeation current further

increased before an expected decrease. This observed phenomenon

of an increase in H permeation current when the stress level is

suddenly reduced to zero stress level has been explained earlier
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as the lendency of steel member "squeezing out" of the unacco-

mnclated H at the zero stress level. Thus, the effectiveness

of this technique could possibly be extended to the protection

of structures under the influence of service stress from hydrogen

embrittlement in most environment.

6.2.1B. FORMATION OF ADHERENT CATALYST ON THE STEEL AS A METHOD

OF PROTECTION FROM HYDROGEN EMBRITTLEMENT

(a) Protection of steel by the formation of electrocatalyst

conducting coating.

The technique of electrically connecting the active

catalyst to the steel whilst protected from H embrittlement,

will not, in general, be suitable for use in the protection of

pipes etc. and, for such applications, it is preferred to coat

the active catalyst directly onto the surface to be protected.

This was realised by using a piece of 1 cm’, 0.0381 cm

thick of En42 steel membrane which was roughened with coarse

emery paper 2.05g of Analar nickel nitrate and 4.10g of cobalt

nitrate was dissolved in 10 cc of distilled water. The solution

was pipetted onto the roughness side of the membrane. ‘This

membrane was then heated at 100°C for 2 hours in an oven, and

the temperature was then raised to 400°C for one hour. ‘There-

after, it was transferred to a tube furnace and heated at 300°C

for 10 hours whilst a continuous stream of carbon disulphide, CSz

was passed over the specimen. The sulphur content of the NiCo2S,

coating was 24.8 per cent. The electrical resistance of the
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coating on the steel support was 0.8 ohm and the thickness was

about 0.0086 cm.

The NiCo,S, coated surface of the steel membrane was

made the cathode face in the two compartment cell Fig. 6.1.

The effect of NiCoS, coating on the protection of steel from

H embrittlement was observed to be greetly enhanced by this

technique. This effect was however investigated in the presence

of H)S with and without the application 10 mA/cm? H) discharge

current density to the cathode side of the membrane. Other

methods of metal - catalyst bonding were investigated. These

include the use of P.V.C. - catalyst and teflon - catalyst ad-

herent mixtures, but these proved very ineffective possibly due

to the formation of insulating coating and the presence of

micro pores.

(b) The formation of iron sulphide coating on steel in situ

In accordance with the present work, the formation of

iron sulphide with steel can readily be formed as a coating in

situ. For instance, a coating of rust which has naturally or

deliberately been formed on the steel surface can be readily be

converted to iron sulphide by treatment with a suitable sulphur

containing compounds ie. H2S or CS2. This has been achieved in

this work by passing H2S gas into 0.1M KOH in which the anodized

steel was reduced in situ to form the iron sulphide. The steel

was anodized at +200 mV Vs SCE for 30 hours in 0.1M KH solution

at 25°C and the H)S gas was introduced for 10 hours before the

test commenced in 3.5% Nacl catholyte. In the same manner,
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the H)S was introduced into the 3.5% Nacl catholyte. The H

permeation current was observed as soon as the H,S was introduced.

This initial H permeation current was small but increase in the

temperature of the bath further increasedthe H permeation current.

6.3. _ RESULTS

6.3.1. Electrical connection of steel to active catalyst

The concept of using a more active hydrogen evolution

catalyst for the prevention of hydrogen embrittlement of steel

in hydrogen environment etc. is based on the low-overpotential

for hydrogen evolution possessed by these active catalysts.

In this study, the use of active hydrogen evolution electroca-

talysts ie. NiCo,S, and iron sulphide prepared as described in

chapter V, for the protection of steel from hydrogen embrittlement

has been shown to prove effective. The current-voltage curve

of teflon bonded NiCo,S, electrode and a piece of steel for Hz

evolution in 0.1M KOH at 25°C has shown that the hydrogen

evolution overpotential on NiCo,S, is very much lower than of

steel, Fig. 5.2 in chapter V.

This is shown in Fig. 6.2 in which al en? piece of

PTFE bonded NiCo7S4 was connected electrically to the hydrogen

evolution side of the steel membrane in the cell. As can be

seen from Fig. 6.2, there was no hydrogen diffusion through the

steel membrane when the NiCo,S, electrode was connected (A-B)-

However, when the electrode was disconnected (C), the anodic

current built up, indicating hydrogen permeation which continued
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until the electrode was reconnected (D) when it dropped back to

its original value (E).

The same is true when the experiments were performed

in a flowing stream of H,S in O.1M KOH at 25°C and 75°C respect-

ively as shown in Fig. 6.3. Figure 6.4 gives the corresponding

results when the tests were done in the presence and absence

of H)S gas in 3.5% Nacl at 25°C and 75°C respectively. These

results in Fig. 6.4 have shown that PTFE bonded NiCo,Sy is also

effective for the protection of steel in Nacl solution even at

above room temperature. Thus, Fig. 6.4 shows the results of

an experiment similar to that described above with reference

to Figs. 6.2 and 6.3. Curve 1 in Fig. 6.4 being 25°C in the

absence of HS, curve 2 being for 25°C in the presence of HS.

In each case, (A) represents the connection of the steel membrane

and the PTFE/NiCoS,/nickel screen electrode, (B) represents

the commencement of galvanostatic Hz discharge at 10 mA/cn?,

(C) the introduction of H,S gas, (D) the disconnection of the

membrane and the electrode and (E) their reconnection.

The tests for the protection of steel from hydrogen

embrittlement were carried out using iron sulphide prepared

from rust or oxides from mixed chlorides in the presence and

absence of H)S in 3.5% Nacl solution as the electrolyte.

With reference to Fig. 6.2, Fig. 6.5 shows the effect on the

hydrogen diffusion rate through the steel membrane when it is

connected and disconnected to an iron sulphide electrode.

The test was carried out in 3.5% Nacl solution at 25°C. The



iron sulphide electrode was connected and there was no diffusion

of hydrogen A-B, but the diffusion current built up B-C as soon

as the iron sulphide electrode was disconnected B and again

reconnected C, the diffusion current decreased to E.

The same tests were carried out in the presence of

H)S in 3.5% Nacl solution at 25°C and 60°C respectively. In

Fig. 6.6. (A) represents the connection of the electrode to the

steel membrane. (Aj) the introduction of H2S, (B) disconnection

and (C) reconnection of the electrode. These results show the

marked effect of the iron sulphide electrode on the rate of Hg

diffusion through the steel membrane. Thus, these results

confirm the suitability of iron sulphide as an active substance

for use in the present work.

The diffusion of H into steel has been shown to increase

with tensile stress on the steel (chapter IV). The effect of

protecting H embrittlement in steel under tensile stress has

been investigated. Fig. 6.7 shows (A) the electrical connection

of NiCo2S4 to steel under tensile stress and there was no H-

diffusion until the stress reached 681 N/mm? but at (C), the

electrode was disconnected at the same applied tensile stress

681 N/mm? , the diffusion current built up (CD), reconnection at

(D), the diffusion current decreased to (CE). The applied stress

was finally decreased to 0.00 N/mm? and the current increased

to (EF). Thus, the active catalyst has proved its capability

towards protecting steel under stress from H permeation.
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6.3.2. Steel is coated with active catalyst against H embri-

ttlement protection

In order to minimize the dissociation of Hs on the

steel whilst protected by electrically connected to the active

catalyst, the catalyst was coated on to the steel before ex-

posure to H2S environment. The steel and an uncoated sample

of steel were then tested in the two compartment cells as des-

cribed above. Results in Fig. 6.8 are far more promising than

the uncoated specimen (112 A/cm?) as opposed to 55 uA/cm? for

an unprotected specimen; 26 wA/ene as opposed to 124 wA/en? at

75eCye All the tests were conducted in 3.5% Nacl solution in

stream of HS. In all these tests, the side of the membrane

which was exposed to H)S was not subjected to galvanostatic

control of Hy discharge. Thus, the effect of HDS dissociation

on the H) permeation rate was evaluated (ie. the other side of

the membrane was controlled at an anodic potential to de-

electronate the hydrogen ie. - 410 mV Vs SCE).

However, Fig. 6.9 shows the effect of holding the

H)S side at 10 mA/em2 galvanostatic current density. This

again shows the NiCo,S, coated specimen is far better than

the unprotected specimen in reducing the rate of H permeation.

In the case of steel coated with iron sulphide, the

steel was anodized and reduced in a stream of H)S. The H-

diffusion on this specimen was conducted in 3.5% Nacl solution

at 25°C.
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6.4. DISCUSSION

The significance of the results obtained from this

investigation is that it provides one possible method of protect-

ing the steel or any metal alloy from hydrogen embrittlement.

Thus, this technique ensures that when the steel is being

corroded, the cathodic hydrogen evolution reaction occurs on a

highly efficient sites instead of on the corroding surfaces.

In this way, the absorption and permeation of H into the steel

is minimized and the hydrogen embrittlement is prevented. The

supression of the H permeation by electrically connecting and/

or bonding the active catalyst to the steel to be protected

is the manifestation of the immense effective activity of these

catalystsused in this respect. The active catalysts possess

very low hydrogen over-potential, high corrosion resistant and

most importantly they are not poisoned by H)S because they

prepared from it. Therefore, it could be used both in 'sour'

and 'sweet' corrosion environments.

In 'Sour' corrosion environment ie. the introduction

H2S in the electrolyte shows the H permeation current is observed

due to dissociation of HS on the steel whilst protected by the

catalyst, Figs. 6.3, 6.4 &6.6. In this respect, coating

or bonding active catalyst on the steel before exposure to HS

is highly recommended. However, care must be taken to ensure

that the bonded catalyst and steel substrate being protected

are in electrical contact. In such an application, since the

catalyst is so much more active than steel, it will function
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more than adequately provided the catalyst - metal bond is

mechanically stable.

Thus, there is a possibility of incorporating NiCo,S)

or iron sulphide as a part of a conducting paint system. This

will open the possibility of using it both in sour pipes as

well as other marine structures and in other areas where hydro-

gen embrittlement could be a problem. Therefore, the technique

proposed in this work ie. the idea of using active hydrogen

evolution catalyst to prevent the possibility of hydrogen em-

brittlement of steel is novel and possibly will open a new

prospect towards prolonging the life span of metallic alloys in

most environments.



Fig. 6.2. Effect on connecting a NiCo2S4 electrode on the H7 permeation, rate

of steel, Hz evolution current density maintained at 10 mA/cm’

AB : catalyst connected to the steel

C : catalyst disconnected from steel

CD : H permeation current

DE : catalyst connected

1 cm? En42 steel and 1.0 cm? PTFE bonded NiCo2S4 in 0.1M KOH @ 25°C
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Fig. 6.3. Effect of connecting NiCo2S4 on H permeation
rate of steel in the presence of H2S.

A : H2S gas bubbling conmenced, catalyst

connected to steel

C : catalyst disconnected from steel

D,D,: Catalyst connected to steel

(1.0M KOH, @ (i) 25°C and (ii) 75°C.
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g. 0.4. Effect of connecting the catalyst

on the H-permeation rate of cell in the presencegga

and

A

Be:

(38

(a)

(b)

(c)

: Catalyst is connected to steel

absence of H)S in 3% Nacl solution.

Galvanostatic Hj-discharge commenced

at 10mA/cm2

: H2S gas introduced into 3% Nacl so-

lution.

: Catalyst is disconnected from

steel

Nacl solution maintained at

25°C in the absence of HS

25°C, and i
75°C both in the presence

of HS.

¢

3
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Fig. 6.5. Effect of connecting FeS electrode on the H-permeation rate
of steel ( Hz - evolution current maintained at 10 mA/cm2)

A: Steel is protected by connecting to FeS. Both

maintained at H-discharge current (-10 mA/cm2).

B : Steel is disconnected from FeS.

C : Steel connected to FeS.

(3.5% Nacl @ 25°C steel membrane and membrane thickness:
0.0381 cm)
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Fig. 6.6.
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the presence of H2S.
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25°C membrane thickness: ae
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Fig. 6.7 Effect of catalyst connected to stressed steel

membrane maintained under 10 MA/cm@cathodic current at 20°C
175) z in 3.5% Nacl ( Membrane 0.274 mm )

AC : Catalyst connected to the stressed steel membrane

CD : Catalyst disconnected re

hes DF : Catalyst connected

E : Stress rapidly reduced to zero.
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Fig. 6.8. Effect of H,S dissociation on

(a) Unprotected steel (En42) @

(i) o—o 25°C
(ii)o—e 75°C

(b) Steel protected by adherent NiCoyS,
coating @

(i) ss 25°C

(4i) vy 75°C

(Both in 3% Nacl solution and 0.0381 cm

thickness of En42 steel membrane)
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00 } Fig. 6.9. Effect of cathodic nydrogen polarisation
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(i) e—e Unprotected En42 steel

(iiJo—o Protected steel by adherent NiCQ92S,
coating (experiment in 3% Nacl solution,
presence of H27S at 25°C. Steel
thickness 0.0381 cm)
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CHAPTER VIT

7.1. CONCLUSIONS AND SUGGESTION FOR FURTHER WORK

7.1.1. Conclusions

A prior assessment of the susceptibility of metallic

material to stress corrosion cracking could possibly be one of

the ways of preventing SCC. Traditional methods often used

for the assessment of metallic material susceptibility to SCC

have proved time consuming, and in one particular case, the

determination of Kiscc is quick only in Hs environment. But,

HS being very toxic, elaborate safety conditions are required

before this method could be used. Thus, this makes its adoption

for Kigce determination very cumbersome and unattractive for

potential users.

The significance of the present finding is that

Kisce determination for metallic material is made simple, rapid

and reliable. Thus, the adoption of the electrochemical techni-

que introduced in this work could possibly provide a better

technique for the assessment of the susceptibility of material

to SCC by a more accurate determination of Kisce*

Stress corrosion cracking and hydrogen embrittlement

are the combined insidious form of failure of metallic structure

in most environment. This combined effect makes the mechanism

of failure of a corroding structure under the influence of service

load very unreliable to elucidate, consequently the application

of preventive measures are often confusing. Thus, the isolation

of hydrogen evolution from the corroding metallic structure
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could be a better technique of protecting a metallic structure

from hydrogen embrittlement .

In this respect, the present work has introduced the

use of some active hydrogen evolution electrocatalysts to isolate

the hydrogen evolution from a corroding structure. The signi-

ficance of the use of the active electrocatalysts (ie. NiCo Sq

and for iron sulphide) are:-

(4) ‘It has been proved in this work that the idea of using

an active hydrogen evolution catalyst to reduce the possibility

of hydrogen embrittlement of steel is effective,

(ii) Since the H, evolution over-potential on the active

electrocatalysts is much lower than for steel during the corro-

sion of the steel the H, evolution would prefer the active sites

on the electrocatalyst instead of on steel.

(iii) The active catalyst ie. NiCo2S, and iron sulphide could

function even in H2S environment, and

(iv) The active electrocatalyst could possibly be incorporated

as a part of paint system for use in 'sour' pipes and other

marine structures and other areas where hydrogen embrittlement

is a problem.

Thus, these techniques introduced in this work for

the determination of Kiggc Value and the isolation of hydrogen

evolution from a corroding metallic structure should throw

light on the choice of material in the design of components

and possibly eliminates the failure of such components by

hydrogen embrittlement .
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7.1.2. Suggestions For Further Work

The method of the determination of K proposed
ISCC

in this work can detect any crack growth, as long as electro-

lyte can penetrate into the crack. This principle has been

confirmed by the different electrochemical steady state and

pulse techniques used in this work for various environments.

Two parameters were determined in these measurements ie. the

applied mechanical tensile load which was operated manually

while the current was recorded by the electronic potentiostat.

The determination of Kiscc could further be improved, by pro-

viding an automatic device for the application of the load

levels and an integration of an X-t pen recorder to monitor

the current and the corresponding load levels.Such an automatic

test assembly could improve the rate of testing, provided the

test specimens are adequately ineul ated

The significance of the prevention of Hz embrittlement

in steel proposed in this work is to ensure that when the steel

is being corroded, the cathodic hydrogen reaction occurs on

highly efficient NiCo2S4 sites instead of on the steel. In

this way, the amount of Hads available to cause H embrittlement

in the steel will be greetly reduced. The method of applica-

tion of the active catalyst proposed in this work by connecting

the active catalyst electrode to the steel is useful in

mechanistic studies and protection against hydrogen embrittle-

ment of a metal which is being electroplated. It could
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prove impossible to use such configuration in a real industrial

situation, therefore, it is necessary to devise methods of im-

proving on the formation of adherent NiCo,S, and iron sulphide

coating on steel as proposed in this work.

In this respect, it will be very desirable to deter-

mine the actual composition, operating conditions, typical

concentrations of water, Cl7, HS, H Coz level in oil and

gas pipe lines as well as protective procedures in current

use. This information will then enable the application of

the active catalyst under more realistic conditions. Also,

it will assist to examine the effectiveness of various

coating methods ie.

(i) The decomposition of nickel-cobalt nitrates onto the

steel substrate followed by reaction with CS2 to form the

NiCo,S,- The use of CS2 instead of H2S will reduce the

possibility of hydrogen permeation into the steel during the

coating process.

(ii) Electrophoretic deposition of PtFe/NiCo,S, dispersion

onto steel substrates, followed by curing at 300° - 350°C.

The use of electrophoretic deposition should enable the

interior of pipes to be coated effectively on an industrial

scale.

(iii) It will be necessary to evaluate the use of NiCo,S, or

iron sulphide as an admixture to existing protective paint

systems. In order for this process to work, it is necessary
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to ensure that the NiCo,S, or iron sulphide phase is continuous.

If the active catalyst particles are electrically insulated

by the paint components, the particles camnot function at all.

Thus, it will be desirable to examine the coatings by scanning

electron microscopy and electrical resistivity measurements.

Possibly, a life long electrochemical evaluation

tests could be recommended for each coating system under

varying conditions, such as temperature, pH in 'sweet' and

"sour' oil and/or gas environment. At the same time, the

coated steel substrate could be tested under the applied tensile

stresses for hydrogen embrittlement susceptibility. Finally,

a further in situ formation of adherent iron sulphide on

the steel substrate could be very effective, hence this tech-

nique is highly recommended for further improvement.
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APPENDIX I

X-RAY ANALYSIS OF PREPARED IRON OXIDES AND JCPDS X-RAY POWDER INDEX EXPOSED IN MOLYBDENUM REDIATION

PREPARED _ IRON _ OXIDES. J.C.P.D.S. POWDER DIFFRACTION INDEX

Iron Rust Oxide from Oxide from 19-629 4-0755 5-0499
FelI/FelIII FelII Nitrate
Chlorides Fe304 a-Fe203 c.-FeO(0H)

da? iT ane I dae I dae I/ly dae /ly da®_ | T/T,

6.74 £ 2.92 mo 4.82 m 4.85 40 4.82 5 7.30 90

4.80 m 2.49 s 2.94 vf 2.97 70 2.95 a5 S127 ee)

3.55 vf 2.15 vs 2.55 vs 2.53 100 2.52 100 2.56 80

2555 f 1.69 £ 2.34 s 2.09 70 2.08 25 2.34 30

2.05 vs 1.60 | vf 1,75 f 1571 60 1.70 10 1,93 65

1.55 £ 1.38 £ 1.58 vf 1.61 85 1.61 oa) 1.73 30

1.375 £ - - 1.46 ce 1.48 85 1.48 55 1.38 5

I = Intensity estimated visually

where vs = very strong s = strong vf = very faint f£ = faint m = medium
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APPENDIX IT

PREPARED GRADES OF IRON SULPHIDES J.C.P.D.S. POVDER DIFFRACTION INDEX

Sulphide Sulphide from | Sulphide H-0832 1-1247 6-0710 11-334

from FeII/FelII from FeIII
rust chloride nitrate FeS FeS(troilite) FeS2 FeSx .H20

dao | I da? I dae I ave} T/T, cy T/L yy} GAGs 31 /Ty ede I/ly

2.70 if 6.20 m 3.00 | ‘vE 2.98 90 2.97 SS) 2-71 84 | 2.96 90

2.55) live 5.10 f 2.75 S 2.67 90 2.65 35) 2.42 66 | 2.46 90

1.95 s 4.50 fi 2.05 vs 2.09 |100 2.06 100 1.63 |100 | 1.74 100

1.72 | vs 2.65 £ 1.80 £ - - - - - - - -

1.45 s 2.05 | vs 1.45 f - - - - - a es :

- < 1375 vf e - = a = - - = - -

I = Intensity estimated visually

where vs = very strong, s = strong, f = faint, vf = very faint, m = mediun.
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