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ABSTRACT

Sulphide stress corrosion cracking, (SSCC) is one of the major problems
encountered by the petroleum industry throughout the world. The problem is
likely to increase in severity for the North Sea oil and gas industries as the
fields get older and platforms are moved to deeper waters. This is because the
hydrogen sulphide concentration increases as the fields get older and deeper
water explorations require higher strength steels. The protective measures taken
at present to combat SSCC are not adequate. Therefore a novel method was
developed to inhibit SSCC in steel. This method is based on using an active
hydrogen evolution sulphide electro-catalyst, more active than steel, as a coat
on the surface of the steel, such that the hydrogen evolution will take place on
the catalyst surface, instead of on the corroding steel surface. Therefore, the
amount of hydrogen diffusing through the steel is greatly reduced. Hence, SSCC
in the steel is effectively inhibited. Electrochemical and mechanical experimen-
tal studies were carried out to confirm the validity of this method.

A computer-aided literature survey on SSCC and its prevention in oil- and gas-

well equipment is presented.

The viability of three sulphide electro~catalysts, NiCo;S,, MoS; and WS, for
this method were studied in various experiments, namely, electrochemical
polarization, hydrogen diffusion studies and corrosion weight loss measure~
ments. The experimental studies carried out in NACE solution, consisting of
a 5 percent (mass/yplume) NaCl and 0.5 percent (volume/volume) acetic acid,
with a continuous flow of H,S at 1 atmospheric pressure, indicated that hydro-
gen evolution performances were in the following order:

in the absence of H;S, NiCo,S, > WS, > MoS, >»EN 42 steel
in the presence of H;S, MoS; > WS, > NiCo,S, »» EN 42 steel.

MoS,; was found to be the most stable catalyst in the sour corrosive environ-
ment. Evans diagrams, constructed to predict corrosion rates, indicate that
the corrosion current ratio of the MoS, - EN 42 steel couple and EN 42 steel
did not change significantly when the catalyst loading was reduced. The



hydrogen diffusion studies confirmed that an MoS, /FEP (fluoro ethylene
polymer) adherent coat with higher catalyst to FEP ratio was the most effective
of three adherent coats. The corrosion weight loss measurements showed that
the corrosion rates of steel coupons partially coated with MoS_/FEP coat were
higher than those of uncoated coupons for up to 50 hours but thereafter they
reduced significantly below those of uncoated coupons.

Mechanical studies carried out to evaluate the effectiveness of this method were
helped by a literature survey on stress corrosion test methods and interpretation
of results. Slower straining/loading rate tests and sustained load tests were
selected to study the changes in various mechanical parameters on different types
of specimens when protected with MoS,/FEP coat. In addition to these tests,
Charpy impact tests were also carried out. The mechanical parameters measured

on the specimens are:

a) for compact tension specimens
- stress intensity factor at failure
- total energy required for fracturing the specimen
- average energy consumed for unit length of crack extension
- crack opening displacement
- crack growth rate

- time to failure

b) for three-point bend specimens
- crack opening displacement

c)  for Charpy V-notch impact test specimens

- fracture energy.

All these mechanical parameters confirm the effectiveness of the MoS,/FEP
coat to inhibit SSCC in steel. Scanning electron microscopic examinations of
the specimens also confirmed the viability of the novel protective method. The
sour-corrosion fatigue tests showed that the MoS,/FEP coat could be used
effectively in environments where a cyclic loading pattern is inevitable.

These studies confirm that the proposed protective technique could be used
effectively in the oil and gas industries to inhibit SSCC.
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CHAPTER ONE
INTRODUCTION



CHAPTER 1.

INTRODUCTION.

The internal sour corrosion of hot risers carrying crude oil and gas mixtures from
geological strata to production platforms and the pipelines carrying these products
to refineries is one of the major problems faced by the petroleum industry through-
out the world. This sour corrosion in steel can be represented by the anodic

reaction:

2e- o Fe2t

I:e(substrat;e) (aqueous)

The conjugate cathodic reaction is either or both, of the following reactions:

2H,0T + 2 4 2H0 + H,

HeS + 2" + S + H,

These cathodic hydrogen evolution reactions proceed via the formation of

H atoms, adsorbed on the steel surface, followed by desorption to form H, gas.
In the presence of hydrogen sulphide much of the adsorbed atomic hydrogen
enters the steel rather than bubbling off at the surface as molecular hydrogen.
This atomic hydrogen in the steel has a serious deleterious effect on the physical
properties of the steel. Hence, the steel can fail at stresses well below the
yield stress and this phenomenon is designated as sulphide stress corrosion
cracking, (SSCC).

At present, inhibitors and protective metallic or non-metallic coatings are used
as protective measures to minimise the general corrosion, and hence reduce the
SSCC, in industry. The addition of inhibitors is currently the most favoured

method. However, inhibitors have to be added either continously or at specific
time intervals and it is not certain whether they would be very effective in sour
pipes since the inhibitors cannot completely stop the reaction between HgS and



steel. Pores and cracks may develop in coatings over a period of time and
severe localised attacks can result. Moreover, it is not possible to detect
or repair immediately any defect of existing protective coatings. Hence, it

is clear that the methods employed at present are not adequate for the preven-
tion of SSCC. Therefore,extensive research has carried out in this field to
find suitable methods to prevent SSCC in steels which are used in the petro-
leum industry. Through this research a novel method has been found.

The novel method is based on using an active hydrogen evolution sulphide
electro-catalyst, more active than steel, as a coat on the steel surface, such
that hydrogen evolution will take place on the catalyst surface, instead of on
the corroding steel surface. Therefore the amount of atomic hydrogen diffusing
through the steel is greatly reduced. Hence, SSCC in the steel is effectively
inhibited. Although the proposed method appears to be straight forward there
are a number of problems and doubts that need to be resolved. Hence, an
extensive study was carried out from the electrochemical and mechanical points
of view and this work is reported in detail in parts 1 and 2 of this thesis

respectively.

A computer-aided {iterature survey on sulphide stress corrosion cracking and its
prevention in oil- and gas- well equipment was carried out and is reported in
Chapter 2. This literature survey greatly helps us understand the factors that
control SSCC in steel and the prevention measures taken in the industry to
combat it. Chapter 3 introduces the novel method and early work carried out
on it. It also gives the problems and doubts that are to be resolved and the
work to be carried out to evaluate the method. Chapter 4 describes hydrogen
evolution studies carried out on three sulphide electro-catalysts NiCo,S, ,
MoS, and WS, and on EN 42 steel. Although the studies reported in

Chapter 4 db not yield the selection of a sulphide catalyst for further studies

it certainly provides an understanding of the fundamental characteristics of the
hydrogen evolution reaction on the three sulphides and EN 42 steel.

Chapter 5 serves as a key for the selection of a sulphide electro-catalyst to
inhibit SSCC in steel. In this Chapter the corrosion rates of the steel and



sulphide-steel couples are evaluated by constructing Evans diagrams and
hydrogen diffusion experiments, carried out to assess the effectiveness of
the three sulphides are reported. Chapter 6 describes corrosion weight loss
measurements carried out to gain information on the corrosion rate, nature
of corrosion products, and the effect of the corrosion products on corrosion

rate of the steel.

A literature survey on stress corrosion test methods and interpretation of test
results is given in Chapter 8. This literature survey shows the advantages
and disadvantages of the various stress corrosion test methods available at
present; it also helps to select test methods and specimen types used through-
out the mechanical studies reported in Part 2 of this thesis. Chapter 9
describes continuous slower straining/loading rate: tests carried out on com-
pact tension specimens. Also, it gives in detail all the preliminary studies
carried out to select a suitable loading rate and the studies carried out on how
and where to apply the protective coat on the compact tension specimens. The
information on the kinetic parameters of SSCC, crack-growth-rate and time-to-
failure, obtained from sustained load tests using compact tension specimens
are given in Chapter 10. Chapter 11 describes tests carried out to evaluate
the long-term sour corrosion effects on mechanical properties of steels protec-
ted with the MoS_/FEP (fluoro-ethylene-polymer) coat. It gives the informa-
tion on the changes of mechanical parameters such as stress intensity factor at
failure, total fracture energy required for fracturing the specimen, average
energy consumed for unit length of crack extension, crack opening displacement
and impact fracture energy. Chapter 12 provides the information on the tests
carried out to study the viability of the MoS,/FEP coat to inhibit SSCC in

actual environmental conditions where a cyclic loading pattern is inevitable.

Although the experimental studies presented in this thesis were carried out with
a view of evaluating the proposed technique to inhibit SSCC in steel, they also
provide a wider knowledge of the experimental techniques that could be used to
study stress corrosion cracking in general. The mechanical tests developed,

such as the slower straining/loading rate tests on pre-cracked compact tension
specimens and the techniques employed in the sustained load tests and corro-

sion fatigue tests to measure growing crack length without interrupting the tests

were fruitful outcomes of this study.
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CHAPTER 2.

LITERATURE SURVEY ON SULPHIDE STRESS CORROSION CRACKING AND
ITS PREVENTION IN OiL- AND GAS- WELL EQUIPMENT,

2.1 Search and Methodology

A computer literature search, using the facilities and expertise of the Infor-
mation Science Section of The Middlesex Polytechnic Library was

carried out. The following data bases were used; Compendex, Chemical
Abstracts, U.S. Government Report, Metals and Technology Index. This
search mainly covered a period of 15 years (1966-1981) and was comple-

mented by additional manual search yielding over 400 references.

Most of the papers, especially those relating to actual experience in the
field, are authored by scientists and engineers working in the U.S.A. This
is due to the greater amount of experience accumulated by the Americans in
the oil and gas industries over the last 50 years. This accumufated experi-
ence and experimental results may not be directly or entirely applicable to the
North Sea oil and gas industries since composition of downwell fluids and gas

respectively may be different.

2.2 Types of Corrosion of Qil- and Gas-Well Equipment.,

For practical considerations, corrosion in oil- and gas-well production can

be classified into three main types.

1. Sweet corrosion occurs as a result of the presence of carbon dioxide
and fatty acids in the absence of oxygen and hydrogen sulphide. Carbon
dioxide is noncorrosive in the absence of moisture, but when moisture
is present, carbondioxide dissolves and forms carbonic acid. This

carbonic acid causes a reduction in pH of the water which makes it
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quite corrasive to steel. This sweet corrosion can occur in either oil

or gas wells.

2. Sour corrosion is designated as corrosion in oil and gas wells produc-
ing even trace quantities of hydrogen sulphide. Although hydrogen
sulphide is noncorrosive in the absence of moisture, if moisture is
present the gas becomes corrosive. It becomes very severely corrosive

where carbondioxide or oxygen are also present.

3. Oxygen corrosion occurs wherever equipmenf is exposed to atmospheric
oxygen. It occurs most frequently in off shore installations, brine-
handling and injection systems, and shallow producing wells where air

is allowed to enter the annular space.

Sour corrosion is the only one dealt with further in this literature survey,
since this research programme is confined to inhibition of sulphide stress
corrosion cracking. Also it is beyond the-scope of this thesis to cover in

detail all the types of corrosion encountered in oil and gas-well equipment.

2.3 Sour Corrosion and its Effects

Sour corrosion is exhibited in a variety of corrosion forms, namely general
corrosion, pitting corrosion and corrosion-erosion. General corrosion resulting
from chemical attack usually occurs on that part of pipe well which is aiter-
natively wet and dry when rétio of water to oil in the flowlines is considerably
higher. Pitting corrosion results from a chemical attack at low points where
fluids settle and accumulate in the piping systems. Corrosion-erosion

results from impingement of fluids and corrosion substance on the pipe sur-

face at high flow velocity.

The general mechanism of sour corrosion can be simply, though not

completely stated(l) chemically as follows:

HaS + Fe + HO o+ FeS, + 2H
Hydrogen Iron Water Iron Hydrogen
Sulphide Sulphide



Another reaction which occurs with hydrogen sulphide corrosion is that the
hydrogen released in the foregoing reaction enters into the steel where it can
alloy with the steel to embrittle it, or form molecular hydrogen which leads to
the formation of blisters and cracks well belaw the warking stresses. This
phenomenon is termed as sulphide stress corrosion cracking (SSCC).

The degree of SSCC attack varies since the mechanism of the sour corrosion
is dependent on a number of parameters, such as pH, the concentration of
chloride ion, oxygen, carbon dioxide and hydrogen sulphide in the solution,
the ratio of water to hydrocarbon content, composition of the steel, micro-
structure, cold work, temperature, pressure and the flow of solution, etc.( 1-7
. (8)
Figure 2.1

rosion cracking. These factors are critically reviewed in the following

shows the various factors affecting the sulphide stress cor-

sections.

2.4 Electrochemical Variables.

Hydrogen,
The corrosion of steel(g) can be simply represented by the anodic reac-
tion;

Fe(sub) 2¢ =+ Fe?T@) .iiiiiiiinnn... (A)

The conjugate cathodic reaction can be}
2H 0 + 2e7 4 2H,0 + H, ..... e 8
0, + 2H,0 + 4e~ » 40H™  ........eeveeen.. (O
HyS + 2¢ 4+ S3 + H, Cetesiiasasenans . (D)

The nature of the cathodic reactions depends on the corrosion medium,
pH of the solution and the local conditions of the environment. In the
case of oil and gas pipe lines, the cathodic reaction process is likely to
be (B) and (D).
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In practice, the cathodic hydrogen evolution reaction proceeds via
the formation of H atoms, adsorbed on the steel surface, followed by
desorption to form H, gas(1 0'11). Some of the adsorbed H atoms diffuse

into the bulk of the steel:

K
s=b
Fe'Ha T:El Fe-H

ds b s abs

Where Ks b is the rate constant for surface to bulk reaction and

K is the rate constant for bulk to surface reaction.

bas
If void sites are present in the metal, e.g. in iron, other equilibrium
reactions to be considered are;

Fe - Hoae e Hintrernal T © ™ Hyoid surface H 3in void.

The formation of hydrogen gas inside the voids in steel would set up high
internal pressures, leading to blisters and weakening of the metallic
structure. The rate of hydrogen dissolution in steel is known to be influ=-
enced by the composition, structural defects such as interstitial sites,
grain boundaries, and dislocations, which provide hydrogen diffusion
paths in si:eel(:l 2). These structural defects are enlarged in size or num-
ber by the presence of residual or applied tensile stress. These lead to
enhanced hydrogen diffusion into steel, resulting in hydrogen embrittie-

ment and sulphide stress corrosion cracking(13).

Research studies have shown that the rate at which steels absorb hydrogen
from the environment has an important effect on their sensitivity to Hydro-
gen Stress Cracking in the environment. As the severity of the hydrogen
charging conditions decreased, the time for failure increased at a given
applied stress.
Beck et al(l 4 investigated the effect of H, S, CN™, NO_™ and OH™ on
the hydrogen permeation rate in steel. They showed that hydrogen disso-

lution and subsequent diffusion increased in the order of OH™ < NO, <

CN~ < H, S in steel. On the basis of these results, Kabozer and
-8-



Montbl.amnova(1 2 suggested that H recombination reaction is the rate

determination step. They suggested atl:;ljzt the adsorbtion of anions leads to
the lowering of M'Hads bond. However, since there is no significant
change in activation energy for M-Ha S in these environments,

Bockris et.al(1 0) and Glass et.al(“g hold the view that the chemisor-
bed anion on the iron surface decreases the recombination rate of hydrogen
atoms. This would then lead to a higher concentration of H ads and hence

higher hydrogen permeation rate.

2.4.2. Thermodynamics of Sour Corrosion System.

’

6,17 have calculated the phases at equi-

Pourbaix and his co-workers
librium for M/H , O systems at 25° C from the chemical potentials of the
species involved in the equilibria, and have expressed the data in the form
of equilibrium diagrams having pH Vs E, the equilibrium potential (Vs
S.H.E.) as ordinates. These diagrams provide a thermodynamic basis for
the study of corrosion reactions, although, as emphasised by Pourbaix,

their limitations in relation to the practical problems must be appreciated.

Figure 2.2 gives a potential/pH equilibrium diagram construced for the

(77). The diagram is based

ternary system Fe-S-H_ 0 by Horvath et.al
on the general formulae developed by Pourbaix and his collaborators.
When this system was compared to the Fe-H ;0 system they noted that
the stability zones of FeS and FeS, correspond with the incomplete pass-~
ivation of iron. It is also noted that although FeS and FeS, have stable
domains (at certain potential and pH values) according to the E-pH dia~
grams, but this does not necessarily mean that films are continuous and
protective. Horvath concluded that in acidic and neutral pH ranges the
sulphide ions are effective anodic simulators for iron and steel. They
suggested that iron can be protected in an H, S aqueous environment by
raising the iron potential into the passive region where the sulfide ions
are unstable. This could be achieved either by applying an external
electro motive force (E.M.F.) or by the addition of an oxidising agent
capable of raising the iron potential above the sulphide-oxide transorma-
tion level, e.g. by Chromates.

-9-
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Fig.2.2. Potential - pH equilibrium diagram
of the ternary system Fe-S-H _0,(77).

F rench(l 8 has summarised the stability domains for various sulphide spe-

cies (HS™, H;S and S?~) at different pH values. The bisulphide ion
(HS™) is not present in appreciable concentrations until pH = 5. The
H,S and HS™ concentrations are approximately equal at pH = 6.8. The
H; S concentration is nil above pH = 8 and the sulphide ion (S2~) is not
present until pH = 13, French concludes that H' ions are the cathodic
depolarisers at pH < 5 whilst between pH8 and 13, the HS™ is the
cathodic depolarizer.

2.4.3. Effect of Applied Potential.

A9 shows (Fig.2.3)

that the rate of stress corrosion crack growth in sodium chloride solution

The work done by Mcintyre on precracked specimens

is significantly influenced by applied polarization, being greatest with
cathodic polarization and least with anodic polarization. This observa-
tion supports the early work done by Brown(zm on pre~cracked specimens.
Also it is consistent with a stress corrosion mechanism which is princi-
pally associated with the uptake of hydrogen by the test piece since
cathodic polarization favours the evolution of hydrogen at the steel
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surface. Conversely, anodic polarization would suppress the availability
of hydrogen at the crack tip, thus promoting an overall reduction in crack

growth rate.
f
133 mbar H,S gas
10.0F
1.0
1 barH, gas
¥
day
(mm/s) /
0.1 - /
3.‘57« NaC! solution (750 mV cathodic
polarization)
.5% NaCl solution (rest potential)
0.01Fr
3.5% NaCl solution (250 mV anodic
polarization)
0.001 A A . 4 L .
0 10 20 30 40 50 60 70
K, (MNm™ " ?)

Fig.2.3 The influence of applied polarization on crack growth rate
as a function of stress intensity, (1

The dependence of crack growth rate on polarization is not, however,
consistent with the dependence of time to failure on polarization, as shown
( 9).. This indicates a reduction in time to failure on
anodic as well as on cathodic polarization of the test piece for tests con-

in Figure 2.4
ducted at stress intensity levels just above the threshold value. The

implication of this behaviour is that at such stress intensity levels a
considerable proportion of the overall time to failure is associated with
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Time to failure, (mins).

Fig.2.4 Influence of applied polariation on time to failure,
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(19)

crack initiation rather than with crack propagation and that the application

of anodic polarization facilitates crack initiation although it retards propa-

gation. The overall effect is thus a reduction in the total time to failure.

Townsend

(21)

reported that on bent smooth

wire specimens the time

to failure was increased. greatly by anodic polarization, while cathodic

polarization was reduced, in 3.0% sodium chloride and 0. 5% acetic acid

aquous solution saturated with H_S at room temperature (figure 2.5).

Time to failure, (mins)

200 ® T L T T T
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[ J
8
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Potential, mV

800 -900 -1000

 (SCE)

Fig.2.5. Time to failure of bent wire specimens as
a function of applied potential at room
temperature in H_ S solutions,(21),
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The effect of electrochemical potential on delayed failure and hydrogen
permeation for AIS1 4340 and HP 9-4-45 Steels was studied by Barth,
et al(22). Failure times for both steels were decreased by cathodic polar-
ization. The steels had an approximate tensile stress of 1680 N/mm?,
The steels were tested as 0.762 mm foils, stressed to 345 N/mm?=.
Figure 2.6 shows the effects of applied potential on hydrogen permeation
and delayed failure times. For the case of HP 9-4-45 steel the decrease
in failure time by anodic polarization was accompanied by pitting corro-
sion. The occurrence of pitting is expected(23) to produce similar elec-

trochemical conditions, at the base of the pit, as those found- at stress

corrosion crack tips(24).
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x | elayed failure
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% g T | | | p— T
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Fig.2.6. Effect of applied potential on delayed
failure and hydrogen permeation rate
for stressed foils (50 kpsi) of AlSI 4340
and HP 9-4-45 steels in 3.0 N NaCl
solution,(2 .
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2.5 Environmental Variables.

2.5.1. Hydrogen Sulphide Concentration.

As might be expected, work done by several investigators 2,25-27)

shows that the tendency to sulphide stress corrosion cracking increases
with increasing concentration of H,S. Field experience has shown defin-
ite embrittlement problems with conventional oil field tubular steels of
550 N/mm? and higher yield stresses when exposed to natural gas con-
(25). Also
failure have been reported for 9% chromium steel tubing, with a yield
stress.of approximately 894 N/mm?3, in wells where the partial pressure

taining 0.01 atm (34 ppm) partial pressure hydrogen sulphide

of hydrogen sulphide was not known exactly, but was considered to be

(26)‘ Hudgins et al(26) also

significantly below 0.01 atm ( 34 ppm)
studied the effect of hydrogen sulphide concentration on SSCC, employing

a steel which had a hardness value of HRC 21. Their experimental results

show. (figure 2.7) that only a 1 ppm H_ S concentration in 5% NaCl

solution is effective enough to produce a SSCC failure in the steel. In
27

support of this, Hudson, et al found that hydrogen absorption was

40

15-1ppm
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o
[» 4 - s
"
o 20 .
=
-
._.§ - sTmeEss LEVEL-130%vD 00 e
IOM TN VY N “'-Jl__a_u.hm]

1 10 100 1000 10,000
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Fig.2.7. Approximate correlation of failure
time to hardness in 5% NaCl

containin rious concentrations
ofHasﬁggi
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increased significantly by as little as 0.01 ppm. sulphide presence

(as Na_ S) and considerably by only 0.36 ppm. sulphide in tests where
the absorption of hydrogen by steel studied under cathodic protection.
Treseder and Swanson(Z) found cracking of APl P-110 and 9 Ni steels
ina 0.001 atms. hydrogen sulphide partial pressure ( 3 ppm), 0.5%
acetic acid solution and stated that this partial pressure was their criter-
ion for defining a sour environment. Greco and Brickell(28) studied
hydrogen permeation rates in AlSI 1020 steel as a function of H; S con-
centration and found that 0.5 percent partial pressure of hydrogen
sulphide produced significant amount of hydrogen permeation in the.steei .
Also they found that higher concentrations produced more hydrogen perme-
ation. In another study Greco, et al(29) concluded that the lowest level
of hydrogen sulphide concentrations that produced embrittlement was a
partial pressure of 0.02 atm ( 68 ppm) as evidenced by blister formation

in the steel.

The conclusion from the above is that for high strength steels of major
interest to the oil industry (i.e. steels with yield stresses of 80,000 -
130,000 psi (550 - 895 N/mm?)) the embrittlement problem exists until
the hydrogen sulphide concentration falls below some value in the range of
0.0001 - 0.001 atm. partial pressure (0.34 - 3.4 ppm).

2,30,31) have studied the effect of pH on cracking

Many investigators
of steels and found a correlation between decreased pH (increased acidity)
and increased tendency to sulphide stress corrosion cracking. For exam-
ple, according to Treseder and Swanson( 2’), remarkable increases in
cracking suceptibility are obtained by decreasing pH from 5 to 3 (Fig.
2.8). The same trend is reported (Fig.2.9) i.e., susceptibility to

SSCC increased when pH decreased from 8 to 3, by Dvoracek(3°).
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Hudgins(3 1) has reported on the effect of pH over the range 1 to 10 and

finds a similar general trend to that reported above,. with the exception
that he found the cracking tendency to be independent of pH_in the range -
2to 5 (Fig. 2.10). Dvoracek concluded that embrittiement would not be a

0 1700-1900 ppm Total Sulphide in 5% NaCl
O HCI solutions

O 1ATM CO, in 5% NaCl

m 20ATM CO, in 5% NaCl

pH
o N H O 0 O

1 100
Time to Failure, Hours.

Fig.2.10. Effects of solution pH and H,_ S additions
on failure of urmotched high strength steel
specimens in 5% NaCl solution. All the
notched-ring specimens RC 33+1 and
stressed to 115% YD,{31),

1000

problem with a 132,000 psi (910 N/mm?3) yield stress steel at pH 8.
This marked effect of increasing pH on reducing embrittlement effects is
in agreement with service experience(4). Presumably the effect results
from the reduction of corrosion with increasing pH and the corresponding
reduction of hydrogen entry into the steel.

This does not imply that there is no embrittlement problem in alkaline
sulphide systems. Work done by Skei, et al(32) on the hydrogen blis-
tering problem showed that hydrogen entry into steels could occur in cer-
tain alkaline sulphide solutions, but that it was reduced markedly by the
presence of oxidizing agents such as air. Mahy |aboratory embrittlement

tests are subject to sufficient air contamination to have a possible
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inhibiting effect on the corrosion reactions leading to hydrogen entry into
the steel. This could lead to an erroneous conclusion in tests designed
to simulate a field condition where oxygen contamination is not possible.

2.5.3. Chloride Concentration.

30 have studied the effect of chloride

Treseder, et al(z) and Dvoracek
ion concentration on sulphide stress corrosion cracking and hydrogen embrit-
tlement. They have concluded that the presence of several percent sodium
chloride in hydrogen sulphide solution has no significant effect on
embrittlement of low alloy steels, but may increase the severity of the
environment for those alloys for which chloride ion has a strong adverse

effect on passivity e.g. 12% Chromium Steels.

(33-35) that micro~organisms

It has been shown by various investigators
can greatly affect corrosion rates. In order for micro-organisms to accel-
erate corrosion, the environment must be suitable for their growth and
multiplication. Moisture, essential minerals, organic matter, an energy
source, and a suitable pH must be provided. In many cases, when steel
structures are in contact with the earth or water, all the necessary require-

ments are met.

Micro-organisms such as the Desulfocibrio (sulphate reducing bacteria)
can cause sulphide corrosion, hence, sulphide stress corrosion cracking,
in the absence of atmospheric oxygen (anaerobic conditions)(zs) . These
organisms utilize hydrogen formed by electrochemical corrosion during
their growth and reduce sulphate (SO, ) to sulphide (H;S). Both hydrogen
utilization and H, S formation cause increased sour corrosion rates and
are therefore of great concern,
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2.5.5. Temperature Variation.

Possible beneficial effects of elevated temperature in reducing SSCC and
hydrogen embrittlement have recently received attention(36)v. Itis -
generally agreed that SSCC and HE effects in steels will be most severe
at room temperature, and less severe at higher and lower temperatures.
Townsend(3 N studied the temperature effect with high strength carbon
steel wire (yield stress, 212,000 psi (1470 N/mm?)) and found a

maximum susceptibility to cracking at 77° F (25° CXFig.2.11). The

500 | ! wa
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Fig.2.11. Effect of temperature on sulphide stress
cracking of 212 kpsi yield strength wire
line steel. Three percent NaCl, 0.5%
acetic acid, H, S saturated solution,(37),

cracking tendency was slightly reduced at temperatures near the freezing
point but considerably reduced at temperatures in the vicinity of 175°F
(80° ¢); many of the specimens were not cracked at the expiration of the
test period. G.reer(3 8 [Jsed notched C-ring specimens in a NACE

solution (5% sodium chloride + 0.5% acetic acid solution saturated with
hydrogen sulphide) and concluded that above 150° F (65° C) APl Grade
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P-110 steel could be considered equivalent to lower strength steels,
which are considered satisfactory for sour gas service at 75° F (24° ¢).

(30) performed a few

Similar results have been obtained when Dvoracek
comparative sulphide stress corrosion cracking test at room temperature

and at 300° F (149° ¢).

Comparable data also have been reported for other embirttiing systems.
Greer, et a|(39) observed that tendency for cracking of high strength
steels in 1 5% hydrochloric acid decreased with increasing temperature;
failure of 2 165,000 psi (1138 N/mm3) yield stress steel was not
observed above 150° F (65° C) and 2 190, 000 psi (1310 N/mm?)
yield stress level above 300° F (149° C).

As discussed above the beneficial effect of increased temperature is of
considerable engineering importance. That the effect is observed in
systems where the hydrogen is introduced by any of the three common
methods, corrosion, cathodic charging, and exposure to hydrogen gas,
indicates that the temperature effect is related to effects within the steel
rather than to a surface corrosion reaction effect. Any mechanism proposed
for sulphide stress corrosion cracking must also provide an explanation for
this pronounced temperature effect.

2.5.6. Sulphide Film:

In practice it has been found that the iron sulphide film formed, due to the
reaction of H, S with steel in aqueous media, tends to cause localized
attack since the film is more cathodic to the steel, i.e., pitting corrosion
results(S). Ideally, however if the iron sulphide film is continuous and
adherent, the corrosion rate would be reduced, but in practice the film
will be affected by other parameters namely sulphide concentration, pH,

CO,, oxygen etc.

Shannon and Boggsmm observed the formation of protective, hard and
adherent FeS scale at sulphide concentrations above 515 ppm in an oil-
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brine-H, S system, whilst at a lower concentration the FeS film was non-
protective, gelatinous and non-adherent. Ewing(41) and Sardisco,
have reported that the composition and protectiveness of the
iron sulphide scale was affected by the initial pH of the systems: the
least protective, predominantly mackinawite scale was formed preferen-
tially when the initial pH was between 6.5 and 8.8, a more protective

pyrrhotite-pyrite scale forming outside this pH range(42).

The presence of CO, and H,0 in the system tends to make the environ-
ment very corrosive. The CO, dissolves in water to form carbonic acid

and thus causing a reduction in pH.

CO, + H,0 4+ H,CO,
Fe + H,CO0; -+ FeCO, + H,

The carbonic acid also makes the FeS film on the surface very

unstable(43).

The iron sulphide film is formed when iron corrodes in the presence of
H,; S and therefore the corrosion rate is determined by either the exchange
rates at the Metal/film or film/solution interface or by transfer rates in

(52) that sulphide corrosion is

the film. However,it has been found
extremely sensitive to the presence of minute quantities of oxygen. The
corrosion rate in the presence of H, S at pH 4.2 with the exclusion of
oxygen shows a parabolic decrease in corrosion rate as the film thickness

increases.

.6 Mechanical and Metalllﬂical Variables.

It has been reported by many investigators that the microstructure has a
considerable effect on sulphide stress corrosion cracking and hydrogen
embrittlement. There is general agreement that untempered martensite
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promotes sulphide stress corrosion cracking and environmental embrittie-

ment(44-46). | This appears to be in large part due to the brittle nature of

the martensite plates(44). Specifically, it has been suggested that the

high elastic stresses associated with plate formation are the major factor

in embrittlement, since it was found that high residual stresses promote

hydrogen-induced cracking even in the absence of martensite(zé) Such a

conclusion would be in agreement with results on Trip steels in

(47,48) " pigusion does not seem important since hydrogen

(38)

hydrogen
diffuses more slowly in untempered than in tempered martensite

At high strength levels, it appears that the best environmental resistance,
for hydrogen blistering or cracking, occurs in well-tempered martensite

49) 44) has claimed that a double

or bainite microstructures . Snape
temper technique designed to transform any retained austenite to marten-
site can produce exceptional resistance to sulphide stress corrosion crack-
ing. Medium and low strength levels are somewhat more difficult to
assess, but such assessment is important because of the widespread use
of steels in this range. A specific difficulty is that grain size and compo-
sition effects can modify the ranking of microstructures(sm. With these
constraints in mind, however, it may be possible to list the microstruc-
tures from best to poorest environmental performance. The order would be
as follows(51); quenched and tempered bainite or martensite is best,
followed by a spheroidized structure of uniformly dispersed carbides, with
fine carbides being prefered to coarse ones, a normalized structure is
poorest, although exceptions can be found, particularly for spheroidai and

pearlitic structures.

2.6.2. Chemical Composition of Steels.

Composition and residuals of a steel normally dominate its mechanical
properties. The mechanical properties are improved or changed as
required by control or elimination of certain elements. This tends to be
the case for hydrogen embrittlement and sulphide stress corrosion cracking
as well, Normally the elements in an alloy steel classified into two

categories, interstitial elements and substitutional elements. It may be
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easier to look separately at its effects on SSCC.

2.6.2.1. Interstitial Elements:

The important interstitial elements in steel are carbon and nitrogen,
and their behaviour seems generally predictable. An increase of the
carbon concentration in structural steel leads to larger internal

stresses during quenching due to the formation of martensite(7).

44) (54) have shown that with increasing

Snape , and Masamiti, et al
carbon concentrations in the steel the susceptibility to hydrogen
embrittlement increase in media containing hydrogen sulphide. How-

(54) an increase of the carbon

ever, according to Masamiti, et al
concentrations from 0,15%to 0.30% in quenched and tempered steels
alloyed with 1% Mn has no effect on susceptibility to SSCC. Snape
has studied the effect of carbon on susceptibility to SSCC in structural
steel alloyed with 2.0% Cr, 0.3% Al, and 0.2 Mo at two different
concentration levels (0.04 and 0.13% C). The steel with 0.04% C
was tested after quenching and tempering, and the steel with

0.13% C after normalization and tempering to equal strength (UTS
795 N/mm?3), The results show that raising the carbon concentration
lowers resistance to SSCC. In similar steels heat treated to equal
strength the failure stress decreases from 590 to 345 N/mm* under
the same experimental conditions when the carbon concentration is
raised from 0.04 to 0.45%. It should be noted, however, that the
effect of carbon on the susceptibility of steels to SSCC may be affec-
ted greatly by differences in microstructure. Obviously, the effect of
carbon on SSCC is best determined with steels having an identical
structure. Apparently the negative effect of carbon on the resistance
of steel to SSCC is due to the formation of carbide phase, whose
boundary with the matrix may serve as a collector for hydrogen and

thus for nucheation of cracks.
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2.6.2.2. Substitutional Elements.

The common substitutional additions to steels are chromium, manganese,
silicon, nickel and molybdenum. Elements of lesser importance are

vanadium aluminium, titanium and cobalt.

Raising the concentration of chromium from 1% to 3.85%.in structural
steels has been shown to decrease the diffusivity of hydrogen and to
increase the SSCC resistance of the steel(7). These effects of chrom-
ium are due to the fact that chromium is a carbide former and imparts

high strength levels while increasing the tempering temperature.

Since manganese is a strong anstenite former, it is normally expected
that manganese will show a negative resistance to sulphide stress
corrosion cracking and hydrogen embrittlement(53). Vereshchagin,

et al(55) study on quenched and tempered steels of 16 GS and
10G2S types shows that the resistance to SSCC and HE decreases
when manganese concentration is raised from 0.8% to 1.6%. The
detrimental effects of increasing manganese concentration on SSCC
were studied by Ward, et al(53 ) who reported that when manganese
concentration increased from 0.5 to 2.0 percent level the sulphide
stress corrosion cracking resistance decreased by 40 percent. Man-
ganese levels below 0.40% are not practical as manganese is required
to tie up sulfur in order to prevent hot shortness during blooming and

rolling.

There have been few studies of the effect of nickel on hydrogen embrittlement
and sulphide stress corrosion cracking and there is no agreement con-
cerning its effect in steel intended for operation in hydrogen-containing
media(7). Snape(44) reported that raising the nickel concentration to
2.92% in steels within the range of 824 to 1510 N/mm?3 ultimate ten-

sile stress has almost no effect on resistance to SSCC. However, with
(53)

increasing strength the resistance to SSCC decreases. Waid, et al
have studied the effect of nickel on AlSI 4340 type steels to SSCC
resistance. Their results show that nickel contents up to about 1.0

percent have no effect on SSCC resistance. Also they have shown that
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above 1.0 percent nickel content could cause a detrimental effect on
resistance to sulphide stress corrosion cracking.

Grobner, et al (56) found in a study of the effect of Molybdenum on the
properties of quenched and tempered steel (yield stress 824 N/mm?=)
that raising the molybdenum concentration from 0.25 to 1.0 percent
has a favourable effect on resistance to SSCC. Waid, et al(53) also
reported that molybdenum improves SSCC resistance for medium carbon
alloy steels (0,30% C, 2.00% Cr, 0.20% V) heat treated to a yield
stress of 827 N/mm3, In a particular experimental condition, failure
stress increases about 20 percent with an increase in molybdenum con-
tent from 0.25% to 0.62%. A further increase in molybdenum content
to 0.87% produced a decrease in SSCC resistance of the steel, indi-

cating the optimum level to be in the range of 0.60 to 0.70 percent.’

Waid, et al(ss) published results, in a study of the effect of vanadium
on medium carbon alloy steels (0.20% C, 2.00% Cr, 0.80% Mo) at
a yield stress level of 760 N/mm?3, showing that increasing vanadium
concentration from O to 0.2 percent increased the sulphide stress cor-
rosion cracking resistance of the steels. At higher vanadium levels,
i.e. above 0.2 percent, no additional improvement in SSCC was
observed. The beneficial effect of vanadium is thought to result from
its role a; a carbide former which, therefore, allows the use of higher
tempering temperatures to reach a given strength level.

2.6.3. Cold Work (Plastic Deformation)

It is generally agreed that cold working (plastic deformation) has an
adverse effect on resistance to hydrogen embrittlement and sulphide
stress corrosion cracking. When steel is bent or straightened cold (below
about 1000° F; 538° C), hardness can increase and residual stresses
up to the yield stress of the metal may be present. It is very difficult

to predict the magnitude and direction of these residual stresses which
may be additive to service or applied stresses(36). The NACE publi-
cation on Sulphide Cracking Resistance Materials(57) recommends that,
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subsequent to any cold deformation, the part should be heat-treated at
1150°F (621° C) minimum to a hardness of HRC 22 maximum.
Baldy(58) demonstrated that an N8O steel subjected to a 1% cold work
(about the same as in cold straightening a tube) lowered its sulphide
environment load carrying capacity from 483 - 517 N/mm? to 310 -
345 N/mm3, An 1150°F (621° C) temper subsequent to cold working,

(57)

is recommended by NACE publication . increased its capacity to the

448 - 552 N/mm? range.

Treseder and Swanson(Z) studied the effects of cold work up to 30%
reduction in area and found a marked reduction in critical stress values
at 10% reduction. API grades J-55 and X~52 also poor SSCC per-
formance after cold work even though hardness was below HRC 22.

In the early days of the sulphide stress corrosion cracking problem when
it became apparent that the susceptibility to cracking increased with
increasing strength of the steel. Steels were categorised as being
resistant to cracking in sulphide systems if their hardness were below
HRC 20 and with experience this was soon raised to HRC 22 (approx-

(57). Hardness was selec-

imate tensile stress of 775 N/mm?3 or less)
ted because it was a convenient and nondestructive way of measuring
strength. However, it became apparent that such a simplified approach
was inadequate to meet the engineering demands for materials that were
in the strength range approaching or exceeding this critical hardness
value.

(2)

Tresder and Swanson “’, found that three classes of steel did not qualify

as resistant to sulphide stress corrosion cracking in their laboratory tests

(59

even though their hardness was comparatively low. Bates also re-

ported a sulphide stress corrosion cracking failure of steel with a yield
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stress of anly 365 N/mm2, Hill,et al(éo) found that hardness was not
consistently related to resistance to sulphide stress corrosion cracking
and in fact demonstrated susceptibility to cracking in a steel with a hard-
ness of only HRC 15, They conciuded that specification of a hardness or
strength level will not necessarily assure good resistance to attack by
aqueous hydrogen sulphide. It was also shown that all the factors that
dictate the metallurgical properties of a steel could have an influence on
its resistance. Therefore it became necessary to define such steels in
terms of composition, heat treatment, and mechanical working.

Current practice within the energy industry is to accept steels as being
resistant to cracking in sulphide service if they meet the requirements set
forth in NACE Publication IF1 66(57). In this standard acceptable steels
are defined in terms of their API, ASTM, or AISI specifications with an
over-riding requirement of a maximum hardness of Rockwell C22. There
is some interest in modifying this approach so that steels would be quali-
fied on the basis of a performance test. Progress in this direction awaits
adoption of the standardised laboratory acceptance test mentioned above.
In the meantime individual laboratory acceptance tests are used to evalu-~
ate new materials.

.7 Sour Corrosion Control.

Design and operating techniques can be used to restrict sour corrosion in
two ways. The original design can be chosen: 1, to reduce the severity
of corrosion; and 2, to allow mitigation procedures to be easily applied if
corrosion appears in a well. Selection of tubing to reduce corrosion caused
by high flow rates, designing the christmas tree and surface flow lines to
reduce turbulence, and designing rod strings are all applications of this
principle. Also it should be emphasised that in flow lines, the velocities
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should be kept high enough to prevent buildup of scale. All blind ends

or obstructions which could serve as traps for scale should be eliminated.
In gas fines, all low spots should be equipped with adequate means for
removing any water which might collect. In oil wells sometimes the water-
oil ratio can be reduced by squeezing off water bearing formations. Poor
or questionable operating techniques can be the difference between success

or failure of a mitigation program.

An important consideration in the selection of the piping configuration is
the required operating flexibility of the gathering system. The operating
pressure for the gathering system should be selected on the basis of pro-
jected production and pressure decline data and delivery pressure to the
field treating plant. Also this type of information would help to design or
install required equipment, which could operate well within its physical
limits, and generally increase its life many-fold.

There are a number of standards developed over the years to heip engineers
in designing offshore pipelines and installations in view of reducing adve-
rse effect of corrosion. Particularly the National Association of Corrosion
Engineers Standard RP-06-75(61)
following installations to fagifitate. pipeline internal -corrosion controf

gives guide-lines to accommodate

programs .
1. Access and related fittings adaptable to use of internal monitor~
ing eguipment.

2. The installation of identifiable markers to serve as location
check points during internal monitoring evaluation.

3. Access fittings for the insertion of corrosion coupons.
4, Fittings to permit injection of chemical inhibitors.

5. Storage space for inhibitor containers.

6. | Dehydration facilities.

7. Pigging facilities. etc.

- 28 -



2.7.2. Inhibition.

2.7.2.1. Inhibitors.

Probably the most widely used method of controlling sulphide corrosion
in oil and gas production equipment is by chemical inhibition. Since
corrosion is a surface reaction, any modification of the steel-environ-
ment interface will affect the rate of corrosion. Certain chemicals
which, when added to a corrosive system, modify this interface to
reduce the corrosion rate, are called inhibitors.

Corrosion inhibitors are usually selected on the basis of solubility or
dispersibility in the fluids which are to be inhibited. Selection of a
corrosion inhibitor for use in a pipeline carrying crude oil and water is
very important. The corrosion inhibitor selected can be either oil sol-

uble, oil soluble-water dispersible, or water soluble.

Selection of an oil soluble corrosion inhibitor for use in pipelines des~-
igned to transport crude oil is, frequently, made simply because crude

(62). While this is a logical premise, it may

oil is in the pipeline
prove to be a costly procedure at some later date. For instance, most
pipelines and flowlines carrying small volumes of water and large quan-
tities of oil fail from corrosion on the bottom portion of the pipe rather
than top. Usually, the :upper portion of the pipe is found to be well
protected against corrosion. There is evidence that the oil soluble
inhibitor is protecting the portion of the pipe occupied by the crude oil

emulsion.

Use of an oil soluble~water dispersible corrosion inhibitor is wide-
spread in systems handling both oil and water. This type of inhibitor
may do a good job protecting oil wells, gas wells, or small diameter
flowlines due to high velocity and/or turbulent flow that promotes mix~
ing of the inhibitor and produced fluids. However, it may not provide
the desired protection in larger flowlines or pipelines carrying these
same fluids due to reduction in velocity and/or turbulence. Hence, the
fluids must have an optimum velocity for the inhibitor to be effective.
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Water soluble corrosion inhibitors are also widely used in the oil

field, especially in waterfloods and salt water disposal systems. Due
to the relative short film life of water soluble corrosion inhibitors, they
are continuously injected as opposed to the batch treatment method.
One might assume a water soluble inhibitor is the answer to treating a
pipeline carrying crude oil and water, because water on the bottom of
the pipe is the primary source of the corrosion problem. However,
another problem must be considered. The pottion of pipe occupied by
the oil and water emulsion is also a corrosive environment. Under such
a condition, a water soluble inhibitor would probably not provide ade-
quate protection. However, there is laboratory evidence that a portion
of some water soluble inhibitors is absorbed into the oil, which could

provide some protection in the oil phase.

(63)

Gatlin summarised the characteristics of inhibitors that are

required for wet, sour gas transmission systems, particularly for the
Hudson's Bay Oil and Gas Kaybob system in Alberta, Canada,
(17.5%H,S and 3.5% CO,), to be;

1. Soluble and dispersible in both brine and fresh waters.

2. Negligible partioning into a condensate phase.

3. Non-emulsifying in either condensate or waters.

4 Effective in removing and preventing iron sulphide deposition.
5. At least 90% effective in inhibiting uniform corrosion.

6. Effective in preventing pitting and blistering.

7.  Effective at an economical injection rate.

(64)

Dijk and Capelle state that the secondary requirements which have

to be fulfilled by corrosion inhibitors are;
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1. No foaming.

2. Separation of inhibitors must be easy.
3. No damage to the environment.

4. Compatibility with the system,
5.

Stability over a wide temperature range.

Gatlin states that the pipe walls are continuously water wet at a high
gas velocities (7.6 m/s; 25 ft/s and up) and at liquid-to-gas ratios of
34 £28 L/km3 (6 + 5 btls/MMSCF). At high liquid=to-gas ratios the
spray flow consists of an annular ring of liquid with a core of gas. At
even higher liquid-to-gas ratios, the water present having a lower vel-
ocity, the flow becomes stratified with the accumulation of water in
low spots.

~For inhibitors to be effective, they must reach the corrosive areas and
because the presence of water plays an essential role during corrosion
it is for this reason that water dispersible and water soluble inhibitors

4 8). However, it has been found by

have shown improved inhibitions
(78) , that iron sulphide is hydrocarbon wettable and pro-

vided the hydrocarbon contains some water to solvate the exchanged ion,

Hausler, et al

the organic water-insoluble inhibitor can easily be adsorbed on the sul-
phide scale.

2.7.2.3. Inhibitors in Practice.

The first specific sulphide oil-field inhibitor was formaldehyde and was
introduced in 1944(1)

formaldehyde film on the surface of the metal which was effective in
(65)

. This compound formed a sulphide-iron-

reducing the corrosion rate. In the Groningen gas field an oil
soluble/water dispersible inhibitor was mixed with condensate and
added to the production stream. This inhibitor has been found to be
successful from the corrosion control point of view. It was added in
batches every fortnight for weli~bore tubing and continuously for the
flow lines and surface equipment. An increase in production and hence
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an increase in gas velocities over 11-13 m/s had been found to be
deleterious for the inhibitor film formed on the tubes. This was over-
come by incorporating a continuous feed of the inhibitor through the
injection hole so that any removal of inhibitor from the surface would be
immediately replaced by a fresh supply of inhibitor. This system
ensures that the corrosion is controlled and allows a maximum flow

rate of 15-17 m/s.

(66), found that an addition of ethylamine plus amine phos-

Lyle, et al
phate (USA manufacturer) in environments of low and high sul phur gave a
low corrosion rate. Oxygen present in the solution was found to in-
crease the amount of inhibitor required to achieve the low corrosion

rate.

67 summarised the inhibitors used in the petrolium industry.

Bregman
For pipeline applications, Bregman divided the inhibitors in use to
water-soluble and oil-soluble inhibitors. Water soluble inhibitors are
mainly inorganic, e.g., sodium nitrite and sodium chromate and func-
tion by maintaining a protective film. Where water is a minor phase,

it is necessary to inject sufficient inhibitor to give a 2 percent concen-

tration in water samples withdrawn from downstream water dropouts.

2.7.2.4. Mechanism of Sour Corrosion inhibition.

1(52) have studied the mechanism of hydrogen sulphide

Hausler et a
corrosion inhibition and reported that organic water-insoluble inhibitors
are more effective than water-soluble ones. This is because the iron
sulphide is hydrocarbon wettable. Provided the hydrocarbon contains
some water to solvate the exchanged ion, the inhibitor can easily be
adsorbed on the sulphide scale. The organic nature of the inhibitor
helps to exclude water from the scale surface and thus reduces the rate
of the interfacial exchange even more. The reduction in corrosion

reaction is dependent upon the concentration of the inhibitor.
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The protective iron sulphide film being very thin and of constant
thickness, little corrosion is needed to push inhibitor, once adsor-

bed, into a nonprotective scale layer. The adsorption being rapid but
quite irreversible, the inhibitor then becomes inactive. This means
that inhibitor transport to the corroding surface has to be at least

as fast as its consumption at the surface. This transport rate may not
be a problem in systems where the hydrocarbon-to-water ratio is much
larger than one, but in systems where there is much more water than
hydrocarbon, abnormally high inhibitor concentrations may become nec-
essary in order to keep the inhibitor transfer rates sufficiently rapid.
Hackl et al(6 8 studied the mechanism of the action of amine-type
inhibitors in the presence of hydrogen sulphide. The efficiency of
inhibitors was determined by cathodic and anodic gal vanostatic polar-
ization in a deaerated 3 percent Nag; SO, solution at pH = 1. They
concluded that the "active" hydrogen associated with the N atom of the
inhibitors has no decisive role in the presence of hydrogen suiphide and
that the inhibiting effect of sulphur-containing organic compounds is
associated with the pre-adsorption of the HS™ ions which are formed

during the reduction of these compounds.

Internal coating of pipelines provides a physical barrier between the steel
and the corrosive substances being transported and is being considered as
an internal corrosion measure. It also ensures(bg) the characteristics
such as, product purity, prevents contamination from corrosive products,
reduces maintenance and labour costs, provides protection of the pipe
interior against the accumulation of deposits, and improves the flow rate
due to the reduction of friction.

61), the recommended practice of control

The NACE standard RP-06-75'
of corrosion on offshore steel pipelines, states the main requirements of

coatings to be;
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1. Ease of application.

2 Ease of repair.

3. Good adhesion to pipe surface.

4 Ability to resist environments to which the coating will be
exposed.

5. Ability to resist damage due to handling, storage, and instal-
lation.

6. Ability to resist cracking.

7. Resistance to disbondment.

The NACE standard also gives numerous references to specific coating

standards.

An approach which is gaining acceptance in the oil and gas industry is
(71). The first epoxy internal coating of a
natural gas line was applied in March, 1 953(69). A thin film of

1.5-3 mils (37-75 microns) was made by spraying on the cleaned sur-
face of a 20 inch diameter pipeline. Periodic checks were subsequently
made on this line for five years, but these were discontinued as no per-
formance failure was observed. Practical tests and experience have shown
that application of such a film results in the following savings for gas line

servi ce(6 9 );

the use of epoxy coatings

1. Increase in throughput of 5-8%: the increase will be maintained
for many years. However, there is a substantial margin, since
it is generally considered that even a 1% improvement in
throughput justifies internal coating.

2. Pipe length protected prior to laying : there is no corrosion
which would impair the smoothness, and create product contam-
ination,

3. Easier and faster cleaning of the transmission line after laying,
and more rapid drying after hydrostatic testing.

4, Reduction in paraffin and other deposition which lower gas flow.
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Reduced pumping costs, which are maintained in service.

Reduced maintenance because frequency of cleaning is substan-
tially reduced.

Product purity; there is no contamination from corrosion product

which might block, or damage appliances.

Aids pipe inspection because the light-reflecting internal coat-
ing shows up lamination and other pipe defects.

Apart from the liquid spraying method using solvents, dry powdered thermo-

setting epoxy coatings, cured in situ (200 - 250 microns thick) have

been developed since the early sixties

(70). The advantages of the

powder coating may be briefly summarised as follows ;

1.

No solvent ~ (a) no solvent carrier wastage, (b) no solvent fire
hazards, thus reduced precautions; (c) no atmospheric pollution,
(d) health hazards reduced, (e) no possibility of retained solvent
impairing film properties (coatings have lower porosity), (f) less
air changes required in work area.

One coat; high build, uniform application, particularly by
electrostatic spraying.

Approaching 1 00% effective use of the powder coating can be
attained. It is essential to use a powder recovery unit (re-using
overspray powder): 98% - 99% effective powder utilisation is

possible.

Sagging, bridging, poor coverage at edges and other surface
defects liable to occur with solvent-bearing paints do not arise.

Economic advantages such as savings in finishing operations and
one=-coat operation.

None, or minimal, damage of epoxy powder coated articles during

subsequent tough handling or transport.
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Signal Qil, and Gas Co.(72)

operation of a 24 mile long, 12 inch diameter, offshore gathering pipe-

, reported the successful in-situ coating and

line for sour crude oil. This coating was selected for other applications,
e.g. SLAM operation, on the basis of a proven background and success-
ful record.

A more recent development is the use of glass flake reinforced plastics(73).
The plastic is a combination of C~glass particles, three to four microns
thick, The selected plastic coating meet the anti~corrosion and mechan-
ical requirements of the petroleum industry. This system has improved the
abrasion and erosion resistance of the coating and also reduced the perme-
ability of the coating since a lining may have as many as 300 overlapping
flakes in a 2 mm thick lining, thus making it difficult for vapour or liquid
to penetrate. An additional feature of this type of coating is its ability to
closely match the coefficient of expansion of steel and this avoids thermal
stresses and ensures good adhesion to the steel surface (upto1l 70° C).

2.7.4. Development of New Materials.

From experience it became apparent that the most effective method for
control of SSCC and hydrogen embrittlement would be development of
more hydrogen sulphide resistant materials(74). The first development of
an H S - resistant steel resulted in the recommendation of a maximum
hardness of 22 HRC and 775 N/mm?3 maximum yield stress material. In
1963, NACE published "Tentative NACE Specification 60, Tubular
Goods", and AP! published "Tentative APl Specification SAC Casing and
Tubing". These specifications required a restricted yield stress of

517 to 620 N/mm? a 655 N/mm?3 minimum ultimate tensile stress, re-
stricted chemical composition; a specific heat treatment of normalize and

temper with minimum time and temperature, no cold working other than
normal straightening and no cold die stamping.

Also, in the early 1960's a quenching and tempering heat treatment of

seamless pipe was used to achieve high physical properties. At the time

the NACE and API specifications were written it was general practice to
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use pipes at the 550 N/mm? yield strength by the normalizing heat
treatment, which these specifications required. When quenching and
tempering became widely accepted, the API included it as an accep-
table heat treatment for grade C-75 in 1965.

Domestically produced quenched and tempered grade modified N-80
appeared on the market in 1971 and met all requirements of AP| stand-
ard -5AC. This grade N-80, a carbon-manganese fully killed steel,
used to ensure sufficient hardenability to obtain a fully martensitic
structure and uniformity of properties. Due to large tonnages of this
grade being used, modified N-80 was revised and incorporated into
API standard -5AC in April 1975 as grade L-80""%,

With grade L-80 in general use, the next immediate goal of this indus-
try was for a yet higher strength material that offered at least the same
SSCC resistance. Trials involving the use of boron-treated 4130,
vanadium-treated 4130, and regular 4130 grade steels using only an
external quench system were conducted, but the desired properties were
never attained. Numerous other elements and combinations were tried
but finally it was realized that to produce the heavy walls needed for a
90,000 psi (620 N/mm?3) minimum yield stress casing (C-90) and to
meet the demanding physical requirements, an internal -external quench
system was necessary. The internal-external quench system has proven
highly successful on casing and coupling stock with wall thickness up
to 1.5 inch. A modified AISI 4130 steel is now used for this grade
which is marketed by Republic Steel Corp., Ohio, as RS-90 and first
introduced in 1976. The grade has a yield stress of 90,000 to
105,000 psi (620 to 725 N/mm?3) and minimum ultimate tensile
stress of 105,000 psi (725 N/mm?3).

Geological formations now being explored require drilling depths below
20,000 ft with bottom hole pressures and temperatures greater than
24,000 psi (165 N/mm?) and 5000 /9

requirements for these deeper, sour wells chailenged the capabilities of
(79)

respectively. Material

materials being used . To develop a casing steel for this need,
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various alloying elements were systematically investigated over a
seven-year period to determine their influence on suiphide stress corro-
sion cracking resistance(74). Most of the alloys studied in this inves-
tigation were of the medium carbon Cr-Mo type, and in most cases these
alloys were quenched and tempered to yield strengths in the range of
110,000 to 120,000 psi (760 to 830 N/mm?2),

As a result of these evaluations, the experimental alloy steel RS-115
(now being patented by Republic Steel Corp.) developed. It exhibits
excellent sulphide stress cracking resistance at yield strength levels in
the range of 110,000 to 130,000 psi (760 to 900 N/mm=3). The
newly developed RS~115 has much greater temper resistance compared
to APl L-80 and C-90 casing steels. When RS-115 is heat-treated
to the same yield stress levels of L-80 and C-90, it has SSCC resis-
tance 50% greater than API L-80 and 25% greater than C-90. With
SSCC resistance equivalent to either of the two grades, the new steel
had yield strength 25% to 35% higher.

The new steel is not expected to replace grades L-80 and C~90 for
applications where these grades are use-and cost-effective. Enlarge-
ment of the "family" of SSCC-resistant steels is expected to give oil
and gas producers a broader choice of materials, especially for drilling
and completing at depths below 20,000 ft, (6,100 m).

2.8 Corrosion Monitoring.

Corrosion monitoring has received great emphasis in the petroleum indus-
try. The main aims of corrosion monitoring may be classified as follows;
1. to determine whether corrosive conditions exist in the system,

to determine and predict corrosion rates,

w N

to evaluate the effectiveness of various corrosion control procedures,

H

to optimize corrosion control procedures,

S

to monitor the continuity of effective corrosion control.
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A number of tests have been devised to measure and assess the amount of
corrosion that has occurred in a particular system. The tests can be classi-
fied under three headings; '

(a) inspection of structures,
(b) intermittent testings,
(¢) cumulative testings.

Inspection of structures includes, visual inspection, equipment failure-
records, nondestructive testing, internal caliper survey, ultrasonic testing,
internal wall thickness logs etc. The best method to determine the extent and
severity of corrosion is use of equipment-failure records. These records are
- very helpful in determining not only the amount but the cost of corrosion, both
before and after treatment. Typical nondestructive testing can include X~-ray
studies of failed equipment. This is very valuable for critical, high pressure

(75). However,it is

service equipment such as christmas trees and valves
not likely that X-rays of each piece of equipment can be obtained and cer-
tainly, the full length of a high pressure flow line is not likely to be X-rayed.
Ultrasonic testing with various instruments is limited largely to surface fac~-
ilities and it is necessary to make many readings because the searching probe
can "see" so little of the surface area involved. Ultrasonic studies and

surveys are of value when many spot tests are made frequently.

Internal caliper survey is widely used in the petrolium industry and is a direct
measurement of the damage that has caused in the pipelines and casings by
corrosion. The tool consists of a number of peripheral feelers which bear
against the inner surface of the pipe. The feelers actuate a stylus that
records the greatest pit depth at the location of the feelers. The possibility
of the feelers missing some pits or only partly entering other pits must be
considered. The use of caliper surveys in coated tubing is considered as a
poor practice. The feelers are hard metal and bear against the pipe with
considerable force. Damage to the coating usually occurs at the end of the
joint as the feelers spring out into the collar.
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Intermittent testing includes testing of corrosivity of the environment by
sampling and analysis of stream, iron content analysis, residual inhibitor
analysis, electrical resistance probes, and polarization resistance probes,
There are a number of factors that should be considered when using iron
content and stream sample analysis to predict corrosion rate. The iron con-
tent of water from a gas-condensate well has more significance than the iron
content of water from an oil well. Though the iron content of gas-condensate
waters varies widely, as a survey gave an-average of 310 ppm (parts per mil-
lion) for corrosive wells and 125 ppm for noncorrosive wellsu') , in
practice, many corrosive wells have as little as 100 ppm iron. It has been
possible to reduce the iron content of corrosive wells to as low as 10 to 25
ppm by effective inhibition. The iron content of corrosive wells may

range from 5 ppm up to several hundred parts per million where large concen-
trations of iron are present in formation water.

Electrical resistance probes provide the added benefit of perhitting the mon-
itoring of the progress of corrosion on a day to day basi 5(75). Such probes
are usually installed in a system for several months and may be more repre-
sentative of what is occurring in the system than most corroding specimens,
frequently replaced on a regularly scheduled basis, pethaps once a month.
The electrical resistance probes are subject to damage from flowing condi-
tions, i.e., high velocity or abrasion.

Polarization resistance probes measurements are quite satisfactory as long
as there is complete coverage of the electrodes in an aqueous or conductive
environment. In this type of probe measurement the error can be quite pro-
nounced, if the surface area of metal that is used to correlate corrosion rates,
is exposed partially to hydrocarbon or other nonconductive media.

Cumulative testing includes testing of the corrosivity of the environment by
using corrosion coupons, hydrogen probes and removable test pools. The
corrosion test coupon is a tool used to evaluate the corrosion rate. The
coupon is a small specimen, usually low=-carbon steel, which is exposed to
the well fluids for 2- to 4-week periods. The loss in weight is used as a

measure of corrosion and is reported as "mils per year” (mpy) penetration.
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This method of evaluation assumes that the corrosion is uniform which may not
be true because the loss in weight may be caused by pitting. One obvious
limitation of coupons is that they indicate the corrosion only at the point of
exposure. Scale and paraffin depositions on the coupon can produce errone-
ous indications. These factors should be considered when evaluating a

coupon survey.

Hydrogen probes are useful, especially in high pressure gas condensate wells
where gas, condensate and water are present at high velocities and under high
pressure. The probe has got an advantage that it can give a day-to-day
reading to indicate the fluctuation in corrosion. The measurement of hydro-
gen diffused in steel is important for sour corrosion system since dissolved
hydrogen is the major cause for sulphide stress corrosion cracking and hydro-
gen embrittlement. The methods employed in the measurement of absorbed

(76)

hydrogen are usually based on vacuum ion gauges and on electrochemical

cells., The electrochemical cell is based on the Devanathan and

Stachurski(n) technique on measuring absorbed hydrogen.
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CHAPTER 3.

A NOVEL METHOD FOR INHIBITION OF SULPHIDE STRESS CORROSION
CRACKING IN STEEL.

3.1 Introduction

Sour corrosion and consequently, sulphide stress corrosion cracking, is one of the
major concerns of the petroleum industry. There are three conditions that must be
satisfied in order for sulphide stress corrosion cracking (SSCC) to occur. These

conditions, which are interdependent, are(é),

(a) The steel must be above a particular strength level where it is susceptible

to sulphide stress corrosion cracking.

(b)  The steel has to be subjected to a sustained tensile stress above some
value that is dependent upon the strength level and the hydrogen content.

(c)  The steel must contain atomic hydrogen that is free to diffuse either along
a concentration or stress gradient. (The hydrogen content required to
initiate cracks generally appears to be inversely related to the strength
level and the applied stress).

Elimination or reduction of one of the three conditions could provide a path for pre-
vention of sulphide stress corrosion cracking. In practice the energy industry
cannot tolerate any reduction in ultimate tensile stress of the steel, (condition a),
or the applied stress, (condition b), as the trend for deeper and higher pressure
wells continues. Hence, control of the amount of atomic hydrogen formed and
absorbed on the steel surface that diffuses through (condition c), is the only pos-
sible way left to reduce or prevent the SSCC. This way of approach is already
being employed in the form of coating steel pipelines with various types of material
and by addition of inhibitors into pipelines, where normal corrosion of substrate
steel, is reduced; hence a reduction in the amount of atomic hydrogen formed is
achieved. Also a number of new alloys and various heat treatment conditions
have been developed to combat sulphide stress corrosion cracking. With changing
chemical composition of the alloys the same principle, i.e., reduction in atomic
hydrogen formed and diffused through is achieved by producing more corrosion

-42 -



resistance alloys and by the resistriction of the hydrogen diffusion path with

suitable metallurgical structure.

Metallic or non-metallic coatings have the disadvantage that m)er a period of time,
because pores and cracks develop and severe focalized attacks result. Develop-
ment of new alloys and various metallurgical treatments encounter a difficult

task in that the possible combinations of chemical elements and heat-treatments
are running-out. Also the development of new alloys could not be phased in with
the increasing demands. At present, the most favoured protection method is the
addition of inhibitors.. Inhibitors have to be added either continuously or at
specific time intervals and it is not certain whether they would be very effective in
sour pipes, since the inhibitors cannot completely stop the reaction between
hydrogen sulphide and steel(s) . Therefore, there is a need to devise a more
efficient and reliable method for preventing sulphide stress corrosion cracking.

3.2 A Novel Method.

It has been discussed in detail in the literature survey, that when steel is
corroded in the absence of oxygen, the conjugate cathodic reaction would be

hydrogen evolution and could be written as:

Ha0" (ag) + e o H,0(aq) + Hiyyy wooenns

H H +  H; (gas) reeeees (2.2)

(ads) + (ads)

When H_ S is present in the environment (sour environment), it will react with
steel to form iron sulphides. On such surfaces in the sour environment, reaction
(2.2) is the rate determining step(14) and this in turn leads to the diffusion of
hydrogen atoms into the steel, leading to hydrogen embrittiement and sulphide
stress corrosion cracking.

One novel approach to the problem is to coat the steel surface with an active
hydrogen evolution electro-catalyst, such that the hydrogen evoluation will take
place on the active catalyst surface, instead of on the corroding steel surface.
This ensures that the concentration of H atoms on the steel sutface is reduced to

a minimum, thus, the amount of atomic hydrogen absorbed on the steel surface
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for diffusion is greatly reduced. The significance of the use of more active hydro-
gen evolution sulphide-electro-catalysts, (NiCo, S,, FeS) is that these cataly-
sts have lower hydrogen evolution overpotential $8’ 80) and can operate in both
sour (corrosion due to the presence of H_,S) and sweet (corrosion due to the
presence of CO, and H 0) corrosion environments without being poisoned,

since these catalyst preparations involve a reaction between base metals and

hydrogen sulphide.

3.3 Previous Work on the Method.

The effectiveness of a sulphide electro-catalyst, NiCo, S, , for hydrogen evolu-
tion has been studied at The City University, London(81’82). This catalyst
gave a performance of 1.0 A/cm? current density in 5N KOH, 700 C at a
potential ~-150 mV vs RHE (reversible hydrogen electrode) stable for over

3000 hours comparable to the performance of platinum black(83). Furthermore
this catalyst gave a hydrogen evolution performance of 250 mA/cm? at -50 mV
vs RHE under chlor-alkali conditions, i.e., 17 percent NaCl solution at 75° C.
However, the performance of steel cathodes under similar condition is lower,
250 mA/cm?® at -300 mV vs RHE(84). Onuchukwa(so) used NiCo, S, cataly-
st to carry out the initial work on the proposed method. The NiCo,S, catalyst
was prepared by reacting freeze ~ dried NiCo, 0, with H,S at 300° C for 8
hours. The sulphide~catalyst was then mixed with ICl GP1 Teflon dispersion in
the ratio of 10:3. The mixture was painted onto 100 mesh nickel screen, fol~
lowed by curing at 300° C for 1 hour to form a Teflon-bonded electrode. Hydro-
gen evolution studies were carried out on the NiCo_ S, electrode and on EN 42
steel in 3.5 percent NaCl solution, both in the absence and presence of H 2S.
The results showed (Figure 3.1) that in both cases, NiCo, S, was more active
than EN 42 steel for the hydrogen evolution reaction. Therefore it has been
concluded that if a NiCo, S, electrode is electrically connected to an EN 42 steel
electrode, it would act as the hydrogen evolution cathode and protect the steel
against any hydrogen attack. This was confirmed by hydrogen diffusion measure-
ments through EN 42 steel foil, using the bielectrode membrane technique,
originally devised by Devanathan and Starchuski(ll). Figure 3.2 shows the
effect of connecting the Teflon-bonded NiCo, S, electrode to the steel
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Hydrogen permeation current, i, (LA/cm?).

500 - A:Steel membrane and NiCo,S,
connected.

B:Galvanostatic hydrogen dis-
charge current density
10 mA/cm? commenced.

C:H_S gas introduced into
3.5% NaCl solution.

D:Catalyst was disconnected
from steel.

400

E:Catalyst was connected
to steel.

300

200

150

100

80
50}

B
10 r-{A |

1
580

" 1 " 'y 2 [
260 340 420 500
Time, t, (minutes).

Figure 3.2, Effect of connecting a Teflon bonded NiCo,S, electrode on
the hydrogen permeation current through a EN 42 steel
membrane in 3.5% NaCl solution.
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membrane on the hydrogen permeation current in the presence and absence of HgS.
This shows that there was very little hydrogen diffusion current monitered while
the NiCo, S, electrode remains connected to the steel membrane, particularly at
250 C. On disconnecting the electrode from the steel membrane, the hydrogen
permeation current increases significantly. There after, on re-connection, the

hydrogen permeation current decreases back to the original level.

Russ(8) carried ot further studies on the proposed novel method and employed

a technique similar to that of Onuchukwa. He also reported the
same trend of results, i.e., when a NiCo, S, electrode was connected to a steel
membrane, the hydrogen diffusion current was reduced, although the experimental

conditions differed from those of Onuchukwa.

While carrying out hydrogen diffusion experiments, Russ(s) noticed that the
NiCo, S, electrode disintegrated with time. In addition, the solution around the
vicinity of the electrode was found to become olive green in colour, and dark
coloured particles were visible in the solution. Such phenomena have not been
observed in electrodes coated on 100 mesh nickel screens. There are two pos-

sible explanations;

(@ In the case where 100 mesh nickel screen was used, the GP 1 - catalyst
coating can wrap around each individual wire, thus imparting a greater

adhesion.

(b)  Another possibility is the corrosion of NiCo, S, under those experimental

conditions.

The corrosion of NiCo, S, under these experimental conditions was investigated
by the author(85). In his experimental set up, Russ had the NiCo,S, electrode
very close to the platinum anode, (1-2 cm separation). Therefore it is possible
for the chlorine evolved at the platinum anode to dissolve in the electrolyte to
form hypochlorous acid and to attack the NiCo,S, chemically. To investigate

the hypothesis two experiments were carried out.
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(a)

(b)

When a NiCo, S, electrode was placed in a |N NaCl solution and Cl gas
was bubbled, there were signs of physical disintegration and dissolution.

When a NiCo, S, (cathode) and platinum electrode (anode) were polarized
at a current density of 10 mA/cm?® in a U tube at an electrode separation
of approximately 12 cm there was no sign of its physical deterioration and
dissolution of the NiCo, S, electrode for the first hour. Thereafter, there

was some sign of physical deterioration and dissolution.

These results confirmed that the corrosion of NiCo, S, was due to the attack of
hypochlorite or hypochlorous acid. In a natural corrosion situation, no hypoch-
lorite will be produced since the corrosion potential is far below the decompo-

sition potential of brine.

3.4 Proposal for Further Evaluation of the Proposed Method.

Although the previous experimental studies on the proposed novel method are
encouraging, it is cléarly understood that the work done is only at its initial
stages. There are a number of problems and doubts to be resolved in the process
of evaluation of the proposed novel method and these may be listed as follows;

(a)

(b)

Previous work done by Onuchukwa and Russ indicated that the various
catalysts, such as NiCo,S,, FeS and FeSx have different degrees of
effectiveness in different media for preventing the amount of hydrogen dif-
fused through a steel membrane. Hence it would be necessary to look for
more suitable catalysts for sour environments.

While the active electro-catalyst reduces the formation of atomic hydrogen
on a corroding steel surface, it would enhance normal corrosion. This

is a problem of the utmost importance in the evaluation of the proposed
method.
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(c) When a steel -pipe is coated with an active catalyst, the ratio of the
cathddic to anodic area would be increased by many folds if the cata-
lyst-coat is damaged and thus exposing the pipe-steel. Then the pipe
might fail due to anodic dissolution rather than due to hydrogen
embrittiement or sulphide stress corrasion cracking.

(d) The experimental technique employed in the previous studies only shows
that the hydrogen diffusing through a steel membrane is reduced under the
protection. This hydrogen diffusion studies could not give any indica-
tion of reduction in suiphide stress corrosion cracking failure in terms of

mechanical properties concerned.

(e) The proposed technique should effectively inhibit SSCC in actual envi-
ronmental conditions, where a cyclic loading pattern and hence a corro-

sion fatigue condition, is inevitable.

In view of the problem (a), it is necessary to study other sulphide electrocata-
lysts, which may be more active and stable than NiCo,S, . Considering the
stability of the catalysts, tungsten sulphide, WS, and molybndenum sulphide,
MoS; are selected together with NiCo,S, for further evaluation since Mo and W

are more acid resistant than Ni or Co.

It is normally accepted that when an active cathode is electrically connected to a
corroding metal piece, it would increase normal corrosion as clarified in the prob-
lem (b). In this proposed novel technique, connecting an active cathodic elec-
trode to a corroding steel is the basic concept for the protection, hence enhanced
normal corrosion is inevitable. A comprehensive program is included, in view of
this problem, in future evaluation, to predict enhancement of the corrosion rate by
employing an Evans diagram and also a series of experiments, to monitor actual
corrosion weight loss and to study the effect of corrosion product formed on corro-

ding steel surfaces.

To overcome the problem, discussed in (c), it is proposed to use another non-
conducting layer on top of the catalyst coating, hence, if any part of the coating
is damaged, the area ratios will be kept within the acceptable limit. Also the
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activity of NiCo, S, and its analogues relative to steel may be controiled by
reducing the catalysts-loading, because it has been shown that activity of hydro-

gen evolution catalyst is dependent on the catalyst-loading(83 ! 87)_

Previous experimental studies on the proposed novel method only concentrated on
the use of a separate Teflon-bonded NiCo, S, electrode, electrically connected
to the steel membrane in the hydrogen diffusion tests. Though this is convenient
for laboratory experimental studies, it cannot give any indication or assessment
in terms of improvement of mechanical properties due to the application of the
novel method. Hence to find an answer for the problem 'd' a series of mechanical
tests with the aid of fracture mechanic concepts, is included in this research
program. Also,another set of tests is included to evaluate the changes in mech-
anical properties of specimens coated with the proposed electro-catalyst coating

and being subjected to sour corrosive environment as a function of time.

To find an answer for the problem (e), that is, the applied electrocatalyst coating
should be effective in actual environmental conditions where a cyclic loading
pattern is inevitable, it was decided to carry out a preliminary study on corrosion

fatigue problem.

-50 -



CHAPTER FOUR

HYDROGEN EVOLUTION PERFORMANCE STUDIES ON
SULPHIDE ELECTRO-CATALYSTS AND STEEL



CHAPTER 4.

HYDROGEN EVOLUTION PERFORMANCE STUDIES ON SULPHIDE ELECTRO-
CATALYSTS AND STEEL. ’

4.1 Introduction.

As a first step for further evaluation of the proposed novel method for inhibition
of sulphide stress cracking in steel, this study aims at comparing the hydrogen
evolution performance of three sulphide catalysts, NiCo, S, , MoS; and WS,
and EN 42 steel. To achieve this comparative study, this investigation propo-

ses to determine:

(a) the hydrogen evolution current density - electrode potential relationship for
the three sulphides and EN 42 steel, at different temperatures both in the

presence and absence of H_S in the NACE solution.

(b) the basic electro-kinetic parameters, such as, Tafel parameters, pseudo-
exchange current density and Arrhenius activation energy for the sulphides
and EN 42 steel in the different media.

A porous electrode system is selected for the hydrogen evolution studies of the
sulphide catalyst. The porous electrode consists of an electrocatalyst, distrib-
uted uniformly in the form of small particles, in a porous and conducting substrate.

A study(833n a porous electrode as a function of sulphide catalyst loading shows

that the hydrogen evolution activity on the porous electrode increases with incre-
ased catalyst loading until a catalyst loading of approximately 15 mg/cm? is reached.
Then the activity is maintained at the same level until the catalyst loading reaches
approximately 30 mg/cm?®. Hence for this comparative hydrogen evolution study

on the sulphides, the catalyst loading is kept between 17 and 22 mg/cm?=,

To aid the experimental studies a short review on hydrogen evolution reaction

and electrocatalysts was carried out.
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4.2 A Short Review on the Hydragen Evolution Reaction and on Electrocatalysts.

4.2.1. Introduction.

The reaction in which hydrogen is evolved from agueous solution is a very
important one in the history of electrochemistry(88).The considerable imp-
ortance of this reaction lies in its technological importance and its appli-
cation to industrial purposes. The fact, that the hydrogen gas evolves on a
great number of metals, permits the rate of hydrogen evolution reaction to
be studied upon a much larger number of electrocatalysts than any other
reaction. Furthermore, the hydrogen evolution reaction plays a dominant

role in the theory of the corrosion of metals.

Pure hydrogen is mainly obtained by electrolysis of water in electrolysers

(89). One main contribution to the

containing a large number of unit cells
price of the hydrogen produced by electrolysis is the cost of the electrical
energy. Obviously the electrical energy consumed in electrolysers is dom-
inated by the overpotential developed at cathode and anode electrodes.

The overpotential can be related to the cell potential E, by
E = Erev + T‘a"-“c-"“iR

where, E is the reversible potential for water electrolysis

rev
M, is the activation polarization at the electrodes
Mo is the concentration polarization in the electrolyte

MR is the ohmic losses in the electrolyte and across the membrane.

Activation polarization at the electrodes results from charge transfer inhi-
bition at the electrodes and is determined by the catalytic activity of the
electrodes and surface roughness. Concentration polarization results from
concentration gradients which exist in the neighbourhood of the electrodes.
Ohmic losses in the electrolysis cell is the sum of the Tg terms due to
electrolyte, membrane, and electrode resistances Gas bubbles also con-
tribute to the ohmic losses.
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Extensive studies are being carried out in search of an electrocatalyst

having low overpotential for hydrogen evolution reaction(83’ 87, 91'94).

The hydrogen evolution overpotential on metals has been shown to vary

(90)

periodically with atomic number of the metals . Figure 4.1 illustrates

the hydrogen evolution reaction on two groups of metals in terms of exchange

(89)

current density and hydrogen adsorption energy The first group,

L 0Q "'5"'
oS
= << =3
g L
-l
+1F

1 . 1
228 250 278 300

M-H adsorption energy/tkJ mol™3)

Fig.4.1. Rate of hydrogen evolution reation
(log ig) at different metals versus
M-H energy.

mercury, cadmium, lead and thallium, shows that with small values of
hydrogen-adsorbtion energy the rate of the hydrogen evolution reaction at
the equilibrium potential is also relatively small. As the strength of the
bond of hydrogen to the metal increases, the current density, igs at the
equilibrium potential increases. For the second group of metals, nickel,
Platinum, tungsten, etc., at higher values of the hydrogen-metal bond,
the direction of the log ig - MH bond strength relation changes. In this
group as the energy of adsorption increases, the hydrogen evolution rela-
tion rates decreases. However, one cannot interpret these facts very con-

clusively without more information,such as hydrogen evolution mechanism,
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rate determining steps, electronic configurations of the elements, etc.

Many workers have combined elements by doping to achieve compounds with
suitable electronic properties that will give high hydrogen evolution perfor-
mance(91-93). Tungsten oxide doped with platinum, and sodium tungsten
bronze are two such compounds which have shown enhanced hydrogen evo-
lution performance(93). The performance of the newly developed electro-
catalysts has discouraged the common use of steel for hydrogen evaluation.
Platinum is often an alternative choice to steel, but this element is not

only expensive but often very susceptible to poisoning by trace impurities

from the cell component and electrolyte.

Tseung and Man(al) developed a novel catalyst, nickel- cobalt~ sulphide
(Ni CogS, ) for hydrogen evolution purposes in alkaline media. The
Teflon-bonded electrodes of the sulphide catalyst gave a hydrogen evolution
performance of 1A/cm3 at -150 mV vs RHE (reversible hydrogen elec-
trode) in 5N KOH at 70° C. The life tests in the same media have confir-
med that Teflon bonded NiCo,S, cathode catalyst can operate at 70°¢,
with the performance of 1 A/cm?® at ~150 mV vs RHE, for over 3000
hours without any deterioration. Recently British Petroleum Research
Centre(94) has developed a proprietary electrocatalyst for hydrogen evolv-
ing cathodes in alkaline media. The electrodes exhibit a low overvoltage
of 70 to 90 mV vs RHE at 70° C for 1 A/cm? hydrogen evolution current
density in 5N KOH.

4.2.3.  Mechanism of Hydrogen Evolution.

The discharge of hydrogen ions from an acid solution may occur through a

series of stages and could be summarized as fol lows(gs);

+ Migration +
(1) Ha0)g Diffusion Ha0 g
Hydrated ion Hydrated ion
in bulk of near electrode.

solution.
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4.3

+ - Discharge ..
(2) H,0) + e Dehydration™ M-H + H_,0

ion electron H atom
from metal adsorbed
M on M,

Combination _ H
i 2

(3a) M-H + M-H

+ M-H + e Secondary H,

+
(36) . (H 0N b

E

If one of these steps is much slower than any of the others, it will deter-
mine the rate of the process, the reactants and products of the other steps
maintaining equilibrium with one another in the steady conditions imposed
by the slow step. Much theoretical and practical effort has been directed
towards discovering the mechanism of the hydrogen evolution reaction, and
it is now possible to measure certain parameters, the values of which are
diagnostic of various reaction mechanisms. For example a value of 0.03
for the slope b of the Tafel line (1 = a + b log i) at ordinary temperat-
ures is characteristic of a rate-determining combination step 3a. Similarly
a slope of 0.12 is characteristic of a rate-determining discharge step 2 or

(95). However it has been pointed out that in

secondary discharge step 3b
(89)

some cases different rate-determining steps can give the same siope
Hence it is necessary to carry out transient studies which give information
on surface conditions, which directly helps to confirm the mechanism.

Experimental  Procedures.

4.3.1. Materials and Methods.

The NiCo, S, for this work was prepared by employing a co-precipitation
technique(%). Initially 50 g of potassium polysulphide, was
dissolved in 150 mi distilled water and filtered. Then 15 g of Ni(NQ,),

*6H,0 and 30 g of Co(NO,), -6H 0 were dissolved in 50 ml of
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distilled water. The polysulphide solution was then added to the mixed
nitrate solution with continu;)us stirring. This preparation produced
about 15 g of NiCo, S, , which was filtered off and dried under N, at
125° C overnight.

The MoS, and WS_ were supplied by Alpha Chemicals. These two
sulphides were subjected to vacuum grinding in a vibratory ball-mill to

increase their surface area.

4.3.1.2. Electrolyte

The electrolyte solution recommended by the NACE (National Association
of Corrosion Engineers) for sour environmental studies was used for this
study. The NACE solution consists of a 5 percent (mass/volume)
sodium chloride and 0.5 percent (volume/volume) acetic acid with a con-
tinuous flow of H, S at 1 atmospheric pressure. The sodium chloride
and acetic acid used were of Analar grade and were supplied by BDH
Chemicals. Distilled and deionized water was used to prepare the sol-

ution.

The sulphide electrocatalysts prepared were of polycrystalline powder
form. To fabricate electrodes, the hydrophobic particulate polymer,
Fluoro-ethylene-polymer (FEP, obtained from IC| Plastics) was used to
bind the electrocatalyst to the nickel-mesh current collector. The FEP
bonded electrodes were prepared as follows;

A weighed amount of the sulphide electrocatalysts (200 mg) was mixed
with the appropriate quantity of FEP dispersion of 55% concentration by
weight and 3 ml of methanol. The catalyst/FEP ratio was optimized
initially and was found to be 1:1 for NiCo,S, and 1:0.85 for MoS, and
WS,. The mixture was throughly dispersed by means of a magnetic stirrer
and painted onto 1 cm® 100 mesh nickel-screens (ultrasonically degreased in

- 56 -



acetone and weighed) and dried with a hair-drier. This process was re-~
peated until the nickel screen is completely covered with the catalyst.
The electrodes were then pressed at a pressure of 0.8 kN/cm? for 3
minutes, followed by curing at 300° C for 1 hour in a stream of

nitrogen, N,.

EN 42 steel foil of 0,15 mm thickness was used in this study. A 1cm?
steel piece was spot welded to a 1.5 mmx 0.15 mm x 15 cm piece of
EN 42 steel for current collection. This electrode was cleaned ultra-
sonically in acetone for a minimum of 30 minutes before polarization

studies were carried out.

4.3.1.4. TestCell.

A 3-compartment glass test cell (Figure 4.2) was used for this study.
A 3 cm x 2 cm platinum mesh was used as the counter electrode. A
saturated calomel electrode (SCE) was used as the reference electrode.
The working electrode compartment and the secondary electrode compart-
ment were separated by means of a Nafion membrane (E.l. Du Pont De
Nemours and Company, U.S.A.). The use of a Nafion membrane effec-
tively prevents the diffusion of hypochlorous acid, formed at the anode
compartment due to the evolution of Cl; at the counter electrode, from
reaching the cathode compartment. To facilitate passage of hydrogen
sulphide, H, S, in the working electrode compartment, it was necessary
to use an Agar salt bridge in the reference electrode compartment. The
out-going H, S gas was removed as a lead sulphide precipitate by bubbi-
ing through lead acetate solution.

4.3.1.5. Electrochemical Test Procedure.

Initial experiments indicated that reproducible results could only be
obtained on pre-cathodised electrodes. For example a freshly-prepared,
FEP-bonded NiCo, S, electrode performance was 64 mA/cm* at -800

mv (Vs SCE) in NACE solution at 20° C without H_ S, whereas the
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performance, after cathodisation for 3 hours at 500 mA/cm® was 105
mA/cm? under the same conditions. Therefore in the determination of
the hydrogen evolution activity of the sulphides, electrodes were catho-
dised for approximately 12 hours at 500 mA/cm? at 60°cC.
Cathodisation also ensured that the potential-current measurements were

carried out on mechanically stable electrodes.

To avoid discrepancy due to changes in pH, a fresh NACE solution was
used for each polarization study. The solution was purged with N,
(white spot, BOC) for 30 minutes before placing the working electrode
in the test cell, and continuously throughout the experiment. When V-i
measurements were to be taken in the presence of H,S, the NACE elec-
trolyte was first purged with N, for 30 minutes followed by H, S (analar
grade, BDH Chemicals) for another 30 minutes to ensure proper satur-
ation. The H_S bubbling was also continued throughout the run.

In taking potential-current measurements it was ensured that only 1 cm*=
. of the electrode was exposed to the electrolyte, the current collector
lead was masked by wrapping with Teflon tape. The electrodes were
placed at a distance of approximately 2.5 mm from the tip of the Luggin
capillary. A saturated calomel electrode (SCE) was used as a reference

electrode.

All the hydrogen evolution performances were obtained galvanostatically.
The half cell potentials were corrected for ohmic Iosses(97)for the complete
current range. A time interval of 5 minutes was allowed for the poten-

tial to become steady for each measurement. Current-potential meas-
urements were obtained at temperatures of 25° C, 40, 60° C and

8o c.

The sulphur content of the NiCo, S, , prepared by the co-precipitation
technique and the ball-milled MoS; and WS, were determined by a
Schoniger combustion unit. This analytical technique is basically the
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combustion of a weighed quantity of sulphide in a stream of oxygen. The
effluent gases are dissolved in a solution of hydrogen peroxide of known
concentration to form sulphate ions. This solution is titrated against barium

chloride solution using thorin solution as indicator.

The surface area measurements of the sulphide catalysts, before and after
the ball-milling in the case of MoS, and WS, were carried out on a Micro-
metric Surface Area Analyzer. This instrument facilitates the measurement
of the surface area by determining the quantity of the inert gas, N,
necessary to form a monolayer on the sulphide representative sample. The
sulphide samples were kept at an elevated temperature of 200° C for 4
hours under a stream of pure nitrogen to ensure freedom from vapours. Then
1 gram of sulphide sample was taken for the analysis. The actual numerical
value of the surface area measurement is calculated from the BET equation.

Since there is a tendency for sulphides to be electrochemically reduced at
cathodic polarization and sulphur to be leached away, it was found neces-
sary to determine the quantity of sulphur in the sulphides after enhanced
polarization. Therefore the sulphide electrodes, made as detailed in
4.3.1.3., were subjected to a cathodic current density of 500 mA/cm? at
60° C in the NACE solution for 12 hours both in the presence and absence
of H,S. After this pre-cathodization, the catalysts.coatings were removed
from the electrodes and the quantity of sulphur analysed in the Schoniger

combustion unit.

4.4 Results.

Figures 4.3 to 4.6 give the current potential curves for hydrogen evolution at
the current density range of 0.5 to 15 mA/cm? on NiCo,S, , MoS,, WS; and
EN 42 steel electrodes respectively in NACE solution both in the presence and
absence of H,S, at 25° C, 400 C, 60° C and 80° C. The catalyst loading of
the NiCo,S, , MoS, and WS, electrodes was 17 mg/cm?, 19 mg/cm? and

22 mg/cm® respectively.

- 60 -



"(39S SA Aw) |erjudtod poyd3)3

0001~ 006~ no8- 00L-
T T T T
\

\.\

o
s

*juasaid G°H
‘9IS Zp N3

*asaid S°H ‘*sm v—
*juasaid G°H ‘®sopy w—=
*uasaid S°H ' *S®0JIN e—o
"juasqe S%H /1991S Zp NI +—a
"juasqe S°H SM o—v
“uasqe §°Y ‘“sopy o—o

" quasge S°H ‘*S°0JIN o—o

‘D 062 1B S°H jo 2ouasqe pue duasaid ay3 ui ‘uolnjos

JOVN U1 ‘9915 g N3J Uo pue Saposjdajd (o wd B 22) SM pue ‘(Lwo/bw 6 T) S0
‘(w0 /B 7 T) *S%DIN papuoq 434 uo So1ISHIPRIBYD |1IU0d-JUDLIND UOIIN|OAD uabospAH

o.oou

"€ aanbi 4

ot

ST

(2W3/ywy 1| ‘Kyisusp waung

-61 -



*(39S sA Aw) [enudtod 3pos3od)3

000T1- 006- 008~ 00L- 009-
T T I o ¥

*quasaid G®H ‘19915 gy NI ~—=
‘wasaid S°H S v—
*juasaid S°H ‘o w—=

"asaid 5% *s%0IN

*juasqe §°H
‘991 2y N3 o0—

‘uasqe Y .M v—

*juasqe %Y ‘*sopy —o

J o0t 2 S®H Jo aduasqe pue douasaid ay) ul ‘uolnjos
JOVN U1 ‘19915 Zf N3 uo pue S3poid3|a (ywd /b Z2) *SM pue ‘(. wobu 6T) “Sop
‘(ewo /Bui 4 T) *s®0D 1N papuoq 434 uo sansaORIEYD jeiuajod-3uasnd uoinjond usbospky ‘¢ a4nbi 4

*juasqge 524’ *s%9IN o—o -

0t

ST

(gW2/yw) | ‘A3isuap ua4ding

-62 -



*(30S SA Aw) [ennuajod aposida|3
ooo1- 006- 003~ 00L- 009-
L] T ¥ ¥ T

*‘quasaid G ‘|9dNS gy NI a——a
‘juasaid G°H ‘SSM ——
juasaxd G°H ‘Ssopy w—m:
"juasaxd S5 ‘*SPoQIN  e—o
“wasqe %Y ‘|393s 2y NI a—a
*juasqe 5% ‘s v—<
"u9sqe S°H ‘*sopy  o—a \

‘wasqe §°H *S%00IN  o—o >\

"0 o091 S%H jo aouasqe pue 20uasasd 3y ul ‘uonnjos
JOVN Ul /3915 2 N3 U0 pue SIPoI3O3| (LW /Bul 22) "SM PUe ‘(o wd/Bul 6 T) “SOW
‘(W3 /Bw 7 T) *S%0JIN papuog 434 uo sdisujoRIRYD jerjuajod-juaund uo1injoAd udbolpAy "GP anb1 4

(gWd/yw) 1 ‘AJIsuap uading

-63 -



(39S SA Aw) jerjuajod 3poayds| ]

0001- 006~ 008~ 00/~

*juasasd G%H4 ‘1991s 2 N3 —a
uasad §%H ‘oM v—
wosaxd S°H *Sopy  =—n

wasad §°H ‘"S%oQIN  e—e

Wasqe S%Y ‘|991S ZH NI a—a \
wasqe S°Y S —
asqe S°H ‘sopy o—a \

wasqe S°Y 'S0JIN  o—o >\

i

"0 008 18 S°H Jo 32uvsqe pue duasaid ay ur ‘uoinjos
JOVN Ul ‘3915 2y N3 Uo pue S3poizdald (o wd /B 22) *SM pue ‘(. wd/bu 6 1) *Sopy
‘(cwd /B 7 T) *$%0D1N Papuoq 434 uo sonsiIgdeIRYD [R1JUII0d-UILIND UOIINJOAD UdbOIPAH

"9 by 4

0t

61

(e WO /ywy 1 ‘Ajsusp uaiing

- 64 -



Figures 4.7 to 4.10 show the Tafel plots for hydrogen evolution reaction on
NiCo,S, , MoS, and WS, electrodes at 25° C, 40° C, 60° C and 80° C in
NACE solution, both in the presence and absence of H,S. Figure 4.11 gives
the Tafel plot for EN 42 steel at 25° C in NACE solution, both in the presence
and absence of H;S. The pseudo-exchange current densities (per geometric area
of the electrode) obtained from the Tafel plots are given in Table 4.1.

Figure 4.12 gives the log i (at constant potential) versus-a]r'. plots for the sul-
phides and EN 42 steel electrodes, in NACE solution, in the absence of hydro-
gen sulphide. Figure 4.13 gives the corresponding log i versus -.}. plots in the
presence of hydrogen sulphide for the four electrodes. The apparent activation
energies for hydrogen evolution reaction on the three sulphides and EN 42 steel
were estimated from the slope of the log i versus -lf. curve in each case and are
given in Table 4.2. Every effort was made to take the measurements in the low
over-voltage region in order to avoid or minimise contributions due to ohmic and
concentration overpotentials. Hence current density values at potentials of
-620 mV and -740 mV (Vs SCE) were taken for the sulphides and steel elec-
trodes respectively.

Table 4.3 gives the sulphur content and the BET surface area analysis of the
three sulphide catalysts. Table 4.4 gives the changes in the sulphur content of
NiCo,S, , MoS; and WS, electrodes after cathodization (500 mA/cm? at 60° C
for 12 hours) in NACE solution, in both the presence and absence of HgS.

4.5 Discussion.

From Figures 4.3 to 4.6, it can be seen that the NiCo_S, is more active for

the hydrogen evolution reaction than the other sulphides in NACE solution, in

the absence of H,S. However MoS, appears to be most effective catalyst around
a practical potential of -600 mV (Vs SCE) at all temperatures except 40° ¢, in
NACE solution, in the presence of H;S. Furthermore the three sulphides seems
to be far more active for the hydrogen evolution reaction than the EN 42 steel in
the two media that were studied. The hydrogen evolution performance of the sul-
phides are in the following descending order, particularly at low current densities.
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TABLE 4.

2 The apparent activation energies for hydrogen evolution on
NiCo_S,, MoS,;, WS, and EN 42 steel in NACE solution

in the presence and absence of H_ S.

Electrode I(f)aatdailgst Absar;cg of Preile:ge of
(mg/cm?) ( joules/mole)  ( joules/mole)

NiCo_ S, 17 4389 5898

MoS, 19 9363 7194

WS, 22 10626 6082

EN 42 steel - 13961 9238

TABLE 4.3. Sulphur content and surface areas of NiCo,S, , MoS, and WS, .

Theoretical Actual Surface area (m?/g)
Sample sul;zgg:cit::gent SU‘&*::; :&l}tent B ,:fﬂr, ?,Tg’ i a:,tﬁ:i::”
NiCo, S, 42.07 40.77 8.22 -
MoS, 40.44 34.60 5.01 8.6
WS, 25.80 20.52 6.07 11.05
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TABLE 4.4.

Changes in the sulphur content of NiCo,S, , MoS, and WS_ electrodes after
being cathodized at 500 mA/cm® current density for 12 hours in NACE solution,

in the presence and absence of H_ S at 60° C.

Before Test

After Test
with H, S without H3$

Electrode  Catalyst:FEP

(ratio) (percent) (percent) (percent
NiCo,S, 1:1 126.30 10.84 4.68
MoS, 1:0.85 23.58 24.88 23.14
WS 1:0.85 13.98 16.00 13.60
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in the absence of H,; S, NiCo,S, > WS, > MoS,

in the presence of H, S, MoS; > WS, > NiCo_S,

The pseudo-exchange current densities calculated for the sulphide catalysts in
the same media, given in the Table 4.1, also supports the order outlined above
for the hydrogen evolution performance. The pseudo-exchange current for the
sulphide catalysts is 15 to 28 times higher than that of EN 42 steel at 25° C
when tested in the presence of H_ S and 87 to 354 times higher when tested in
the absence of H; S at 25% C. It was not possible to estimate the actual excha-
nge current density using an electrochemically active area, because it is diffi-
cult, in the absence of transient measurements to ascertain the available surface
area used during the hydrogen evolution reaction. Moreover, the surface rough-
ness of the steel has not been measured in this experiment. Though the pseudo-
exchange current of EN 42 steel has not been measured at higher temperatures,
it is expected that the above relationship will still be valid since the activation
energy for the hydrogen evolution reaction on the sulphide catalysts is signifi-
cantly less than that on the EN 42 steel.

The apparent activation energies given in Table 4.2, for hydrogen evolution
reaction on the three sulphides and EN 42 steel electrodes show the following
trend,

Steel >> MoS, ~ WS, > NiCo,S, .

The apparent activation energy on the NiCo,S, electrode was found to increase,
whereas that on the other electrodes decreased in the presence of H, S.

Sulphur analysis (Table 4.4) on the pre-cathodized NiCo, S, electrodes indi-
cated a conside_rable loss of sulphur. The sulphur content of the MoS, and
WS, electrodes indicated a very little loss after pre-cathodization, either in the
presence or absence of H_S. In terms of stability, the three sulphides may be
arranged as follows;

MoS; ~ WS, > NiCo,S,
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The above discussions indicate that MoS, electrocatalyst is the most effective
for hydrogen evolution reaction, in terms of performance and stability in the
presence of hydrogen sulphide. However at this stage it is very difficult to
select one catalyst for further studies on the novel method since it is not known
to what extent hydrogen permeation will be reduced by this catalyst and by how
much general corrosion enhancement will take place. Hence it was decided to

study the three sulphide catalysts further.
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CHAPTER FIVE

SELECTION OF A SULPHIDE-ELECTRO-CATALYST
FOR INHIBITION OF SULPHIDE STRESS
CORROSION CRACKING



CHAPTER 5.

SELECTION OF A SULPHIDE-ELECTRO-CATALYST FOR INHIBITION OF
SULPHIDE STRESS CORROSION CRACKING.

5.1 Introduction.

The hydrogen evolution performance of the sulphide electro-catalysts, NiCo,S, ,
MoS, and WS, was reported in the previous chapter in terms of current-potential
measurements and Kinetic parameters. It was concluded that it is necessary to
study the characteristic of the sulphide catalysts further, before selecting a
catalyst for the inhibition of sulphide stress corrosion cracking. The selection
of a catalyst for the proposed method is mainly dependent on two parameters;

(1) The degree of effectiveness of the catalyst to reduce the diffusion of
hydrogen, which is formed on the steel surface due to sour corrosion.

(2) The extent to which the catalyst would enhance normal corrosion of the
steel, in the event of any damage to the non-conducting, protective top-

layer.

Therefore the sulphide-catalyst to be selected should have more activity to
reduce the diffusion of the atomic hydrogen effectively, while providing as little
as possible enhancement of normal corrosion. Hence the electrocatalyst should
have a balance between the two extreme conditions, to be good enough to satisfy

the basic requirements of the proposed method.
To evaluate the effectiveness of the three sulphides, NiCo,S,, MoS; and WS,
in view of the conditions discussed, electrochemical studies were conducted in

the following two directions.

(I) Evans diagrams - to predict the corrosion rate of freely corroding steel and

a steel partially coated with an active catalyst.
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(2) Electrochemical hydrogen diffusion studies (developed by Devanathan and
St.achurski(1 1)) - to assess the reduction in the amount of atomic hydrogen
diffusing through a steel membrane, which could give a qualitative assess-

ment of various boundary conditions.

In both experiments a different range of electro-catalysts loadings was used either
in the form of electrodes or adherent coating, because it has been shown that when
the sulphide catalyst was used as an electrode, the activity for hydrogen evolu-

tion depends on catalyst loading(83).

5.2 Evans Diagram - A Graphical Method of Expressing Corrosion Rates.

Evans has developed(gs) a graphical method which shows how the corrosion rate,
Ic otr. is dependent on the extent of the polarization of the anodic and cathodic
reactions constituting the corrosion reaction. He used the co-ordinates E and |
to illustrate how the electrochemical mechanism of corrosion could be applied to
a variety of corroding systems. The cathodic and anodic partial reactions con-
stituting the overall corrosion reaction are presented in the 'Evans' diagrams as
linear E~I curves that converge and intersect at a point, which defines the cor-

i (Figure 5.1)

rosion potential E.q. and corrosion current | corr

Positive
Potential
s

Voo

(dlssolution}

Current 'orr

Figure 5.1. Typical Evans diagram employs
linear current-potential coordinates.
The rates of anodic and cathodic
reactions are equal on the corroding
metal,*7¢/,

-79-



However, it is convenient to use the logarithmic scale for current, in Evans

diagrams, i.e. semi-logarithmic curve. Plotting currents in a logarithmic form
will enable the identification of electron transfer process and mass transfer pro-
cess of the anodic and cathodic process. Figure 5.2 gives the semi-logarithmic
curve, which shows the roles of exchange current densities, iy, and gradients
(RT/ «F), for both processes in determining the corrosion rate (the intersection

point).

(~)ACTIVE ELECTRODE POTENTIAL (Voits v S-H-E) NOBLE (+)

\d ”
M M) oo

N ‘ - ’\“‘{' Anodic oxidstion curve
¥, rd - .
u""“m?)::\\ "”-““ 'red’ (M= M"s 2¢)
'/ \\
N Corresion
N current
AN density

72N
<L .1.

“c e

’
:(\4—.__&»7“!9. potentiai
Exchance N (!eon)
cutrent
‘.ﬂ.ﬁy. //
N\,
\ M/
Reversible w\: }
owllbm.un \i/ T
1] -
(”“.:uu“ JEAN e 0X red Cathogic reduction
L /)/ \\r“,-. (2N ¢ 20'—=H,)
o N
AN N
\‘\
AX )
N Limiting diffusion
N Current d.nolty(lu)
1 —r 1 L 1 L 1 1
10 100 1000

CURRENT DENSITY (UA/cm?)

Figure 5.2. Semi-logarithmic curves for the corrosion of a metal

in acidic media in which there are two exchange
processes involvi?s gg(idation of metal and reduction
of hydrogen ion.

Figure 5.3 shows, a typical semi-logarithmic Evans diagram for a steel freely
corroding and a steel-sulphide couple in acidic medium. It may be noticed that
the corrosion current is enhanced when the activity of the cathodic reaction is
increased due to connection of a sulphide electrode. Also it should be noted
that the corrosion potential of the steel-sulphide couple increased towards the
anadic direction. This is due to the high exchange current density and the refa-
tively low overpotential for hydrogen evolution reaction of the sulphide electrode.
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Electrode potential, (mV vs SCE)
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Figure 5.3. Typical semi-logarithmic Evans diagram for freely

corroding steel and a steel-sulphide couple in acidic
media, (e.g. NACE solution pH = 3).

5.3 An Electrochemical Technique for the Study of Hydrogen Permeation in

Iron-Base Alloys.

An electrochemical technique to study the diffusion of atomic hydrogen
through a steel membrane, was developed by Devanathan and Stachurski
In this method, a thin steel membrane is cathodically charged to form

hydrogen or subjected to normal corrosion on one side, while the other side

(11)

is maintained at a constant potential sufficiently anodic to oxidize all of
the hydrogen diffusing through. This bi-electrode membrane technique is
much more convenient than the conventional gas phase studies for hydrogen
permeation studies. The experimental boundary conditions such as solu-
tion composition, applied potential, pH, temperature, gas phase compos-

ition, etc, can be easily changed. Hence it would be possible to measure
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the direct influence of the variables on the permeation rate. Furthermore )
the boundary conditions can even be changed in the course of the experiment.
This technique is quite sensitive, that is, the permeation currents, of the
order of 1 A, are readily measured which corresponds to a flux of 10~
moles of hydrogen/ second.

Bockris(gg) has outlined the limitation and the validity of this electro-
chemical technique and pointed out the conditiohs that have to be satisfied

to obtain reproducible results. These are given below.

(1) It is necessary to select a suitable membrane thickness, because
if the metal is too thick, the time to perform an experiment is
impractically long. Also if the metal is too thin, the rate-deter-

mining step for throughput may not be diffusion.

(2) The hydrogen evolution or charging side should be free of films,
because if there is any film on the evolution side, some hydrogen
will be spent in reducing it. This could give a descrepancy in

calculating diffusion parameters.

(3) Anodic dissolution of the iron on the throughput side could con-
tribute to the hydrogen oxidation current. One solution is to plate
a thin layer of adhering palladium onto the anodic side. The
palladium film thickness should be appropriate to offer no resis-
tance against the throughput of hydrogen, while protecting the iron

from dissolution.

(4) Impurities in the anode compartment electrolyte could interfere or
contribute to the hydrogen oxidation current if one tries to measure
a diffusion current in the region of 0.1 to 1 pA/cm3, Pre-
electrolytic purification could be effective in such experiments.
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It has been recognized that a number of chemical species have the effect
of increasing the speed of the hydrogen entry into iron, steel and ferritic
alloys. The generic terms "Cathodic poison and cathodic promoter are
applied to these species because they are said to poison the recombina-
tion reaction and therefore promote hydrogen absorption. The cathodic
promoters are mainly, phosphorus, arsenic, antimony and bismuth from
Group V-A of the periodic table and sulphur, selenium and tellurium from
Group V1-A of the periodic table. Other species which increase hydrogen
permeation are the halide ions, particularly iodine in acid solution, and
cyanide ions in alkaline solution. Radhakirishnan and Shreir(1 00
investigated the specific effects of Group V and VI element additions to
electrolytic hydrogen charging, utilizing the electrochemical technique.
The solution in the hydrogen charging compartment was 0.1 N H_ SO, and
the solution at the anodic side was 0.1 N NaOH. The variation in the
steady state permeation current as a function of the charging current den-
sity for the various promoters is given in Figure 5.4. Arsenic is the most
effective of the poisoners studied.

100
0 - T LENL ARG AL D § T LERAERE

Permeation current density (,A%cm?)

1 N Aok
01 10 10

Cathodic current density (mA/cm?)

Figure 5.4. Relationship between the applied cathodic
charging current density and the steady
state permeation current. Shim steel in
0.1 N H,SO, with various additon, (100
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5.4

(101), studied the effect of the elements phosphorus,

Zakroczniski, et.al
arsenic, antimony, sulphur, selenium and tellurium on the permeation of
hydrogen through steel in a medium of pH range 1 to 14 as a function of
element concentration. They observed that the enhancement of the hydro-
gen permeation current occurred only under conditions when the hydride of
the elements were formed at the cathodic side of the membrane. Further-
more the elements or the anions did not enhance the hydrogen permeation.
They concluded that the element hydrides do not modify the hydrogen per-
meation process, but affect only the velocity, by enhancing the trans-
mission of hydrogen atoms across the electrolyte/metal interface. Further-
more the rate of hydrogen permeation in steel is known to be influenced by
composition, and structural defects such as interstitial sites, grain bound-
aries dislocation etc., which provide hydrogen diffusion paths in the steel.
These structural defect paths for hydrogen permeation are enlarged in size
or number by the presence of residual or applied tensile stress as a func-

tion of temperature.

Experimental Procedures.

The co-precipitated NiCoz S, and ball-milled MoS, and WS, were
prepared as outlined in section 4.3.1.1. Sulphide electrodes of
loading ranging from 17 to 22 mg/cm® and 5 to 8 mg/cm? were fabri-
cated as described in section 4.3.1.3. The NACE solution,both in the
presence and absence of H_ S, recommended for sour environmental
studies was used as electrolyte in this study. The three-compartment
cell as shown in figure 4.2 was used with the Nafion membrane separ-
ating the anodic and cathodic compartments. The use of the Nafion
membrane effectively prevents the diffusion of the hypochlorous acid
from the anodic to cathodic compartment.
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5.4.1.2. The Test Procedure.

The sulphide electrodes were pre-cathodized at a current density of

500 mA/cm? for approximately 12 hours at 60° C to obtain reprodu-
cible results. To avoid a discrepancy due to changes in pH, a fresh
NACE solution was used for each polarization study. The electrolyte
was purged with nitrogen for 30 minutes before placing the working
electrode in the test cell and continuously throughout the experiment.
When the current-potential measurements were to be taken in the presence
of H, S, the NACE electrolyte was first purged with N, for 30 minutes
followed by H 4 S for another 30 minutes to ensure proper saturation.

The H, S bubbling was also continued throughout the run.

In taking current-potential measurements it was ensured that only 1 cm?
of the electrode was exposed to the electrolyte, the current collector lead
was masked by wrapping with Teflon tape. A saturated calomel electrode
(SCE) was used as a reference electrode. The half cell potentials were

corrected for ohmic losses for the complete current range.

Cathodic current-potential measurements were taken for the three sulphi-
des, with two different ranges of catalysts loading, at different temper-
atures. For EN 42 steel electrodes cathodic and anodic polarization

measurements were taken under the same conditions.

EN 42 steel foil was used as diffusion membrane for this study. The
steel was supplied in the form of a foil of thickness 0.15 mm and 50 mm
width. Table 5.1 gives the chemical composition of the EN 42 steel. The
steel foil was cut into a 40 mm x 40 mm piece and was polished with

600 grade silicon carbide paper until a smooth surface was obtained.

The polished membrane was degreased and cleaned ultrasonically in
acetone for 30 minutes.
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Three different groups of steel membranes were prepared for the hydrogen
diffusion studies. The first group of membranes was used as. prepared with
the sulphide electrodes electrically connected from the beginning of the
tests. The second and third groups of membranes were used as sulphide
coats applied on the cathodic side of the membranes. The composition
of the two sulphide coats are given in Table 5.2. The sulphide coat-
ings were prepared as follows. A weighed amount of sulphide

(200 mg) was mixed with the appropriate quantity of FEP dispersion
and 3 ml of methanol. The mixture was thoroughly dispersed by means
of a magnetic stirrer and painted on to the cleaned steel membrane for the
required area and dried with a hair-drier. The prepared membrane was
cured at 300° C for 1 hour in a stream of argon. In the case where the
sulphide/FEP ratio was high,methanol was not added to the mix during:
preparation of the coat. The membranes were cured at 300° C for 10

minutes in a stream of argon.

5.4.2.2. Test Cell.

The diagramatic representation of the diffusion test cell used in this
study is given in Figure 5.5. Basically this test cell consists of a
steel membrane placed between two carefully ground glass flanges, which
are bolted together with the aid of aluminium brackets and a water tight
seal produced by using O-ring washers. The steel membrane separates
the test cell into two similar compartments which are the cathodic and
anodic compartments. In the cathodic compartment, hydrogen would be
produced either by cathodic charging or natural corrosion reaction, which
would diffuse through the steel membrane. The potential on the anodic
side of the steel membrane is controlled by a potentiostat at an anodic
potential sufficient to oxidize the hydrogen. Hence any hydrogen diffus-
ing through the steel membrane would be oxidized. The anode compart-
ment has a provision to accommodate a saturated calomel electrode,
(SCE) as a reference electrode. The reference compartment is drawn into
a luggin capillary pointing close to the anodic side of the membrane. A
piece of platinum foil is used as a counter electrode to complete the po-

tentiostatic circuit.
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TABLE 5.1.

Percentage chemical composition of EN 42 Steel.

Carbon 0.75
Manganese  0.65
Phosphorus 0.05

Chromium
Vanadium

Silicon 0.30
Sulphur 0.05
Nickel -

Molybdenum -

TABLE 5.2. Composition of sulphide coats applied on the cathodic side of
the steel membranes used for hydrogen diffusion studies.

Group Sulphide Status Catalyst/FEP
2 NiCo_S, as prepared 1:1
2 MoS, ball-milled 1:0.85
2 WS, ball-milled 1:0.85
3 NiCo_S, as prepared 1:1.12
3 MoS, un-ballmilled 1:1.12
3 WS, un-balimilled 1:1.12
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5.4.2.3. Test Procedures.

-------------- -

The anode compartment was filled with the pre-electrolyzed 0.1 N
NaOH solution containing 2 drops of palladium plating solution (0.1 N
palladium chloride). A thin layer of palladium was electrodeposited by
passing a cathodic current of 100 yA/cm? for 1 minute. The thin
layer of palladium would prevent anodic dissolution or passivation of
iron without materially decreasing the permeation rate of hydrogen atoms.
After completion of plating, an anodic potential of 0 mV Vs SCE was
applied, and hydrogen leaving the presaturated membrane was removed
by oxidation. This was continued until the current in the anode circuit

became very smail and constant.

Finally, the cathode compartment was filled with the NACE solution
first purged with nitrogen for 30 minutes followed by H, S for another
30 minutes to ensure proper saturation at room temperature. The H; S
was continuously purged throughout the experiment. Under these con-
ditions the cathodic hydrogen evolution reaction was dictated by the
corrosion process occurring on the cathodic side steel surface. The
hydrogen, permeating the steel membrane and the palladium film was
oxidized by an applied anodic potential (0 mV Vs SCE). The hydro-
gen permeation current produced in this manner was monitored by the
X-Y recorder.

5.5 Results.

To estimate the corrosion rate, | .oy, , and corrosion potential, E¢qpy,, of the
freely corroding EN 42 steel sample, potential~current polarization curves were
obtained in the corrosive media and Evans diagrams were constructed. Figures
5.6 and 5.7 give such diagrams in the NACE solution in the absence and
presence of H_S respectivety at four different temperatures. Table 5.3 gives
the corrosion current and corresponding corrosion potential of the EN 42 steel
observed from the points of interception of the anodic and cathodic semi logarith-

mic polarization curves.
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TABLE 5.3.

Corrosion potentials and corresponding currents of freely corroding EN 42 steel
in NACE solution, both in the presence and absence of H,S at various

temperature.
In the presence of H,S  In the absence of H; S
Temperature

Potential Current Potential Current

(mV vs SCE) (LA) (mV vs SCE) (uwA)
25°¢C -641 105 -594 57
40°cC -651 324 -596 115
60° C -662 813 -601 535
80° ¢ -670 1778 -608 951
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Evans diagrams, incorporating ﬁe anodic polarization curves for EN42 steel
and cathodic polarization cures for the sulphides, (NiCo,;S, - 17 mg/tm? ,
MoS, -19 mg/cm® , WS, - 22 mg/cm? ") at different temperatures and in both the
presence and absence of H; S are plotted in Figures 5.8 to 5.15. The corres-
ponding curves for the low loading sulphide electrodes (NiCo, S, - 6 mg/m? ,
MoS; - 5mg/m2 , WS, - 6 mg/cm?® ) and the EN 42 steel are given in
Figures 5.16 to 5.19. Table 5.4 summarises the corrosion currents and corr-
esponding potential when the sulphide electrodes are connected to a steel elec-
trode at 25° C, 40° C, 60° C and 80° C in the media studied. Table 5.5
gives the ratio of predicted corrosion current between EN 42 steel - sulphide
couples and EN 42 steel - EN 42 steel couple at 25°C and 60° C in the
presence and absence of H, S.

Figure 5.20 gives the hydrogen diffusion current (oxidation current) through the
EN 42 steel membrane protected with the three sulphides, NiCo,S,, MoS; and
WS, , in NACE solution in the presence of H; S at room temperature. The pro-
tection was applied in the form of separate electrodes (catalyst loading,
NiCo,S, -18 mg/km? , MoS,-17 mgem?, WS, - 20 mgem? ), which
were electrically connected to the steel membrane. Also the diffusion current
through a similar membrane without any protection in the same media is presen-
ted in the Figure 5.20. Figure 5.21 gives the corresponding hydrogen diffu-
sion current when the steel membrane was protected with low loading sulphide
electrodes, (catalyst loading, NiCo, S, - 6 mg/cm® , MoS; - 5 mgem? ,

WS, - 8 mg/cm? ) in:the same media.

Figure 5.22 gives the hydrogen permeation current through the EN 42 steel
membrane protected with an adherent sulphide coating in NACE solution, in the
presence of H, S at room temperature. The adherent protective coatings were
made with the catalyst to FEP ratio of 1 : 0.85 for MoS, and WS, and 1:1
for NiCo, S, , as used for the electrodes. The coating was applied in the middle
of the steel membrane and the area of the sulphide coat to the exposed steel was
kept approximately 1:2. The corresponding diffusion current of the EN 42 steel
membrane protected with higher FEP content sulphide coat in the same media is
given in Figure 5.23. The denser coating was prepared with the catalyst to
FEP ratio of 1:1.12 and cured for 10 minutes at 300° C in an argon environ-

ment.,
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TABLE 5.5.

Ratio of predicted corrosion current between EN 42 steel-sulphide couple/freely
corroding EN 42 steel in NACE solution, in the presence and absence of H aS-

Corrosion Temperature 25° C Temperature 60° C
couple Absence of Presence Absence of Presence
H,S of H_ S H,S of H.S
EN 42 - NiCo S,
(17 mg/cm3). 10.5 9.04 5.2 5.4
EN 42 - NiCo_S,
(6 mg/cma) 8.07 7.10 3.94 3.99
EN 42 - MoS,
(19 mg/cm?) 6.92 11.2 4.14 2.89
EN 42 - MoS,
(5 mg/cm?) 5.22 5.57 3.81 2.82
EN 42 - WS,
EN 42 - ws,
(8 mg/cm?) 5.52 7.28 2.52 2.37
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5.6 Discussion.

The Evans diagrams have been constructed to predict, the corrosion current,

| corr. @nd corresponding corrosion potential, Egqypy , for freely corroding steel
and steel coupled with sulphide electrodes. The corrosion current, calculated
from the Figures 5.6 and 5.7 shows (Table 5.3) that the current increases con-

- siderably with increasing temperature. Particularly when the temperature increas-
es from 25° C to 80° C the corrosion current increases about 18 times regard-
less of whether H_S was present or not. Also the corrasion potentials became more
cathodic with increasing temperature both in the presence and absence of H,S.
Furthermore the corrosion potentials were more cathodic in the presence of H, S
compared to those obtained without H, S in NACE solution, possibly, due to the

shift in the reversible potential of the steel.

Table 5.4 summarises the corrosion current and corresponding potential predic-
ted from the Evans diagrams (Figures 5.8 to 5.19) when the sulphide elec-
trodes were connected to the EN 42 steel in NACE solution, in the presence of
HoS at different temperatures. It shows a considerable increase in corrosion
current and corrosion potential, towards anodic direction than when the steel corroding
freely. This increase is apparently due to the very high exchange current density
and low over-potentials of the sulphide electrodes for the hydrogen evolution
reaction. Also this corrosion potential increase towards the .anodic direction
confirms that the steel electrode was protected against hydrogen attack by the
sulphide electrodes in the media studied. Furthermore, it may be seen in the
Table 5.3 and 5.4 that as the temperature was increased, the corrosion rate
increases in both cases, but at a faster rate in the case of freely corroding steel.

The results in Table 5.4 indicate that there was a significant decrease in corro-
sion current when the catalyst loading was reduced from 17-22 mg/ecm?® to

5-8 mg/cm? , although the decrease in the predicted corrosion current was not
directly proportional to the decrease in catalyst loading.
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The ratios of predicted corrosion currents of various EN 42 steel - sulphide

couples with freely corroding steel show (Table 5.5) that the best steel-sul-
phide couple was EN 42 steel-low loading WS, couple. It shows that the pre-
dicted corrosion rate was only increased 2.3 7 times more than the steel corrod-
ing freely in NACE solution at 60° C with continuous H, S bubbling. The EN 42
steel - WS, (low loading) couple was significantly better than the EN 42 steel -
NiCo, S, couple, but was similar to that of the EN 42 steel - MoS couple.

The hydrogen diffusion study on EN 42 steel membrane protected with a suiphide
electrode connected electrically, in the presence of H, S showed (Figure 5.20)
that the diffusion current was reduced considerably when the steel membrane
was protected. The three sulphide electrodes (catalyst loading, NiCo,S,
-18mg/em?® , MoS;-17 mg/em® , WS, - 20 mg/em? 1 gave almost the
same amount of protection, that is, the maximum diffusion current of 16, A/cm?®
in the case of unprotected steel membrane has been reduced by 12 uA/cm? to

4 LA/cm? when protected. Figure 5.21 shows the corresponding hydrogen
diffusion current when the steel membrane is electrically connected with low
loading (NiCo, S, - 6 mg/cm® , MoS, - 5mgkm? , WS, -8 mgtm? )
sulphide electrodes. It shows that the maximum diffusion currents of the protec-
ted steel membranes varied between 5.5 and 7 , A/cm? , despite the fact the
catalyst loadings were reduced at least by a factor of two. These results indi-
cate that the protection given by the sulphide electrodes were not proportional to
the catalyst loading. Probably an effectiveness factor plays a major role in the
activity of the Teflon honded porous electrodes. It may be seen from the resuits
that the three sulphides could be arranged in terms of performance to reduce the
hydrogen permeation as follows;

NiCo,S, ~ MoS, > WS,

Although the hydrogen diffusion studies discussed above show the effectiveness
of the proposed method to inhibit the sulphide stress corrosion cracking, the
technique used, i.e. connecting a sulphide electrode electrically to the steel
membrane, was in contrast to the industrial situation. Hence the sulphide coat-
ings were applied to the steel membranes to simulate the actual situation and the
same diffusion studies were carried out. Figure 5.22 shows that when the
sulphide coatings were applied partially to the steel membrane, the maximum
-113 -



diffusion current was not reduced considerably. The protected membranes gave

a maximum hydrogen diffusion current of 8 to 9.5 uA/cm?, whereas an unpro-
tected membrane gave only 16 pA/cm?2, [t has been found that the sulphide/FEP
coatings (catalyst to FEP ratio, 1: 0.85 for MoS; and WS, and 1:1 for
NiCo,S,) were porous and not properly bonded with the substrate. When the
steel membrane coatings were removed and examined under a microscope, corro-
sion was found under the sulphide/FEP coatings. To overcome this problem a
new coating was developed with a higher FEP content and unball-milled sulphides.
These coatings were used in the similar hydrogen diffusion experiment to evaluate
their effectiveness. The results (Figure 5.23) show that the coats having higher
FEP content gave better protection against hydrogen permeation as the sulphide
electrode was electrically connected to the corroding steel membrane. Also the
coats were dense and better protected the substrate against corrosion. The
sulphides coat ability to reduce the hydrogen permeation through the steel mem-

brane could be arranged as follows;

MoS, > NiCoS, > WS,

The above discussions and the work discussed in the previous chapter indicate
that MoS; is the most effective hydrogen evolution electrocatalyst to be selected
for further studies to evaluate the effectiveness of the proposed method. Also it
is encouraged by the fact that MoS, is already available in commercial quantities
because of its use as a solid lubricant. Hence it was chosen for further studies
without any reservation.
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CHAPTER 6.

EVALUATION OF THE PROPOSED PROTECTIVE COAT (MoS,/FEP) FOR .
INHIBITION OF SSCC IN STEEL BY CORROSION WEIGHT LOSS TESTS.

6.1 Introduction.

The corrosion rate of freely corroding EN 42 Steel and EN 42 Steel - sulphides
electrode couples were predicted and assessed theoretically by construction of
Evans diagrams in the previous chapter. Although this assessment gave valuable
information which led to the selection of one sulphide-catalyst, MoS, from three,
for further studies, it could not reveal information on actual corrosion rate,
nature of corrosion products and the effect of the corrosion products on corrosion
rate of the steel. Hence it was decided to carry out a series of corrosion weight

loss tests to determine the extent of these factors.

(1 02), developed over the years to con-

There are numerous corrosion standards
duct various types of corrosion experiments relating to different types of corro-
sion, under laboratory conditions. Laboratory corrosion weight loss tests are

mainly classified into four groups;

1) Total immersion test - In this test the metal specimen is totally immersed
in a corrosive liquid, where the important factors that influenced the corro-
sion weight loss are controlled carefully. The total immersion test is
mainly used as a control test to determine the corrosion resistance of a new
metal or alloy and to assess the quality of any protective coats and other
measures.

2)  Partial immersion test - In this test the metal specimen is partially immer-
sed in a corrosive liquid to permit corrosion to be evaluated at a liquid-gas

interface.
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3)

4)

Alternative immersion test - In this test the metal specimen is alterna-
tively immersed in a corrosive solution and withdrawn from it in some
predetermined cycle. Hence the liquid can be allowed to dry on the sample,
showing the effect of the concentration of the liquid, and in addition it

permits corrosion products to remain and reach greater concentrations.

Spray test - In this test a fog of corrosive liquid comes in contact with
the metal test specimen, where the effects of the corrosive liquid and a

humid atmosphere are combined.

The total immersion test is selected for this study since this is the only test
where the important factors that influence the corrosion weight loss results could
be controlled carefully. To aid the experimental study, the important factors
influencing the laboratory total-immersion test are discussed briefly.

6.2. Factors Influencing Total Immersion Tests

6.2.1. Specimens and their Preparation

The size and shape of specimen to be selected normally varies with the
purpose of the test, the nature of the materials to be tested and the testing
apparatus to be used. A proper ratio between the area of the specimen and
the volume of the testing solution dominates the size of the specimen to be
selected. If the ratio is too large, the corrodent is quickly exhausted and
there is a build-up of corrosion products. The corrosion products can
either accelerate or inhibit corrosion. The number of specimens is related
to the size since increasing the number increases the total area of the
specimens. A large number of small specimens is advantageous in that the
several replicate specimens can give a more reliable measure of corrosion
than a single larger one. Also it would provide the opportunity for removal
of specimens at intervals over a period of time. Hence it enables the
investigator to determine any relationship of the corrosion rate as a
function of time.
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It has been shown by many investigators that to obtain more uniform results
the surface finish and metallurgical treatment of test samples should be
controlled. According to the ASTM Standard(1 03), a more uniform sur-
face could be obtained either by a preliminary chemical treatment (pickling)
or by treatment with a coarse abrasive paper or cloth. The thickness of
metal so removed should be at least 0.003 mm or 2 to 3 mg/cm? in the
case of heavy metals. The final surface and metallurgical treatments are

normally varied by investigators to suit their investigations.

6.2.2. Test Solutions

It is recommended by various standards that the test solutions should be
made up,accurately, using reagents conforming to the appropriate indus-
trial environments. The composition of corrosive solutions can vary from

a petroleum fraction to a potable water. Normally the pH is of considerable
importance and should be accurately measured and adjusted.

The volume of the test solution should be large enough in comparison with
the test specimens to be used to avoid any appreciable changes in its
corrosiveness either through the exhaustion of corrosive constituents, or
the accumulation of corrosion products that might affect further corrosion.
A minimum of 250 ml of testing solution for each 6.3 cm?® of specimen

area is recommended(l 04).

Special attention should be given to specimen supports since bimetallic or
crevice corrosion could be developed due to the accumulation of reaction
products, where specimens are in contact with their supports. The
supports and container should not be affected by the corroding agent to an
extent that might cause contamination of the testing solution so as to
change its corrosiveness. Also the shape and form of the specimen sup-
port should be designed in such a way to avoid, as much as possible, any

interference with corroding specimens. In some cases it may be desirable
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to apply some protective coating to the areas that are in contact with the

supporting members.

6.2.4. Tests Conditions

Since the total immersion test is generally used as a control test to evaluate
a new metal or alloy and any protective coating it is necessary to control,
as much as possible, the testing parameters such as temperature, relative
velocity of specimens and corrosive environment, aeration, and test
duration.

Temperature is an important factor and should be controlled since a temper-
ature increase usually increases the reaction rate. Also raising the tem-
perature can reduce the solubility of a dissolved corrosive gas or it can
form a protective film of corrosion products tending to lower the corrosion
rate. The temperature is probably the easiest factor to control and it is
normally recommended that the temperature of the corroding solution should

be controlled within+1° C.

The relative motion of metal specimens and corrosive environment is an-
other important factor that has to be controlled. The precise control of
relative motion and the study of the effects of motion on corrosion are very
difficult. The relative motion can be achieved either by having the test-
piece move through a presumably stationary liquid or by having a moving
liquid come into contact with a stationary test-piece. A velocity of 2.5
to 7.5 cm/s. is recommended to improve reproducibility of the tests. In
some cases it may be proper to omit any relative motion, however it should
be recognized that the achievement of zero velocity in a test set-up is
about as difficult as the accurate control of some high velocity.

Aeration is of importance since in many cases corrosion is theoretically
impossible without corrosive gases. Many corrosion mechanisms are
controlled by the rate of diffusion of such gases to the metal surface. It
is not possible to maintain the degree of aeration by depending on diffu-
sion from the surface of the solution to metal surface. To achieve proper

saturation, the solution should be saturated by bubbling through a
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sintered glass diffusion disk of medium porosity to break the gas stream up
into small bubbles. The rate of gas flow required to maintain the gas
saturation will depend on the volume of the testing solution, the area of

the test specimens, temperature, and the rate of corrosion.

It is essential that corrosion products are removed carefully from
specimens if changes in weight are to be used as a measure of corrosion.
There are many satisfactory means of cleaning specimens(103-105)
after exposure to corrosive environments. The cleaning methods can be
divided into three general categories; mechanical, chemical and

electrolytic.

Mechanical cleaning includes scrubbing, scraping, brushing, mechanical
shocking and ultrasonic procedures. Scrubbing with a bristle brush and
mild abrasive is the most popular of these methods. The other methods
used are principally as a supplement to remove heavily encrusted corro-
sion products before scrubbing. These drastic mechanical cleaning
methods should not be used when the corroded specimens are small or the

amount of weight change expected is slight.

Chemical cleaning implies the removal of corrosion products from the sur-
face of the corroded specimen by dissolution in an appropriate chemical
solution. There are a number of solutions developed over the years and
recommended by the ASTM Standard and other literature (103, 104).
The hot sodium hydride method is the favoured one for cleaning iron and
steel both from the point of view of ease of removal of corrosion products
and minimum attack on the metal. Other solutions such as Clarke's
solution (mixture of HCI, Sb,0, and SnCl, at room temperature) and
sulphuric acid with an organic inhibitor are also recognized as chemical

solvents(l 03).
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6.3

Electrolytic cleaning is a more appropriate method for many common
metals. Electrolytic cleaning is normally preceded by scrubbing to remove
loosely attached corrosion products. One method of electrolytic cleaning
recommended by the ASTM Standard employs an electrolyte of 5% (by
weight) H_ SO, with 2 ml organic inhibitor per litre used at a cathodic
current density of 20 mA/cm?. Golden and Mayne(los) employed another
electrolytic cleaning system with success. They used saturated aqueous
citric acid as an electrolyte and a cathodic current density of 10 mA/cm?
for 10 min. Also it had been established that, provided that the temper-
ature of the electrolyte was not allowed to rise above 60° C, then the
loss in weight due to electrolytic attack on the steel was found to be

negligible.

Experimental Procedures

6.3.1. Preparation of Materials

The EN 42 steel in the form of foil was selected for this study. The chem-
ical composition of the steel is given in Table 5.1. The steel foil was
cut into coupons of 5 cm x 1 c¢m by means of a guillotine. They were
polished on both sides with 800 grit silicon carbide paper and degreased
in acetone ultrasonically for 30 minutes. Two types of samples were
prepared. They are, unprotected plain steel coupons, and coupons coated
on one side with unball-milled MoS,/FEP coat. The protective MoS ;/
FEP coat was made with catalyst to FEP ratio of 1:1.12. The catalyst
and FEP mixture was prepared and applied to the steel coupons as detailed
in the section 5.4.2.1. The MoS_/FEP coated steel coupons were
cured at 300° C for 10 minutes under a stream of argon. The plain cou-
pons were also subjected to the same heat treatment condition. The NACE
solution, 5 percent ( mass /volume) sodium chloride and 0.5 percent
(volume/volume) acetic acid with H,S bubbling continuously at 1 atmos-

phere pressure, was selected as a corrosive environment.
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6.3.2. Total Immersion Test

A glass desicator, capable of containing 6 litres of corrosive solution
was used as a corrosion chamber. By selecting a perspex specimen sup-
port system it was ensured that the corrosive environment had very little
effect on the support system. Also the specimens were held at least at

a distance of 30 mm in the chamber with the help of the support to avoid
any interference between the corroding specimens. A water bath was used
to maintain the test temperature at 60 + 1° C. Also the level of the circu-
lating water in the bath was kept at approximately 20 mm above the level
of the corrosive solution in the test chamber to ensure uniform heat
transfer.

The prepared steel coupons were arranged on the perspex support and
placed in the chamber. Then N_ gas was passed through the container for
15 minutes and followed by H, S for another 15 minutes to drive out all
air from the test chamber. The corrosive solution was separately prepared
and N, was bubbled through this solution, maintained at 60° C, for

30 minutes followed by H, S for another 30 minutes to achieve proper
saturation. This H_ S saturated solution was transferred to the test cham-
ber, ensuring that no air leaked into the test chamber. Then, H,S was
bubbled continuously at a rate of about 10 ml per minute at atmospheric
pressure throughout the duration of the test. The corrosion weight loss
test was carried out for time periods of 25, 50, 75, 100, 150 and 200
hours.

6.3.3. Removal_of Corrosion Products:

Since the corrosion coupons were small the corroded steel specimens were
first scrubbed with a fine abrasive paper to remove loosely attached corro-

sion products and then the specimens were electrolyzed as follows;
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Electrolyte: Saturated citric acid

Anode : Platinum foil (3 cm x 2 cm)
Cathode : Test specimen

Cathodic current density : 100 mA/cm?

Temperature : Room temperature

Cleaning time : 20 to 30 min.

Initially the electrolytic cleaning was conducted on a series of typical
uncorroded steel coupons to evaluate the effectiveness of the technique.
Table 6.1 gives the change in weight when uncorroded steel specimens
were subjected to electrolytic cleaning for 30 minutes. The results show

Table 6.1.
Change in weight of uncorroded EN 42 steel coupons when subjected to

citric acid electrolytic cleaning for 3 0 minutes.

Weight of coupon Weight of coupon :
hefore the cleaning after the cleaning Weight loss

(g9) (g) (g)
0.6425 0.6420 0.0005
0.6745 0.6735 0.0010
0.6610 0.6605 0.0005
0.6320 0.6310 0.0010
0.6550 0.6540 0.0010

that the loss in weight of the steel specimens due to electrolytic attack
are negligible.

The corroded steel coupon was cathodized in the electrolyte for

5 minutes, after the loose corrosion products had been initially

removed. After each 5 minutes period the specimen was rinsed in a jet of
distilled and deionized water followed by acetone, without breaking the
electrical circuit and was dried with a tissue and weighed. The weight
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loss due to the electrolytic cleaning was plotted as a function of time for
the specimen. A typical plot is given in Figure 6.1. It has been noticed
from the plot that it was possible to draw two lines of different slopes
corresponding to corrosion products removal and metal removal for the
specimen. The weight loss corresponding to the intersection point was
taken as the weight loss due to corrosion. This type of plot was estab-
lished for protected and unprotected coupons to evaluate the actual weight

loss due to corrosion.

6.4. Corrosion Products Analysis

Scanning electron microscopic examination of the corroded surfaces of the pro-
tected and unprotected specimen was carried out. The specimens were cleaned
with a jet of distilled and deionized water followed with acetone after being

subjected to the corrosive environment for various periods of time.

X-ray powder diffraction studies of the corrosion products formed on the protected
and unprotected specimens, subjected to the corrosive environment for 100 and
200 hours, were carried out using a Phillips Powder Diffraction Camera with

Co - K radiation.
o

6.5 Results

Corrosion weight loss measurements were carried out on the MoS_/FEP protec-
ted and unprotected EN 42 steel coupons in NACE solution, with H; S bubbling
continuously at 1 atmospheric pressure at 60° C for various periods of exposure.
Typical calculations for the protected and unprotected steel coupons are given
below :
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Unprotected specimen - 25 hours exposure;

Exposed surface area = 10cm2
Weight of the coupon before the test = 0.6415¢
Weight of the coupon after the corrosion products

removed = 0.50904
Weight loss due to corrosion = 0.1325¢
Weight loss per unit area exposed = 13.25mg/cm?
Corrosion weight loss rate = 0.53 mg/cm?/hour.
Protected specimen - 25 hours exposure;
Exposed area = 5cm?
MoS_/FEP coated area = 5cm®
Weight of coupon before MoS,/FEP coat applied = 0.6310¢
Weight of the coupon after the coat applied = 0.6915¢
Weight of the catalyst/FEP coating = 0.0605¢
Catalyst loading = 7.63 mg/cm?
Weight of the coupon after the corrosion products

removed = 0.5270¢g

Weight foss due to corrosion = 0.1645¢
Weight loss per unit area exposed = 32.9 mg/cm?
Corrosion weight loss rate =1.316 mg/cm?/hour.

Table 6.2 gives the average weight loss of the protected and unprotected steel
coupons after being subjected to the corrosive environment for periods of 25,
50, 75, 100, 150 and 200 hours. Also it gives the average weight loss
ratio qf protected and unprotected specimens. The corrosive rates of specimen
of both types at various time intervals and their ratio are given in Table 6.3.
Figure 6.2 gives a plot of corrosion weight loss versus exposure time. Corro-
sion weight loss rates at various time intervals are given in Figure 6.3.
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Scanning electron microscopic examination carried out on the corroded steel
surface of the protected and unprotected steel coupons are given in Plates 1 to
12 as a function of exposure time. X-ray powder diffraction data available in
the literature(106) for different iron sulphide compounds are given in Table
6.4. Tables 6.5 and 6.6 give the X-ray powder diffraction data of the corro-
sion product formed on the protected and unprotected steel coupons when sub-
jected to the corrosive environment for 100 and 200 hours respectively.
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Table 6.2.

Corrosion weight loss of protected and unprotected EN 42 steel coupons when
subjected to a corrosive environment, NACE solution with H, S bubbling contin-
uously at 60° C asa function of exposure time.

Average catalyst Average weight Average weight Ratio of

Exposure loading of the loss of protected loss of unpro- weight loss
time MoS_/FEP coat. coupons. tected coupons. (protected/
(hours) (mg/cm?) (mg/cm?3) (mg/cm?) unprotected)
25 8.07 32.13 14,15 2.27
50 2.05 41.84 22.84 1.83
75 8.30 . 46.23 31.42 1.47
100 8.19 50.36 37.17 1.35
150 8.70 52.84 43.82 1.21
200 8.45 54.05 47.42 1.14
Table 6.3.

Corrosion weight loss rates at various time intervals for protected and unprotec-
ted specimens, when subjected to the corrosive environment, NACE solution
with H_ S bubbling continuously at 60° C.

Time Corrosion weight loss rate (mg/cnr3/hour) Ratio of corro-

(hours) sior: ratted/
Unprotected Protected pu;?)rzieected.

0- 25 0.566 1.285 2.27
25 - 50 0.348 0.388 1.12
50- 75 0.343 0.176 0.51
75 -100 0.230 0.165 0.72
100 - 150 0.133 0.050 0.37
150 - 200 0.072 0.024 0.34
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Corrosion weight loss rate, (mg cm™%/hour)

Figure 6.3. Effect of MoS_/FEP coat on corrosion weight loss rate
of EN 42 steel in NACE solution with H; S bubbling

continuously at 60° C.

1.2
1.0

0—0  Unprotected specimens

0—o0 Protected specimens
0.8
0.6
0.4r
0.2 \

O
\ \u
O.
0 . . T
0 50 100 150 200

Time, (hours)

-129 -



o€ o€ 0S 09 0L 08 06 00T . m_m._z:_ "|2
62°1 r4 Al 10°T 06°1 0s°¢ LY 2 GL'1 86°¢ S ®a 4 anyphug
o1 ot ob ob 03 08 08 001 - Ayisuaqut - |24
96¢°'T 09°¢C el 1 b8°1 L6°C 18° T 1e°¢ G0°G S "9 4 aymeunyoen
0s 0s 0s 09 09 06 00T 001 5 fjisuaqul *joa
¢L'1 L0°¢C cL' 1 €9°¢ ¥9°¢ 90°¢ G0°¢ L6°¢C g “a 4 (ouow Jpy) Moyuhy
o¢ (11 08 08 06 06 06 00T STIIES TR EY
v0o°2 G9°¢ TL°T 29°¢ G0°¢ v9°¢ L6°C 90°¢ S24 (Ob) Moyuid
ot 0t 01 ot 0¢ ob 09 001 Apsudqul -4
G0°'1 rA S| b6°2 ee' 1 cL' 1 99°2 86°¢C 60°¢C Sa4 3jjod]
(11 oe 1] ov 0s 0s 0L 001 . Aysuajuy * a4
16°1 | 4 IL°¢ |8 A4 9.°T GL'1 ev'e 69°¢ Ga 4 ajsedepy
o1l 0c ob ov ob 09 0L oot @m:ﬁ:_ “|o4
b1 v0°1 c6°1 1¢°¢ 1 rd ard €9°'1 | VA4 GSa4 3y

sanjea buioeds - p punodwo?)

(90D)

sapiydins uoJ) U Ip jo BIep uoljoesyip opmod Aei-X  *H°9 3jqe )

-130 -



Table 6.5.

X-ray powder diffraction data of the corrosion product formed on the protected and
unprotected EN 42 steel coupons when subjected to the corrosive environment
for 100 hours.

Unprotected Specimen Protected Specimen
measured estimated rel. measured estimated rel.
d - spacing intensity. d - spacing intensity.

5.05 100 5.05 100
2.97 80 2.97 &0
2.60 10 2.60 10
2.31 80 -2.31 &0
1.84 30 1.84 30
1.81 70 1.81 80
1.73 40 1.73 30
1.56 10 1.56 10
1.24 10 1.24 10
1.06 10 1.06 10
Table 6.6,

X-ray powder diffraction data of the corrosion product fromed on the protected
and unprotected EN 42 steel coupons when subjected to the corrosive environ-
ment for 200 hours.

Unprotected Specimen Protected Specimen
measured estimated rel. measured estimated rel.
d-spacing intensity, d-spacing intensity.

5.05 100 5.05 100
2.97 80 2.97 80
2.60 05 2.60 10
2.31 80 2.31 &0
1.84 30 1.84 20
1.81 80 1.81 70
1.73 30 1.73 20
1.56 10 1.56 05
1.24 10 1.24 10
1.06 05 1.06 05
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Plate 6.1.

SEM micrograph of an unprotected EN 42 steel coupon surface
after being subjected to a corrosive environment of NACE
solution with H_S (1 atm.) at 60° C, for 25 hours (0° tilt,
2000 X).

coupon, with protection (MoS, /FEP)applied to the other side,
after being subjected to a corrosive environment of NACE
solution with H,S (1 atm.) at 60° C, for 25 hours (0° tilt,
2000 X).



Plate 6.3. SEM micrograph of an unprotected EN 42 steel coupon surface
after being subjected to a corrosive environment of NACE
solution with H,S (1 atm.) at 60° C, for 50 hours (0° tilt,
1000 X).

Plate 6.4. SEM micrograph of an uncoated part of a corroded EN 42 steel
coupon, with protection (MoS, /FEP) applied to the other side,
after being subjected to a corrosive environment of NACE
solution with H,S (1 atm.) at 60° C, for 50 hours (0° tilt,
1000 X).



Plate 6.5. SEM micrograph of an unprotected EN 42 steel coupon surface
after being subjected to a corrosive environment of NACE
solution with H,S (1 atm.) at 60° C, for 75 hours (0° tilt,

1000 X).

Plate 6.6. SEM micrograph of an uncoated part of a corroded EN 42 steel
coupon, with protection (MoS, /F EP) applied to other side,
after being subjected to a corrosive environment of NACE
solution with H, S (1 atm.) at 60° C, for 75 hours, (0° tilt,
1000 X).
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Plate 6.7. SEM micrograph of an unprotected EN 42 steel coupon surface
after being subjected to a corrosive environment of NACE
solution with H,S (1 atm.) at 60° C, for 100 hours (0° tilt,
1000 X).

Plate 6.8. SEM micrograph of an uncoated part of a corroded EN 42 steel
coupon, with protection (MoS, /FEP) applied to other side,
after being subjected to a corrosive environment of NACE
solution with H,S (1 atm.) at 60° C, for 100 hours (0° tilt,
1000 X).
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Plate 6.9. SEM micrograph of an unprotected EN 42 steel coupon surface
after being subjected to a corrosive environment of NACE
solution with H_S (1 atm.) at 60° C, for 150 hours (0° tilt,
500 X).

Plate 6.10. SEM micrograph of an uncoated part of a corroded EN 42 steel
coupon, with protection (MoS,/FEP) applied to other side, after
being subjected to a corrosive environment of NACE solution with
Hg,S (1 atm.) at 60° C, for 150 hours (0° tilt, 500 X).
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Plate 6.11.

Plate 6.12.

SEM micrograph of an unprotected EN 42 steel coupon surface
after being subjected to a corrosive environment, NACE
solution with H,S (1 atm.) at 60° C for 200 hours (0° tilt,

500 X).

l" O '

SEM micrograph of an uncoated part of a corroded EN 42 steel
coupon, with protection (MoS,/FEP) applied to other side,
after being subjected to a corrosive environment, NACE solution
with H S (1 atm.) at 60° C, for 200 hours (0° tilt, 500 X).
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6.6. Discussion:

Weight loss tests on the protected (one side coated with MoS, /FEP) and unpro-
tected EN 42 steel coupons show (Table 6.2) that the weight loss on the pro-
tected specimens were higher than that of unprotected specimens. However, the
difference of the weight loss between protected and unprotected specimens de-
creased with increasing exposure time. This phnomenon is clearly seen from the
Figure 6.2. Ratio of weight loss between protected and unprotected specimens
shows that at 25 hours of exposure the ratio was 2.27, whereas at 200 hours
it was only 1.14. The weight loss ratio of 2.27 after a 25 hour exposure
agrees well with the predicted ratio of corrosion currents of 2.82, from the
Evans diagram (see Table 5.5). Corrosion weight loss rates calculated for the
protected and unprotected specimens at various exposure time intervals indicate
(Table 6.3) that for the first 50 hours only the corrosion weight' loss rate was
higher on the protected specimens. After 50 hours of exposure the weight loss
rate on the protected specimens was found to be significantly reduced compared
with the unprotected specimens (Figure 6.3). This is very important point to
note, i.e., in spite of the presence of a more active hydrogen evolution catalyst
coating on the steel, the above observation suggests that the corrosion products

formed on the protected specimens were more protective against further corrosion.

The X-ray powder diffraction studies on the corrosion products formed on the
protected and unprotected steel coupons suggest (Table 6.4 - 6.6) that the pro-
duct is mackinwite (Fey S,). It has been reported by Morris et al(107) that
mackinawite which is the initial corrosion product of steel in aqueous H,S envi-
ronment, enhances the corrosion rate of steel. The weight loss data reported
above do not support this view. However the difference between this experimen-
tal results and those of Morris et al could be explained as follows; - a dense
compact layer of mackinawite drastically reduces the corrosion rate, whereas a
porous layer of mackinawite accelerates the corrosion rate because the isolated
'mackinawite' sites on the corroded surface will then act as cathodes. Hence,
this argument suggests that although the corrosion products formed on the pro-
tected specimens were mackinawite, the products were densely formed on the
exposed steel surface as a protective layer. Scanning electron microscopic

examination on the corroded steel surfaces confirms the above view. The
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corrosion products formed on the protected and unprotected steel coupons,
exposed to the corrosive environment for 25 hours, were smooth in nature (Plate
6.1 and 6.2). There was an indication of the formation of very small crystals
on the steel surfaces. However, the specimens exposed to the corrosive envi-
ronment for 50 hours show that the steel surfaces were covered with crystalline
~ product (Plate 6.3 and 6.4). The crystals' have grown considerably larger as
a function of time subsequently at 75, 100, 150 and 200 hours, (Plates 6.5
- 6.12). However, it was noticed that the crystalline size of the iron sulphide
on the unprotected specimens were always smaller than that on the protected
specimens. Furthermore, they were not densely packed as on the protected
specimens. In the case of protected steel coupons, the side which is uncoated
will act exclusively as an anode, whilst MoS,/FEP coating acts as the hydro-
gen evolution cathode. On the other hand in the unprotected steel coupons, the
anodic and cathodic sites are very close to one another. The continual evalu-
ation of hydrogen at the cathodic site may prevent the iron sulphide crystals from
growing to larger size and thus probably making the iron sulphide layer less
dense.

The corrosion weight loss measurement and thg corrosion product analysis indi-
cate that the presence of the MoS,/FEP coat initially enhanced the anodic
dissolution, but the corrosion product formed is a much better protective layer
and retards corrosion. In the long term, over 50 hours, the presence of MoS;/
FEP coat actually reduces the corrosion rate of the steel, which is a good
indication for the viability of the proposed method to inhibit SSCC in steel.

-139 -



CHAPTER SEVEN

CONCLUSIONS ON PART 1:
THE ELECTROCHEMICAL ASPECTS



CHAPTER 7.

CONCLUSIONS ON PART 1 - THE ELECTROCHEMICAL ASPECTS.

The literature survey on sulphide stress corrosion cracking (SSCC) in steel and
its prevention gave a greater understanding on the factors that control SSCC.
Also it helped to devise the experimental studies to evaluate the proposed meth-
od to inhibit SSCC in steel. The major factors controlling SSCC in steel are

summarised below.

Concentration of H,S. H,S concentration of 1 ppm is sufficient enough

to produce SSCC in high strength steel.

pH value. The lower the pH value of the environment, the higher is the
susceptibility of the steel to SSCC. However, the susceptibility is
independent of pH in the range of 2 to 4.

Micro-organism. The necessary requirements for growth of micro-
organism such as Desulfovibrio (sulphate reducing bacteria) are met when

steel structures or pipelines are in contact with the earth or water.

Temperature. Susceptibility to SSCC is greatly varied with change in
temperature. The greatest susceptibility is detected in the temperature
range of 15° Cto 30° C.

Sulphide films. The iron sulphide films formed on the surface of the
steel during sour corrosion processes, increase the corrosion rate due to
the porous nature of the film. The type of film formed and its constitu~
ants are dependent on the pH value and concentration of H,S of the
environment.

Microstructure and heat-treatment. Susceptibility for SSCC varies with
microstructure and heat-treatment of steel. Quenched and tempered

bainite or martensite gave the best resistance to SSCC.
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- Cold work (plastic deformation). Cold work, as little as one percent, can
give an adverse resistance to SSCC. There are recommended practices
of heat-treatments available in various standards to reduce the suscep-

tibility after cold-working.

- Hardness (strength level). Susceptibility for SSCC increases with increa-
sing hardness value. The maximum hardness value of HRC 22 is recom-
mended by APl and ASTM specifications for steels used in the petroieum
industry.

The preventive measures to combat SSCC available at present in the petroleum

industry are summerised below.

- Inhibition. Addition of corrosion inhibitors is the major prevention step
taken in the petroleum industry. There are three types of inhibitors. They
are oil soluble, oil soluble-water dispersible and water soluble. These

can be used depending on the nature of the fluid or mixture transmitted.

- Protective coatings. Dry powdered thermo-setting epoxy coatings are
gaining popularity among the various types of coatings, since they are

more economical and have been proved to be reliable.

- Design and operating techniques. Various standards and practices are
developed to improve design and operating techniques to combat SSCC.

- Development of new materials. Development of new materials are incor-
porates with numerous combinations of chemical additives with
various heat-treatment and microstructures. However, still there is no
single high strength steel that has been proved to be operational in a sour

environment where SSCC is eminent.
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- Corrosion monitoring. Corrosion monitoring employs various techniques
under three categories such as inspection of structure, intermittent testing
and cumulative testing. The hydrogen probe technique is most useful
since its measurement gives a day-to-day reading to indicate the fluctu-
ation of corrosion in terms of the amount of hydrogen diffused into the

steel.

However, all prevention measures indicate that there is no single system which
could stop the sour corrosion reaction completely. Therefore SSCC could not
be prevented effectively. Hence a novel method is being proposed to inhibit
SSCC in steel effectively.

The proposed novel approach is to coat the steel surface with an active
hydrogen evolution electro-catalyst, such that the hydrogen evolution will take
place on the active catalyst surface, instead of on the corroding steel surface.

Hence SSCC in steel will be effectively reduced.

The hydrogen evolution performance of three sulphide electrocatalysts, NiCo,S, ,
MoS, and WS, and EN 42 steel were evaluated in NACE solution both in the

‘Presence and absence of H_S at various temperatures. This evaluation indicated
that at the lower potential range, (around -600 mV vs SCE) hydrogen evolution

performances were in the following order:
in the absence of H;S, NiCo,S, >WS; >MoS; >>EN 42 steel
in the presence of H,S, MoS; >WS _>NiCo,S, » EN 42 steel

The pseudo exchange current densities for the sulphide catalysts are 15 to 28
times and 87 to 354 times higher (depending on electrocatalyst loading) than
that of EN 42 steel in the presence and in the absence of H,S respectively

at 25° C. The apparent activation energies for hydrogen evolution reaction on
the three sulphide electrodes and on EN 42 steel showed the following trend;

EN 42 steel > MoS, ~ WS, > NiCo,S, .
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However, the NiCo_S, electrodes lost more sulphur than the other two electrodes
when pre-cathodized either in the presence of H_,S or in the absence of H_S.
Evans diagrams were constructed to predict corrosion rate of the steel when con-
nected with the sulphide electrodes. Also hydrogen diffusion studies were
carried out to identify the effectiveness of the three sulphides in the form of

separate electrodes and adherent coatings.

The corrosion current of sulphide - EN 42 steel couples were reduced signif-
icantly when the catalyst loading was reduced from 17-22 mg/cm?® to 5-8 mg/
cm®, The corrosion current reduction was not directly proportional to the decre-
ase in catalyst loading. However, the corrosion current ratio of the MoSg-

EN 42 steel couple and EN 42 steel did not change significantly when the cata-
lyst loading was reduced in the presence of H,S.

Hydrogen diffusion currents through EN 42 steel membranes were significantly
reduced from 16 ,A/cm? to 4 uA/cm?® when the membranes were protected with
higher loading (17 to 22 mg/cm?) sulphide electrodes. The lower loading
(5-8 mg/cm?) sulphide electrodes also showed the same trend. However, when
the membranes were protected with adherent coatings (catalyst to FEP ratios of
1:0.85 for WS_ and MoS, and 1:1 for NiCo,S,) the maximum diffusion current
of 16 uA/cm?® was reduced to 8 to 9.5 uA/cm?. There were signs that the
adherent coatings were porous and therefore did not protect the substrate effec-
tively against corrosion. A new adherent coating consisting of unball-milled
MoS, with higher catalyst to FEP ratio was found to be effective in reducing the
maximum diffusien current on the level achieved with the connection of separate
electrodes. Also the substrates were protected effectively against corrosion.
The MoS_/FEP adherent coat with higher catalyst to FEP ratio was found to be
most effective of the three adherent coats.

After full analysis of the experimental results on the three sulphides, the MoS,/

FEP coat with higher FEP content was selected for further weight loss measure-
ment studies.
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The corrosion weight loss measurements on EN 42 steel coupons in NACE
solution, with H,S bubbling continuously at 60° C showed that the corrosion
rates of the coupons partially coated with MoS,/FEP coat were higher than
those of the uncoated coupons, up to 50 hours. After that the corrosion rate
was reduced significantly below that of the uncoated coupons. It has been
found that the sulphide film formed on the MoS,/FEP coated coupons corroded
surfaces was more dense. Further, the crystals formed in the sulphide film
were bigger than the crystals formed in the sulphide film on uncoated coupons.
Subsequent analysis on the corrosion products showed that the product is
Mackinawite. The denser film formation and retardation of corrosion rate on the
coupons coated with MoS,/FEP coat improved the viability of the protection
method for inhibition of SSCC in steel.

The experimental studies carried out in this electrochemical part helped
successfully to select an electrocatalyst, MoS,, for this novel method and
showed that the MoS,/FEP coat could be used, without enhancing the corrosion
rate in the longer term, to inhibit SSCC in Steel. However, the viability of the
proposed method should be studied extensively in terms of mechanical properties.
Hence, the improvement of the mechanical properties of steels in a sour environ-
ment due to the application of this protective coat were extensively evaluated

and are reported in Part 2 of this thesis.
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CHAPTER 8.

LITERATURE SURVEY ON STRESS CORROSION TESTS METHODS AND
INTERPRETATION OF RESULTS.

8.1 Introduction.

The development of high strength metallic materials to meet the growing indus-
trial demand requires greater understanding of their stress corrosion cracking
behaviour. As applications become more sophisticated, complex, and demanding,
the need for information on stress corrosion cracking behaviour of metals has
become increasingly greater. These have caused problems for the basic material
producer, the engineer, the manufacturer, and also the user who must maintain

and service the complex structures.

To overcome this problem and to identify the situations, numerous stress corro-
sion tests have been conducted over the years by the various workers and
organizations. The reasons and interests which frequently determine the type

of test to be conducted, are the following(los); ‘

1) to evaluate a metal or alloy, or various heat treatments of one alloy for
susceptibility to stress corrosion cracking in certain environments.

(2) to compare stress corrosion cracking susceptibilities of various alloys.

(3) to evaluate environments which might accelerate stress corrosion crack-

ing in various alloys.

(4) to evaluate a specific service requirement with regard to the possibility

of stress corrosion cracking.

(5) to evaluate the effectiveness of coatings or other protective measures

for reducing stress corrosion cracking of susceptible metals and alloys.
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Many different stress corrosion test methods have been developed in the last
40 years to evaluate the above mentioned requirements, but there is no single
method that is markedly superior to all others. It is not possible to use the same
test method or similar type test in evaluation of all five requirements. An impor-
tant point to notice in selecting a test method is that it may be possible for one
to select a test method, which could be so severe that it leads to the condemna-
tion of a material. However this material could prove adequate for the particular
service condition. In contrast the test could permit the use of a material in
circumstances where rapid failure would ensue. Recognition of such problems
has frequently led to the use of tests that closely simulate a practical situation,
especially regarding the structure and composition of the material and usually in
relation to environmental aspects, but less frequently in respect of the manner in

which the stress has been generated in the test specimen(1 09),

The type of specimen used in a stress corrosion test depends mainly upon the
information sought and time and funds available. In some cases when the purpose
of the test is to evaluate the stress corrosion cracking performance of a specific
alloy or various heat treatments of one alloy, or to compare the susceptibilities of
various alloys, there are no alternatives in the choice of test material. Hence
selection of test specimens is confined to a very few types and dimensions and
sizes are severely restricted. In other cases, to evaluate the effectiveness of
coatings or other protective measures for reducing stress corrosion cracking of
susceptible alloys and to study stress corrosion mechanisms, serious consider-
ation should be given to the choice of alloy composition, type of specimen, sec-
tion thickness, etc. Also in this type of test, specimens taken out in the short-
transverse direction are preferable, since this is the direction which shows the
greatest susceptibility.
It has been shown(l 10 clearly that significant susceptibility of a material to
stress corrosion cracking (SCC) may escape detection unless pre-cracked speci-
mens are used. If cracks are not intentionally introduced, the test is usually
dependent upon the formation of stress concentrators such as fatigue cracks or
corrosion pits. Crack development at the bottom of a corrosion pit may not occur
if the material does not undergo pitting attack. Furthermore the use of pre-

cracked specimens more closely approximate that critical part of a high-strength
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structure which contains a crack either built into it or developed during the

construction, or in the service, of the structure.

In view of the existence of numerous tests methods, number of test specimens,
complexity of the problem and the application of fracture mechanics to stress
corrosion cracking, it was decided to carry out a literature survey on stress
corrosion test methods. Also it was found that much more understanding was
required on specimens geometry and correlations between test results to decide a
series of test methods, to evaluate the effectiveness of the proposed novel meth-
od, for inhibition of sulphide stress corrosion cracking. Hence this chapter is
devoted to a review of the available stress corrosion test methods and interpre-

tation of test results.

8.2 Type of Teét Specimens.

As early as 1944, Madden(lll)
described specimen types and test methods for determining the suscepti-
bility of materials to stress corrosion cracking at the Symposium on Stress
Corrosion of Metals. All the specimens were smooth specimens, as
expected, and are (a) two-, three-, and four- point bend specimens,

and Sager, Brown and Mears(112)

(b) c-ring specimens, (c) cantilever specimens.

The two-, three- and four- point bend specimens are designed for investi-
gating the stress corrosion cracking behaviour of alloy sheets, plates and
bars in a variety of environments. Schematic representation of the bend
specimens and the configuration of the specimens holder are given in
Figure 8.1.
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A. Two-point losded specimen

| !
w3
8. Three-point loaded specimen

L3

C. Four-point loaded specimen

Figure 8.1. Schematic representation of the bend specimens
and holder configurations. S-specimen length,
L -distance between outer supports, t-thickness
of specimen, y-maximum deflection, A-distance
between inner and outer supports,(113)

The stress of principal interest in the bend specimens in the longitudinal
tension stress on the convex surface. It should be recognized that the
stress in the bend specimens, is generally not uniform. First, there is a
gradient through the thickness, varying from a maximum tension on the
outer surface to a maximum compression on the inner surface. Second,
the stress varies from mid-length to the ends, depending on the type of
loading, whether two-point, three-point or four~-point loading. Finally,
the longitudinal stress can vary across the width of the specimen because

of transverse stresses, depending on the ratio of width to thickness.
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The two-point bend specimens are loaded by holding the ends in a rigid jig
to give a required constant deflection. In the two-point bend specimens,
-the maximum bending stress occurs at midiength of the specimen and
decreases to zero at specimen ends. In performing the bending operation,
especially with an applied stress approaching the yield stress of the
material, overstressing must be avoided to stay within the limitations

imposed by the elastic analysis.

The three-point bend specimen has an advantage that a marked localization
of the maximum stress exists at the central support. This type of specimen
has been employed in an electrolytic test to determine rapidly the suscep-
tibility to stress corrosion cracking of various alloys. The four-point bend
specimens are used to produce a uniform bending moment throughout the
centre of the specimens. Precautions should be taken in three and four
point loading to ensure that no galvanic corrosion can take place between
the specimens and the supports. Sager, et al,(112) used glass rods which

fit into grooves in the metal specimen supports and loading points.

The C-ring is a versatile, economical specimen for quantitatively deter-
mining the susceptibility to stress corrosion cracking of all types of alloys
in a wide variety of product forms(lls). It is particularly suitable for test-
ing tubing and for making short transverse tests of various products. Sizes
of C-ring may be varied over a wide range, but rings with outer diameter
less than about 16 mm are not recommended because of increased difficul-

ties in machining and decreased precision in stressing.
The C-ring specimens are stressed by placing a bolt through holes drilled

through the tube walls and drawing up a nut to give the desired stress
(Figure 8.2).
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Figure 8.2.  Schematic representation of C-ring specimen, (108)_

The stress of principal interest in the C-ring specimen is the circumferen-
tial stress and it varies around the circumference from zero at each bolt
hole to a maximum at the middle of the arc opposite the stressing bolt. The
C-rings should be orientated, if possible, in such a way that the direction
of maximum tensile stress will be parallel to the short-transverse direction

of the piece.

Tensile specimens having a circular cross section are more frequently used
for testing small diameter rod material. In some instances flat tensile
specimens with rectangular cross section are used if the material to be
tested is only available in a flat form. These specimens are normally
subjected to a direct loading, which may be accomplished by use of com-
pression springs, lever arms or the tension rings. It is generally accepted
that the application of dead load by means of levers is difficult and requires
proper placement and alignment. The load to be applied by means of com-
Pression springs and tension rings is normally measured either by displace-
ment or strain gauge measurement. Figure 8.3 gives the schematic illus-
tration of the tensile specimen recommended by NACE for sulphide stress

corrosion cracking studies.
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Figure 8.3. Schematic representation of the tensile specimen
recommended by NACE for sulphide stress corrosion
cracking studies. D:Effective diameter, G:Gauge
length, R:Radius, (124),
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A new type of tapered tensile specimen is described by 0.Jonas 114,

The specimen has a tapered gauge length that provides longitudinal stress
distribution with a maximum to minimum stress ratio of 1.85. This
specimen is also tested under a constant load, but after the test, the sur-
face of the specimen is inspected and the gauge length is longitudinally
sectioned to assess the attack in terms of number and length of cracks.

The smooth specimens described so far have involved stresses in the
elastic region. Figure 8.4 illustrates a U-bend specimen, which is formed
by plastic deformation of material originally in sheet or plate form. It is

| m—

Figure 8.4.  Schematic representation of U-bend specimeno(los).
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generally considered that the U-bend specimens provide a most severe test
condition among the smooth specimens since it contains large amounts of
elastic and plastic strain. However, when the tests employ U-bend spec-
imens, they mainly provide a qualitative assessment rather than a quanti-
tative one, since, it combines a relatively unknown stress condition due to
an unknown condition of work hardening. In the course of environmental
tests, the U-bend specimens frequently crack at some distance from the

point of highest load, i.e., the top of the specimen.

The tuning fork specimen is another special purpose specimen that has been

used in various modifications. These modified specimens are shown in

Figure 8.5. The specimens are used in two ways(113).

AREA OF MAXIMUM STRESS

(a) (b)

. (115)
Figure 8.5. Sketches of various types of tuning fork specimens, 15 I

~ 15&-



In the first way the specimen is strained into the plastic range and
stresses and strains are not usually measured, in the second way the
specimen is strained within the elastic region and the strain is measured.

(115) reported that specimens such as shown in Figure 8.5b, are

Loginow
convenient to use when a small self-contained specimen is needed that
will afford some knowledge of the applied stresses. Such a specimen is
particularly suited for testing thin plate material in the longitudinal or long
transverse direction. The tuning fork specimens are stressed by closing
the specimen tines and restraining them in the closed position with a bolt
at the tine ends. The stress on tuning forks with straight tines is a maxi-
mum in a smail area at the base of the tines. On the tuning forks with
tapered tines, the maximum stress extends uniformly along the tapered

section.

Pre-cracked specimens are categorized with respect to the relationship
between the stress intensity factor, kl’ and crack extension, (Figure 8.6).
Depending on the method of stressing and/or the geometry of the test

piece, the stress intensity factor can be made to increase, decrease or
remain constant as the crack length increases. In the first category of
precracked specimen configurations, where k' increases with crack exten-
sion and the specimens are most commonly stressed under constant load
conditions in tension or bending. In this first group of specimens, canti-
lever bend-beam and compact tension specimens are dominant. This is
because of the pre-cracked specimens these two are most convenient to
make and use to experimental studies. Also they have been most frequently
used by many investigators(so’85’110'116). In the second category of
pre-cracked specimen configurations, where kI decreases with crack exten-
sion, specimens can be stressed under condition of constant deflection. The
most commonly used specimen in this category is the bolt loaded wedge-
opening-load (WOL) specimen(117). Tapered double-cantilever-bend (DCB)

Specimens(118) gained popularity in the final category of pre-cracked
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PRECRACKED SPECIMEN CONFIGURATIONS FOR STRESS-CORROSION TESTING
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Figure 8.6. Classification of pre-cracked specimens for SSCC testing(113),
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specimens, where kj is constant with crack extension.

There are two distinctly separate requirements that have to be satisfied by
the pre-cracked specimens. They are pertaining, one, to the applicability
of the linear elastic analysis, and the other with regard to the condition of
constraint at the crack tip(119) i.e., plane strain versus plane stress.
The first of these requirements relates to the minimum size of crack and of
other planar dimensions of the specimen that are needed to satisfy the
assumptions of limited plasticity. The second one refers to the degree of
relief of constraint in the thickness direction by localized plastic deforma-
tion (yielding) at the crack-tip. Both of these requirements, therefore,
cannot be predicted from theoretical considerations alone(117), and must
be incorporated with experimental studies. Experimental data from fracture
toughness tests have provided some useful guidelines. It has been found
that it is convenient to use the parameter (ki/o ys) as a measure of the
size of the plastic zone at the crack tip, where Iys is taken to be the
uniaxial tensile yield stress. Plane strain fracture toughness test
standard(lzm suggests that to satisfy the assumption of limited plasticity,
the minimum crack length and thickness of the specimen should be equal to

k
or greater than 2.5 (-&J-) . Furthermore to provide reasonable ranges of
y
k) and of crack growth, and for best accuracy of kj in practical specimens,
the range of crack lengths should be between one-quarter to three-quarters

of the specimen width, i.e., 0.25W sa« 0.75W 1%,

Experimental procedures for stress corrosion cracking tests of pre-cracked
specimens may be divided into two general categories. They are time-to-
failure tests and crack-growth-rate tests. The choice of the particular
approach is determined by practical consideration of experimentation and
cost. The simpler,currently more commonly used approach involves the
measurement of time-to-failure (or life) for pre-cracked specimens, under
different loads (corresponding to different initial kl)' and the determination
of threshold stress intensity factor ( designated kISCC) below which,
presumably, no failure can occur as a result of stress corrosion
C'aCkin9(110'116'117). Figure 8.7 gives a schematic representation
of test results which establishes the kiscc value for a particular material
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in a corrosive environment.
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Figure 8.7. Establishment of kijscc with precracked
cantilever-beam specimens test results.

The crack-growth-rate tests are more complex and require more sophisti-
cated instruments than the time-to-failure tests. However, data, obtained
by using crack-growth-rate tests should provide information necessary to
enhance the understanding of the kinetics, i.e., measurements of the rate
of crack growth, da/dl:, as a function of the mechanical driving force,
characterized by k|, under controlled conditions. Figure 8.8 gives a
schematic illustration of the functional relationship between the stress
intensity factor (ki) and the subcritical crack growth rate, da/dt. The
results suggest that in region |, the rate of stress corrosion crack growth is
strongly dependent on the magnitude of the stress intensity factor k;, such
that a small change in the magnitude of k| results in a large change in the
rate of crack growth. Type A behaviour in region Il shows that the rate of

stress corrosion cracking for many materials is partially dependent on the
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Figure 8.8. Schematic illustration of the functional
relationship between stress-intensity
factor k and the subcritical crack growth
rate d_a

dt -

magnitude of k| and the environmental conditions. Crack-growth rates in

region Il for high-strength steels in gaseous hydrogen as well as in other

materials - environment systems appear to be independent of the magnitude
of the stress intensity factor, (type B behaviour). In such cases, the
primary driving force of the crack is not mechanical in nature but is related
to other processes occurring at the crack tip such as chemical and electro-
chemical, (mass-transport, adsorption, diffusion, etc.) processes. The
crack growth rate in region Il increases rapidly with kI as the value of

k| approaches le for the material. All the three regions are not gener-

ally seen for certain environmental alloy systems.
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8.3 Method of Stressing.

8.3.1. Constant Strain Tests.

In this test the specimen, which is either smooth or precracked is strained
to a pre-determined value before being placed in to the corrosive environ-
ment, where the metal or alloy used to prepare the specimens is susceptible
to stress corrosion cracking. There are number of specimens, particularly
two-, three- and four- point bend specimens in the smooth specimens
category and wedge-opening-load (WOL) specimen in the category of pre-
cracked specimens, that are employed in this constant strain test. One of
the major problems encountered by this type of loading test is that when the
smooth specimens are used the initial elastic strain in the specimen is
converted into plastic strain as the crack propagates. This is due to the
fact that as the crack propagates the stress increases on the remaining
uncracked part of the section and eventually reaches the effective yield
stress. Then the crack will propagate under yielding and a sharp drop in
load would occur. This phenomenon is sometimes mistaken as an indica-
tion of the crack having advanced by a burst of brittle fracture. The
behaviour of load relaxation on smooth specimens could vary from specimen
to specimen depending on the number of cracks developing in a specimen.
This behaviour can influence the time to failure because the number of
cracks in a specimen can influence the size of the crack that is eventually
associated with total failure and the load immediately prior to complete

failure(109).

In the case of the precracked WOL specimen used in this constant strain
test, the stress intensity factor at the crack-tip will be reduced as the
crack propagates and the propagation of the crack will be arrested with time.
Hence the specimen will not fail and the test has to be terminated at a con-
vienient time. If the test is stopped at a shorter time than the required time,
(the required time sometimes exceed more than 1000 hours) the test could
give a misleading result. Furthermore, the propagating crack will become
blunt and could branch depending on the material and the environment
studied. This could add more uncertainty to the test results. Priest and

Mcintyre121) 2o yed EN 308 steel specimens, in which the stress
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corrosion crack path was intergranular, to demonstrate the crack blunting
effect on the kls ce value. The results show that as the stress corrosion
crack propagates, the crack-tip becomes progressively less sharp due to
the formation of an "Intergranular zone" of incompletely separated grains
resulting from multiple scale branching around individual grains. Therefore
the kISCC value measured in such a material by an arrest technique, i.e.
constant strain test, is expected to be greater than if measured by a con-

stant load test.

Normally when larger specimens are tested under constant strain, the load
is applied by a conventional testing machine or a similar device initially,
to achieve the required strain, then a restraining frame is fixed to the
specimen while maintaining the load. Thereafter the load applied by the
testing machine is removed progressively while the restraining frame
holds the specimen under a constant strain. In this technique, it is assumed
that the strain in the specimen remains constant as the restraint is trans-
ferred from the testing machine to the frame. This implies a similar stiff-
ness in the testing machine and frame, which is likely to be so only if the
frame is relatively massive compared to the specimen. This point has
not always been appreciated since the liaterature shows many examples of
soft or relatively small stressing frames having been used in stress corro-

sion testing(log).

8.3.2. Constant Load Tests.

In this test the specimen which is either smooth or precracked, is loaded
with a desired constant load and left until failure occurs in a selected cor~
rosive environment. In this type test, when subjected to a constant load
a crack initiates on the specimen and propagates, the applied stress on the
remaining part of the cracked specimen will increase while the effective
cross-section reduces. Consequently the specimen when subjected to a
constant load test is more likely to lead to early failure or total failure than

a constant strain test.
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Figure 8.9 gives a schematic comparison of results on the two types of

test where precracked cantilever-beam specimens developed by Brown(llm
(117)

are tested under constant load and precracked modified WOL specimens

Cantilever - Beam specimen
Leading to failure at K;=K;o
a=increasing

{p-m-um

\

Modified WOL specimen
Leading to arrest at KthcC
a=increasing }

p=Decreasing

a=Crack length
Pz Load

Time

Figure 8.9. Difference in behaviour of modified WOL and
cantilever-beam specimens.

are tested under constant strain. In the cantilever-beam testing, the value
of the stress intensity factor, kl , increases as the crack length increases
under constant load, which leads to fracture for each specimen. In
contrast, for the WOL specimen, the kI value decreases as the crack
length increases under a decreasing load. The decrease in load more than
compensates for the increase in crack length and leads to crack arrest,

presumably at kISCC'

Sometimes, smooth tensile specimens of relatively large cross-section are
tested under constant load. In this case,a heavy load or a lever system is
used. In addition, in some corrosive environments the effective stress

required to initiate a failure would be in the region of yield tensile stress.

FurthermoreJit may be necessary to keep the system on test for a very
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long period. Hence a constant load test on a smooth tensile specimen is
discouraged due to these difficulties. The difficulties are sometimes
avoided by the use of thin wire specimens. But it may be necessary to
bear in mind that thin wire specimens could fail due to normal corrosion or
by pitting attack where the effective cross-section is reduced. Hence the

failure may be mistaken as a stress corrosion failure.

In this type of test, a specimen is tensioned in a corrosive environment of
interest at a constant straining/loading rate until failure occurs. The
major advantage of this test is that it has the ability to produce rapid,
positive indication of stress corrosion susceptibility(lzz). The test
requires a few days at most, depending upon the ductility of the alloy and
the straining or loading rate. The most important feature of continuous
straining tests is concerned with the particular value of the strain rate
employed. If the continuous straining rate is too high then ductile fracture
will ensue before the necessary corrosion reactions can take place. In
contrast, in some cases if the straining rate is too low, then a completely
protected film can be formed and cracking would be inhibited. Figure 8.10
illustrates this point schematically. Also it has been established that the
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of stress corrosion cracking index, ¢ 09),

- 161 -



most appropriate straining rate for producing stress corrosion cracking can
vary from system to system and will mainly depend on the type of metal
and environmental conditions. Although the continuous straining test on a
smooth tensile specimen could not give a quantifiable result, the stress
corrosion cracking susceptibility may be classified by comparing the time
to failure, percentage of reduction in area, percentage of elongation, and
plastic strain to fracture. Additional information such as energy absorbed
prior to fracture, fracture stress, ultimate tensile stress, etc. could be
obtained by recording load versus time curves. In some cases where sus-
ceptibility is doubtful because of only slight changes in ductility and time
to failure, etc., it is useful to examine the fracture surfaces of a specimen
with a microscope to determine the presence of small cracks. Scanning
electron microscopic examination could be carried out to confirm the sus-

ceptibility of the specimen to SCC.

It may be argued that pulling a specimen to failure at a slower continuous
straining/loading rate with failure occurring after considerable plastic
deformation, bears little similarity to actual stress corrosion failures. But
it has been pointed out(122) that also in constant strain test and constant
load test, crack propagation occurs under conditions of slow dynamic strain
to a greater or lesser extent depending upon the initial value of stress in
relation to the effective yeild stress of the test piece. Hence it may be
accepted that the continuous straining/loading rate test also simulates the
dynamic conditions and plastic deformation occurring at the tip of a

propagating stress corrosion crack.

Clark, et.al(123 ) has carried out continuous loading tests on precracked
modified WOL specimens and reported that by recording a load/displacement
curve and maintaining an appropriate loading rate, the stress intensity fac-
tor for stress corrosion cracking, kiscer could be screened rapidly for
higher yield strength alloy steels.
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8.4 Interpretation of Test Results.

In view of the existence of numerous experimental studies, where artificial
environments have been used to investigate susceptibility to stress corrosion
cracking, an adequate analysis of test results and their interpretation are of very
great importance. The first problem is to determine the most useful measure of
the magnitude of stress corrosion cracking. The second problem is to compare
the susceptibility of one material with another for SCC or the efficiency of one
protective measure with another. For this a representative value must be selec~
ted. Finally, the test results have to be translated into engineering parameters

that could be used directly in actual design.

Specimen-life is more frequently used in stress corrosion testing as a parameter
which could detect the SCC susceptibility of a material or alloy in a corrosive
environment. It is well known that considerable scatter in specimen-life resuits
occurs, and it is often found that the majority of specimens in a test, particularly
at higher loads, fail rapidly, however, a few which are loaded at lower loads fail
at much longer times, or even do not fail at all before the test is discontinued.
The scatter in experimental results has been demonstrated by NACE TASK
GROUP T-IF -13(124). The task group conducted a core program based on
four alloy steels among eighteen laboratories and employed a recommended test
method for "evaluation of metals for resistance to sulphide stress cracking at
ambient temperatures", (NACE T-IF-9). The tests were conducted on smooth
tensile specimens under a constant load and on notched bend specimens under a
constant deflection. Results on tensile specimen exhibited a certain amount of
scatter, however this was accepted, as the scatter lies within the stipulated
limits. But the results on the constant deflection notched beam specimens were
inconsistant and therefore not acceptable. Some causes for the scatter were
found to be the following:

Equipment - stress calibration, internal friction, vibration from outside
sources and also when another specimen breaks.

Environment - ratio of specimen area to volume of corrosive liquid, HgS bubbl-
ing rate, depletion of acetic acid, hence pH, intermittent H,S
bubbling and oxygen contamination causing accelerated corrosion.
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Materials - inhomogeneities in materials, particularly after heat treatment.

Various criteria of the time-to-failure have been used depending upon the test
procedure and type of loading system employed. Under constant load test, the
initiation of a stress corrasion crack in high strength alloy steels generally
results in rapid fracture of the specimen and the specimen life is easily deter-
mined. Frequently, however, with lower-strength alloy or more resistant alloy
or with relatively low applied stress, cracking is initiated slowly and is difficult
to detect. Further, cracks may initiate at multiple sites, thus, causing problems
in deciding when to consider the specimen has failed and when to terminate the

test.

A Stress-Life curve could be established to assess the resistance to stress corro-
sion cracking of a material. This type of curve provides more information when
the stress level is varied over a range that changes the life of the specimen. The
primary interest is generally in the long-life portion of the curve (stress corrosion
threshold).  Therefore more tests should be made in this vicinity. Hence, the
problem of when to terminate the test could be faced again. To overcome this
problem it is suggested to construct a percentage survival curve or a percentage
failure curve. These curves provide one of the most significant comparisons of
materials that have different degrees of susceptibility to stress corrosion cracking.
Also, it is sometimes much inore useful to establish the percentage of survival
stress with another variable for a constant period of time. Kane and Greer
reported(125) their test results in a form of survival stress against another vari-
able which is either temperature or concentration of H, S and kept the exposure
time constant. They have found excellent correlation between SSCC data from
tests conducted in actual field environments and laboratory NACE solution
environments.

The application of linear elastic fracture mechanics to stress corrosion cracking
experimental studies has given a greater hope that the laboratory experimental
data could be used directly in engineering design. The determination of threshold
stress intensity factor, kls cer below which no failure can occur as a result of
stress corrosion cracking, could be used directly to calculate the allowable stress
and tolerable crack sizes in a particular member of a structure. But it has been
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Crack growth rate day dt (in/min).

shown that there are some limitations applicable to these resuits. The time-to-
failure on a pre-cracked specimen is quite dependent on the loading condition,
specimen size and geometry and environmental conditions, hence it can lead to
serious errors in the estimation of kISCC' For example, by increasing the cut-
off time from 100 to 10, 000 hours, the apparent klsccvalue is decreased
from 187 to 27.5 MN m=22 for a high strength alloy steel tested in synthetic
sea water at room temperaturc-:(1 19). Furthermore Mcintyre has demonstrated(nl)
that the threshold value klS ce could be influenced by stretch zone formation,
measurement technique, accuracy of stress intensity measurement and prior
history of the specimen. Thus substantial error can be introduced by any of the
factors to the kIS ce value. Hence the application of kIS ce value directly to
engineering design is discouraged.

The kinetic studies such as crack growth rate measurement using the fracture
mechanic concepts could allow calculation of service life of a structure when
loaded above the threshold stress intensity factor, le ce Unfortunately the
crack growth rate measurement is also influenced by various factors, namely,
failure to attain equilibrium, crack branching, crack curvature, and crack

(121)

blunting . Failure to attain equilibrium for crack growth in a stress

corrosion test is demonstrated clearly in Figure 8.11. It shows that the crack

c.ogk ® Pure hydrogen (760 mm Hg pressure)

® 3.5%NaCl in de-ionised water.
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Figure 8.11. Crack growth rate of EN 30B steel as a function
of stress intensity factor and environment, (121),
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growth rates for EN 30B steel in purified hydrogen and 3.5% sodium chloride in
deionized water differs markedly. In the case of hydrogen environment an equi-
librium crack growth rate is rapidly attained, whereas the crack grown in sodium
chloride environment propagates at a much slower rate which increases progres-

sively during a test but never attained equilibrium,

The difficulties encountered in laboratory stress corrosion test methods, such as,
differences in manner of loading, variations among test specimens, differences in
environmental severity between laboratory and field conditions and significant
scale factor between specimens and members of a structure, make very doubtful
to apply the tests data directly to engineering .design. There is an indirect
method used in the petroleum industry to select new material from laboratory
experimental studies to industrial application. The method is summarized as

fol lows(z);

A laboratory test environment is selected which is slightly more severe than could
be expected during the service life of the structure, and the threshold stress for
failure (or alternative, the critical stress Sc value) is determined for the material
being evaluated. This is compared on a rank order basis with other materials,
including those known to have failed in service and those known to have proved
satisfactory. To allow for differences in strength among the materials being
evaluated some investigators have expressed threshold stress for failure as a

" percentage of the yield stress. For evaluating oil field materials the two refer-
ence points most generally used are; API Grade J-55 tubing and casing which
have been substantially free of embrittlement failures, and APl Grade P-105
tubing which has failed in sour gas service. An acceptability limit would lie
between these two materials.

It is clearly seen from the interpretation of the results that there is no one stress
corrosion test capable of providing a quantitative parameter which could be
applied directly to engineering design or be used to evaluate any protective meas-
ures developed to combat stress corrosion cracking. Hence, it is common prac-
tice among researchers to select a particular test method and specimen type to
suit the facilities available in their laboratories and the funds provided for the
research.
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CHAPTER NINE

CONTINUOUS SLOWER STRAINING/LOADING RATE
TEST ON COMPACT TENSION SPECIMEN, (CTS)



CHAPTER 9.

CONTINUOUS SLOWER STRAINING/LOADING RATE TEST ON COMPACT
TENSION SPECIMEN, (CTS).

9.1 Introduction.

The continuous slower straining/loading rate test is one of the stress corrosion
test methods which could be used successfully within a limited period time to
screen the effectiveness of the proposed protective measure to inhibit sulphide
stress corrosion cracking in steel. The test method has some limitations over
its advantages as discussed in the previous chapter. The most important feature
of the continuous straining/loading test is concerned with the selection of the
particular value of strain rate that is to be employed. Clearly, if this rate is too
high ductile fracture will ensue before the necessary corrosion reaction takes
place. Hence it is of utmost importance to select a strain rate, which could
clearly show the sulphide stress corrosion attack in the environment to be

studied, to evaluate the proposed technique.

In the earlier experimental studies, i.e., the hydrogen diffusion and corrosion
weight loss measurement studies, the proposed protective coating, MoS,/FEP,
was used as an adherent coat to the steel membranes or steel coupons. In those
studies the dimension of the protective coat and distance between the coating
and exposed steel were not critical, simply because the specimens were in the
form of flat pieces of steel. But in this case the proper control of the applica-
tion of the protective coating is vital since this continuous slower straining/
loading rate test employs precracked thicker compact tension specimens. Also
the application of the protective coat could give a unfair advantage over the
unprotected specimen. Therefore it is important to study how and where to apply
the protective coating on the compact tension tension specimens and to select a
coating pattern which could be used in further experimental studies.

It has been accepted generally that temperature is one of the important factors
which could control the susceptibility of steel to sulphide stress corrosion crack-
ing. Also most of the oil and gas wells operate at elevated temperatures up to
80° C and in some cases even higher. Hence the proposed technique to inhibit
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sulphide stress corrosion cracking in steel should be studied as a funct ion of

temperature.

Based on the above facts the continuous slower straining/loading rate tests on
compact tension specimens are sub-divided into three groups. These are:

(a)  Studies on the effect of various straining/loading rate on CTS fracture
toughness in air and corrosive environment, which would help to select
a straining/loading rate.

(b)  Studies on the effect of application of the protective coating at various
dimensions and position, which would facilitate the selection of a pattern

of the protective coating on CTS.

(c)  Studies on the effectiveness of the proposed technique as a function of
temperature, taking advantage of straining/loading rate and coating pattern
to be selected from the above mentioned two groups (a) and (b).

9.2 Experimental Procedures.

9.2.1. Materials Preparation.

Gl Special steel equivalent to EN 30B steel, in the form of a strip and
APl 5LX 65 steel in the form of a pipe were supplied by Caxton Steel
Company, London, and the Welding Institute, Abingdon, respectively.
The chemical composition of the steels are given in Table 9.1. The
steels were machined in the longitudinal direction to produce compact
tension specimens as shown schematically in Figure 9.1. The notch was
machined to a depth of 18 mm and 1.5 mm wide with a root radius not
exceeding 0.01 mm from which a fatigue crack not greater than 2.5 mm
would be developed. The Gl Special steel specimens were heat treated
at a temperature of 830° C in an argon environment for one hour. This
was followed by oil quenching at room temperature. It was then tempered at
200° ¢ for 1 hour and cooled at room temperature in air. The heat-
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Figure 9.1. Schematic illustration of compact tension specimen,
(CTS). Dimensions are in mm.
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treated G1 Special steel and un-heat-treated AP! 5LX 65 steel specimens
were polished with 600 grade silicon carbide paper in a direction that could
not interfere with the observation of the fatigue crack to be initiated at the
V-notch tip.

A fatigue crack was developed from the starter notch by the application of
cyclic load. A Losenhousen fatigue testing machine was used to develop
the tension-tension cyclic loading. The fatigue crack was initiated on the
Gl special steel specimen by maintaining the maximum load at 8 kN and
minimum load at 0.8 kN at a frequency of 10 Hz. This laoding value

kept the maximum stress intensity factor developed at the V-notch tip to less
than SO percent of the fracture toughness value. Once the crack was
initiated, the maximum load was gradually reduced to 2.0 kN, while main-
taining the ratio minimum load/maximum load R at the value of 0.1. It was
also ensured that the stress intensity factor at the growing fatigue crack tip
was less than 75 percent of kl scer The same procedure was adopted for
the APl SLX 65 steel, except that the maximum load at final stages was
reduced to 3.5 kN instead of 2.0 kN. Thus the cyclic loading was reduced
another level while the frequency was maintained at 10 Hz and the crack was
closely watched to grow between 1.5 and 2.0 mm. Initially the fatigue
crack lengths on the specimens were measured using the metallurgical micro-
scope at magnification of 100. Finally a correction was made to the meas-
ured fatigue crack value when the test specimens were split into two pieces

and the crack measured after each experiment.
The mechanical properties of both types of steel are given in Table 9.2.

Ball-milled and unbaii~milied MoS; and FEP protective coatings were
used with the catalyst to FEP ratios of 1:0.85 and 1:1.12 respectively
in this study. The mixtures of the appropriate coat were prepared as out-
lined in the section 4.3.1.3. The unball-milled MoS, and FEP mixture
was coated in three different patterns shown schematically in Figures
9.2 t0 9.4. Unprotected specimens were coated with Lacomit Varnish
G 371, obtained from Agar Aids, Stansted, Essex, England. This
coating helped to insulate the unprotected specimen substrate from any
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TABLE 9.1. Percentage chemical composition of the steels used.

Steel = 3 =
L -
Elements 3 = 2 w
< =

c 0.25 0.14 0.77 0.38

Mn 0.54 1.33 0.58 0.56

Si 0.33 0.25 0.13 0.27

S 0.008 0.005 0.025 0.036

P 0.014 0.020 0.018 0.20

Ni 4.0 0.10 0.17 -

Cr 1.35 0.02 0.09 -

Mo 0.25 0.01 0.03 -

Nb 0.01 0.03 0.01 -

Al 0.008 0.025 0.025 0.015

Ti 0.009 0.008 0.003 0.01

Cu 0.21 0.30 0.24 0.002

Co 0.07 0.02 0.02 -

Zr 0.01 0.01 0.01 -

v 0.01 0.08 0.01 0.01

Sn 0.01 0.01 0.02 0.01

B 0.005 0.005 0.005 0.005

TABLE 9.2. Mechanical properties of the Gl Special and APl 5LX 65 steels.

. Ultimate . Area of
Steel Z{Iellg Sttezs)s Tensile Stress E(longat::)n Reduction
%y /mm (o N/mm?=) percen (percent)
uTsS
G! Special 1094 1336 27 66
APl 5LX 65 515 606 38 50
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electrochemical reaction and to keep an effective comparison between pro-

tected and unprotected specimens.

NACE solution (5 percent sodium chloride by mass and 0.5 percent
acetic acid by volume) saturated with H,S was selected for this study
instead of continuous bubbling of H,S at 1 atmospheric pressure, because
the testing system employed, Plate 9.1, dictated the selection of corros-

ive environment.

A perspex cell was made to contain 500 ml of corrosi ve solution and it
had a provision for a thermometer and a heating tape to be wrapped around
to maintain required temperature. Also i't had an inlet and an outlet to
facilitate proper drainage and to give a path for any gas pressure developed
to escape during the test without any air getting into the test cell. Plate
9.1 shows the test cell and the facilities of the testing machine employed
in this continuous slower straining/loading rate test. Teflon sleeves were
used with loading pins to prevent any galvanostatic corrosion between the
test specimen and attachment. A schematic representation of the attach-
ment with a specimen is given in Figure 9.5. Furthermore the attachment
was coated with Lacomit Varnish to prevent any electrochemical reaction
which might take place on the attachment surface and change the compos-

ition of the corrosive environment.

9.2.3. Test Procedure.

The appropriately coated specimen was fixed to the attachment and placed
in the test cell then connected to the Mayes testing machine with the help
of extension bars. The NACE solution was purged with Ny for 30 minutes
followed by H,S for another 30 minutes to ensure proper saturation before
it was placed in the cell. The 500 mi wash bottle used to purge the gases
was kept in a water bath while purging with the gases to achieve the

required temperature. Also it was necessary to keep the temperature
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Plate 9.1, The set-up of continuous slower straining/loading rate test onthe
Mayes machine for compact tension specimen, (CTS).
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constant during the H,S purging because the amount of H,S required to

achieve saturation varies with temperature. The prepared corrosive sol-
ution was placed in the test cell and the appropriate temperature was
maintained with the aid of heating tape. After filling the test cell with the
corrosive solution, the specimen was subjected to a pre-selected straining/
loading rate until the specimen failed completely. The Mayes testing
machine had a facility to pre-select any straining/loading rate that was
required in this series of tests and recorded the load-displacement curves
automatically from which the parameters: stress intensity factor at failure,
and total energy for fracturing the specimen, were calculated. When the
compact tension specimens were tested in air, a clip gauge (satisfied to BS-
.5447 Plane Strain Fracture Toughness Testing) was fixed to the specimen
which facilitates the recording of a separate load-displacement curve

simultaneously with the curve recorded by the Mayes machine.

9.2.4. Determination of H,S Concentration.

Due to the nature of the testing system used for this study it was found
that it was essential to use HgS saturated NACE solution instead of con-
tinuous bubbling H,S at 1 atmospheric pressure. Hence the HgS concen-
tration in the corrosive solution was reduced to an unknown level at the
end of test depending on the duration and the temperature of the test.
Furthermore it is generally accepted that the concentration of HgS in a
corrosive environment is one of the important factors which control sulphide
stress corrosion cracking. Hence it is of utmost importance to determine
the H S concentration at the beginning and at the end of test, partic-
ularly when the test temperature changes. For this purpose a standard
iodimetric titration technique was employed. In this test a known volume
corrosive solution was taken and diluted with distilled and deionized water
to prevent any escape of H,S during the titration. A known concentration
and excessive volume of iodine solution was added to the diluted H,S
corrosive solution to facilitate the following reaction.

HiS +1, - S+ 20t + 21°
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The amount of iodine consumed, hence the concentration of HgS, was
determined by back titrating the iodine solution against a standard sodium

thio-sulphate solution according to the eguation:
2 507" + s =+ 217 + §0°°

A freshly prepared starch solution was used as an indicator.

9.3 Scanning Electron Microscopic Examination of Fracture Surfaces.

It has been recognised that scanning electron microscopic examination of a
fracture surface is probably the most important diagnostic tool available to iden-
tify the sulphide stress corrosion cracking failures. Hence in this study scan-
ning electron microscopic examination on fracture surfaces were carried out when
ever possible,

Since the corrosive environment employed in this study was saturated with H,S,
it has been found that the fracture surface became contaminated with sulphides.
Hence it was found that the fracture surfaces had to be cleaned to obtain more
clear fractographs. Initially the fracture surfaces were cleaned ultrasonically in
acetone for 30 minutes. However, when the test was carried out more than 10
hours or was left to run overnight it was found that an electrolytic cleaning was
required. Therefore the fracture surfaces were electrolyized at a cathodic
current density of 100 mA/cm? for 5 minutes in saturated citric acid and rinsed
with a jet of distilled and deionized water without breaking the electric circuit.
This treatment was found to be quite adequate and satisfactory, whenever
required.

9.4. Results.

G1 special steel specimens were employed in this study at different
straining/loading rate varying from 7680 to 2.65 MN m~ *3/hour in air
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and in NACE solution saturated with H,S at 20°:2%C. Fracture tough-
ness was calculated from the load versus clip gauge displacement curve
according to the BS 5447, when the specimens were tested in air. This
calculation and load-displacement curves were compared with the curve
obtained autographically by the testing machine. It had been established
that there were no variations in identifying the onset of a crack or select-
ing the maximum load used to calculate the fracture toughness. Therefore
when the tests were conducted in the corrosive environment without the
clip gauge displacement measurements it was ensured that still valid stress
intensity factors at failure were calculated from the automatically recorded

load versus displacement curves.

Figure 9.6 gives the plot of loading rate versus stress intensity factor at
fracture in air and the corrosive environment. Plates 9.2 to 9.5 give the
scanning electron microscopic fractographs for the specimens tested in air
at various rates. The similar fractographs for the specimens tested in
H,S saturated NACE solution are given in Plates 9.6 to 9.9.

The effect of various patterns of the protective coatings on the compact
tension specimens were studied on APl 5LX 65 steel. The specimens
coated in three different patterns were tested at a loading rate lower than

7 MN m‘a/‘/hour in NACE solution saturated with H;S at 20°:2°C.

The protective coating used in this study was ball-milled MoS,/FEP coat
with the catalyst to FEP ratio of 1:0.85. The stress intensity factor,

le at failure was calculated from the peak load, dimensions of the specimen
and the initial crack length. The size of the specimen and low yield stress of
the API 5LX 65 steel does not satisfy the requirements for a valid linear
elastic fracture mechanics stress intensity factor calculation. Therefore the
le can only be considered as a qualitative indicator, The total energy
required for fracturing the specimen was calculated from the area of load-
displacement curve. This quantity divided by the distance from the fatigue
crack tip to the edge of the specimen gave the average energy required for
unit length of crack extension.
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Figure 9.6. Effect of loading rate on Gl Special compact
tension specimens fracture toughness in air
and in a corrosive environment, NACE solution

,’ saturated with H, S at 200 C.
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Plate 9.2, SEM fractograph of the G1 special steel CTS tested under

a loading rate of 7680 MN m~*2/hour, in air at 20 + 2° C,
(45¢ tilt, 440 X).
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Plate 9.3. SEM fractograph of the G1 sgecail steel CTS tested under
a loading rate of 528 MN m~"2/hour, in air at 20 + 2* C,
(45° tilt, 440 X).
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Plate 9.4. SEM fractograph of the G1 Special steel CTS tested under
a loading rate of 46.8 MN m=%3/hout, in air at 20 + 2° C,
(45°* tilt, 450 X).

Ductile
dimple
fracture.

Stretch
zone.

F atigue
crack.

3

Plate 9.5. SEM fractograph of the G1 J)ecial steel CTS tested under

a loading rate of 3.2 MN m~
(45° tilt, 450 X).

/3/hour, in air at 20 + 2° C,
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Plate 9.6. SEM fractograph of the G1 Special steel CTS tested under
a loading rate of 55.2 MN m=*2/hour, in a corrosive
environment, NACE solution saturated with H,S, at 20 &

2° C (45° tilt, 440 X).
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Plate 9.7. This SEM fractograph is taken further down the fracture
surface of the specimen illustrated in Plate 9.4, (45° tilt,
440 X). It shows a transition region where intergranular

fracture changes to ductile dimple.
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Plate 9.8. SEM fractograph of the G1 Special steel CTS, tested under
a loading rate of 25.2 MN m=%2/hour, in a corrosive envi-
ronment, NACE solution saturated with H,S at 20 +2° C
(45¢ tilt, 440 X).
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Plate 9.9. SEM fractograph of the G1 Special steel CTS, tested under
a loading rate of 3.3 MN m=*3/hour, in a corrosive environ-
ment, NACE solution saturated with H,S at 20 +2* C
(45 tilt, 440 X),
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This is a qualitative indicator of the toughness of the material. Tables
9.3 to 9. 5give the results of the specimens coated with various patterns
of the protective coating as shown in Figures 9.2 to 9.4 respectively.

9.4.3. Continuous Slower Straining/Loading Rate Tests as a Function

of Temperature.

G1 Special and AP] 5LX 65 steels compact tension specimens were tested
with the loading rates less than 7 MN m~*3/hour as a function of temper-
ature ranging from 10 to 60° C in NACE solution saturated with H.S.

Two types of the protective coating with different compositions were used

in this study,

@ Ball-milled MoS,/FEP coat with the catalyst to FEP ratio of
1:0.85.

(b) Unball~-milled MoS,/FEP coat with the catalyst to FEP ratio of
l1.1.12.

Both protective coatings were applied in the pattern as shown in Figure
9.4. The stress intensity at failure, Tle r the tatal energy required

for fracturing the specimen and the average energy consumed per unit length
_of crack extension were calculated for both steels. For the APl 5LX 65

steel specimens the calculated k,Q parameter is not valid since the requi-
rements for linear elastic fracture mechanics were not met.

Table 9. 6 gives the results of the APl 5LX 65 steel specimens protected
with ball-milled MoS,/FEP coat and unprotected specimens tested at
20, 40 and 60° C. Table 9. 7 gives the corresponding results of the
specimens protected with unball-milled MoS,/FEP coat. Table 9. 8 gives
the results of the G1 Special steel specimens protected with unball-milled
MoS,/FEP coat and unprotected specimens tested at 10, 20 and 40° C.
Table 9. 9 gives the typical concentrations of HgS in the corrosive solu-
tions before and after the tests conducted at temperatures 10, 20, 40
and 60° C,
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TABLE 9.3. Continuous slower straining/loading rate test results on
AP]1 5L.X 65 CTS coated as shown in Figure 9.2 (ball-milled
MoS, /FEP coat used) and tested in NACE solution saturated
with H_Sat 20+ 29C,

- Average energy
L
oading rate kl Total fracture consumed for unit

(MNm~%/houy  (MNm—Y2) enerdy Cjoules)  for " of crack
extension. (J/mm)

Protected:

4.91 53.00 15.13 1.178
Unprotected:

4,25 43.64 10.8 0.818

TABLE 9.4. Continuous slower straining/loading rate test results on
APl 5LX 65 CTS coated as shown in Figure 9.3 (ball-milled
MoS, /FEP coat used) and tested in NACE solution saturated
with H,S at 20+ 2°C.

Average energy
Loading rate kig Total fracture ;o med for unit

(MNm¥a/hour)  (MNm-y2  enerady (oules) | o b of crack
extension (J/mm)

Protected;
5.71 50.08 9.90 0.842
6.84 54.50 14,51 1.155
5.05 50.08 12.67 0.986
X =51.55 x=12.36 x=0.994
Unprotected;
4.56 47.45 8.81 0.713
3.31 46.73 7.70 0.640
6.25 48.12 8.24 0.654

*x=47.43 x=8.25 x=0.669
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TABLE 9.5.

Continuous slower straining/loading rate test results on APl 5LX 65 CTS
coated as shown in Figure 9.4, (ball-milled MoS, /FEP coat used) and tested
in NACE solution saturated with H,S at 20 =+ 2°c.

‘Average energy
consumed for unit
length of crack
extension. (J/mm)

Loading rate le Total fracture
(MNm~%/hour)  (MNm-¥s)  eneray (joules)

Protected;
3.41 51.42 13.92 1.074
3.12 50.24 13.47 1.055
X =50.83 x=13.70 x=1.065
Unprotected;
5.12 47.84 10.20 0.801
4.67 47.13 10.01 0.774
4.49 46.91 10.78 0.818
X=47.29 %¥=10.33 x=0.798
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TABLE 9.6.

Continuous slower straining/loading rate test results on AP| 5LX 65 CTS
coated as shown in Figure 9.4 (ball-milled MoS_ /FEP coat used) and tested
in NACE solution saturated with H_S at various temperatures.

L oadi K Total Average energy
Temperature ::t e' ng Q fracture consumed for unit
(oC) .y iy energy  length of crack
(MN m™%/hour)  (MNm~"2) (joules) extension. (J/mm)
Protected;
20 3.41 51.42 13.92 1.074
20 3.12 50.24 13.47 1.055
¥=50.83 x=13.70 x =1.065
40 3.76 53.83 13.72 1.070
40 3.06 52.26 12.30 0.951
x=52.94 x=13.01 x=1.011
60 3.98 54.60 13.66 1.034
60 2.53 57.09 14.00 1.083
‘ x=55.85 ¥x=13.83 x=1.059
Unprotected;
20 5.12 47.84 10.20 0.801
20 4.62 47.13 10.01 0.774
20 4.49 46.91 10.78 0.818
¥=47.29 %=10.33 x=0.798
40 3,70 49.30 9.72 0.755
40 5.70 48.86 9.80 0.764
40 6.11 46.38 11.53 0.864
%=48.18 x=10.35 x=0.795
60 4.10 49.96 9.86 0.754
60 3.01 50.07 8.64 0.694
60 5.92 50.18 11.66 0.867

=50.07 x=10.05 %x=0.772

x|
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TABLE 9.7.
Continuous slower straining/loading rate test results on APl 5LX 65 CTS,

coated as shown in Figure 9.4 (unball-milled MoS, /FEP coat used) and
tested in NACE solution saturated with H_S at various temperatures.

Loading K Total Average energy
Temperature rate 1Q fracture consumed for unit
°cy (MNm=¥3/hour) (MNm~%) energy length of crack
(joules) extension. (J/mm)

Protected:
20 4.12 52.34 14.32 1.084
20 6.14 54.43 16.00 1.200
20 3.96 51.72 14.04 1.078
x=52.83 ¥14.79 x=1.121
40 3.88 51.02 13.02 0.974
40 5.91 54.90 13.00 0.988
40 4.88 54.25 13.88 1.062
%¥=53.39 ¥=13.30 x=1.008
60 5.45 55.78 14.20 1.079
60 5.20 58.14 12.88 1.096
60 4,59 58.19 13.82 1.037
¥=57.37 %=13.63 ¥X=1.071
Unprotected:
20 5.12 47.84 10.20 0.801
20 4,62 47.13 10.01 0.774
20 4.49 46.91 10.78 0.818
%=47.29 %=10.33 Xx=0.798
40 3.70 49.30 9.72 0.755
40 5.70 48.86 9.80 0.764
40 6.11 46.38 11.53 0.865
X=48.18 ¥%=10.35 %=0.795
60 4.10 49.96 9.86 0.754
60 3.01 50.07 8.64 0.694
60 5.92 50.18 11.66 0.867

x=50.07 x=10.05 x=0.772
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TABLE 9.8.

Continuous slower straining/loading rate test results on G! Special CTS coated
as shown in Figure 9.4 (unball-milled MoS, /FEP coat used) and tested in

NACE solution saturated with H_S at various temperatures.

Loading K Total Average energy
Temperature rate 1Q fracture consumed for unit
(°C) (MNm™%/hour) (MNm~72) energy  length of crack
(joules) extension. (J/mm)
Protected:
10 2.49 33.32 7.09 0.530
10 2.22 27.40 6.52 0.517
10 2.34 30.74 6.17 0.492
Xx=30.49 X=6.59 %¥=0.513
20 2.30 18.27 2.74 0.212
20 2.42 15.25 2.82 0.213
20 2.28 16.37 2.64 0.203
x=16.63 %=2.73 Xx=0.209
40 2.07 17.33 2.07 0.162
40 3.98 18.87 2.29 0.175
40 3.06 16.05 2.54 0.190
x=17.42 x=2.30 x=0.176
Unprotected:
10 2.36 28.40 5.63 0.420
10 3.40 25.59 5.03 0.382
10 2.75 27.04 5.10 0.383
x=27.01 x=5.25 x=0.395
20 2.24 13.56 1.67 0.127
20 2.46 12.97 1.38 0.109
20 2.34 13.67 1.42 0.110
X=13.40 X¥*1.49 x=0.115
40 3.04 14.31 1.80 0.134
40 2.81 12.43 1.31 0.097
40 2.87 13.52 1.51 0.119
¥=13.42 x=1.54 x=0.117
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TABLE 9.9.

Typical H_ S concentration of the NACE solution saturated with H_S used for
the continuous sfower straining/loading rate tests at various temperatures.

Tl
thours) test (ppm) test (ppm)

10 14 3329 2456

20 9 2712 1444

40 10 1613 306

60 10 950 191
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Plate 9.10. SEM fractograph of the APl 5LX 65 pipe-gteel CTS,
tested under a loading rate of 6.08 MN m~"73/hour,
inairat 20+ 2° C (45° tilt, 100 X).
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Plate 9.11. SEM fractograph of the APl 5LX 65 pipe-steel CTS,
tested under a loading rate of 6.14 MN m="2/hour, with
a protectec coating (un-ball milled MoS, used), in a
corrosive environment, NACE solution saturated with

H,S at 20 + 2° C (45° tilt, 100 X).
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Plate 9.12. SEM fractograph of the APl 5LX 65 pipe-steel CTS,
(unprotected), tested under a loading rate of 5.12 MN m=¥2/
hour, in a corrosive environment NACE solution saturated

with H,S at 20 + 2° C (45° tilt, 100 X).
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Plate 9. 13 SEM fractograph of the Gl Special steel CTS tested under
a loading rate of 2.49 MN m=*3/hour, with a protected
coating (un-ball milled MoS, used) in a corrosive environ-
ment, NACE solution saturated with H,S at 10+ 2° C
(45° tilt, 440 X).

Plate 9.14. This SEM fractograph is taken further down the fracture
surface of the specimen illustrated in Plate 9.13,
(45° tilt, 440 X). It shows a transition region where
intergranular fracture changes to ductile dimple.
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9.5 Discussion.

The results on the G1 Special steel compact tension specimens tested as a
function of loading rate shows (Figure 9. 6 that when the loading rate was
reduced, the stress intensity factor le for failure also reduced in both air and
the corrosive environment. The reduction in kIQ was very much greater in the
corrosive environment than in the air. An important point noticed in this result
is that the le for failure in the corrosive environment approached a constant
value of 12 MN m=%2 as the loading rate approached about 10 MN m=¥/3/hour.
This constant value seems to be the threshold value of stress intensity, desig-
nated kIS cer below which stress corrosion cracking would not occur. Further-
more this value 12 MN m~2 is in good agreement with the literature data(SO).
Mc'"tyfe(llb) reported that for similar EN 30B steel (G1 special is the new
steel equivalent to the EN 30B steel available in the market) the threshold
stress intensity for stress corrosion cracking, kl sce in H,S media was
12.1:1.1 MN m=¥3_ Further this value was also confirmed for this steel in

artificial sea water by Onuchukuwa(sm.

Scanning electron microscopic fractographs on the fracture surfaces of the G1
special steel CTS tested at various loading rate from 7680 to 3 MN m=-"/3/
hour range in air at 20 + 29 C show (Plates 9.2 to 9. 5) that the major fracture
mode did not change even at the two extreme loading rates. The fracture mode
was an equiaxial dimple indicating the ductibility of the specimen. It was
noticed that the width of the stretch zone, which very frequently correlated with
kISCC(80’116)' was decreased with the reduction in loading rate. The speci-
men tested with the loading rate of 3.0 MN m~*3/hour indicated that there was
only a very narrow stretch zone formed. This may be an indication for the steep
reduction observed in fracture toughness when the loading rate was reduced from

about 47 to 3 MN m~¥Y3/hour.

The SEM fractographs (Plates 9.6 and 9.7 taken from the G1 Special steel
CTS tested in the corrosive environment with the loading rate of 55.2 MN m~¥2/
hour reveals an interesting mode of fracture. The fractograph on the region just
ahead of the pre-fatigue-cracked surface (Plate 9.6) shows that the fracture

Progressed with a complete intergranular fracture mode with some secondary crack-
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ing confirming the hydrogen attack. The fractograph taken further down the
fracture surface of the specimen shows (Plate 9.7) a transition region where the
intergranular fracture mode changed to ductile dimple mode. This observation
shows that at the loading of 55.2 MN m™ 2/hour although the fracture was
initiated and gorwn for a distance under the sulphide stress corrosion attack, the
final fracture was ductile mode. The fractographs taken on the specimens tested
at the loading rates of 25.2 and 3.3 MN m"’/’/hour show that the fracture was
a complete intergranular fracture mode and there was no transition region, such
as shown in Plate 9.7. Also it may be seen that there was no. stretch zone
formed when the specimens were tested in the corrosive environment at the load-
ing rate 55.2 MNm~*/3/hour or below.

The above discussion confirms two points;

(1)  When the G1 Special CTS were tested in the corrosive environment with
the loading rate of 25.2 MNm=Y3/hour or below, the fracture surface was
completely intergranular cracking indicating that the failure was dominated
by sulphide stress corrosion cracking.

(2)  When the G1 Special CTS were tested in the corrosive environment with
the loading rate of 10 MN m~%3/hour or below, the stress intensity factor

at failure became equivalent to kjgcc for the material.

Hence it was decided to employ a loading rate below 10 MN m=¥3/hour in the
continuous slower straining/loading rate tests to evaluate the effectiveness of
the proposed technique.

There were three different patterns of protective coatings used on the APl 5LX
65 steel compact tension specimens to evaluate the effect of different patterns of
the coating on the mechanical properties of the specimens and to compare with
unprotected specimens.

It can be seen from the results (Table 9.3) on the specimens coated as shown
in Figure 9.2 that:the resistance to fracture of the specimen provided with the

MoS, coating was better than that of the comparison specimen (unprotected),
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in terms of stress intensity factor at failure, kIQ' the total energy

required for fracturing the specimens and the average fracture energy consumed
for unit length of crack extension. It was thought that the presence of the active
sulphide coating in front of the crack might physically inhibit the crack from
extending. Hence an unfair advantage was given to the protected specimen
compared to the unprotected specimen. Therefore the pattern of coating shown
on Figure 9.2 was abandoned. Thereafter aset of experiments were carried on
the specimens coated as shown on Figure 9.3, where no protective coating was
applied in front of the crack tip. The results on such specimens given in Table 9.4
again show that the specimens provided with the MoS, coating had improved in
fracture resistance as compared with the unprotected specimens. In carrying out
the above tests it was observed that hydrogen gas evolved on the protective coat-
ing tends to become trapped in the notch thus preventing the corrosive solution
from reaching the crack front. Another difficulty was that it was difficult to
ensure constant quality and thickness of the coatings on the inner walls of the
notch. Hence it was found that the specimens coated as shown in Figure 9.3

were also not satisfactory.

Further tests were carried out on the specimens coated as shown in Figure 9.4
where it was ensured that no coating was present on either major surfaces of
each specimen nor on the inner walls of the notch. The preparation of the pro-
tective coating and the quality control of the coating were found to be much
easier since the protective coating was applied on extreme faces of the speci-
mens. The results on the specimens show (Table 9. 5) that the MoS; coating
was still effective to inhibit SSCC in comparison with the unprotected speci-
mens even when situated away from the crack. Hence it was decided to employ
the coating pattern shown in Figure 9.4 for further evaluation of the proposed
novel method.

Effectiveness of.the proposed technique for the inhibition of sulphide stress
corrosion cracking in steel was studied as a function of temperature. The pro-
tective ball-milled and unball-milled MoSy/FEP coatings were used on compact
tension specimens of APl 5LX 65 and G1 Special steels and tested in H,S
saturated NACE solution. The coatings for the specimens were applied as shown
in Figure 9.4 and the loading rate of the tests were kept below 7 MN m=*3/hour.
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The results given inthe Tables 9.6 and 9.7 in terms of the stress

intensity factor at failure, the total energy for fracturing the specimen and the
average energy required for unit length of crack extension show that there was no
significant difference found between both types of coatings, bali-milled and
unball-milled MoS,/FEP coat, when the APl 5LX 65 steel CTS were employed.
But hydrogen diffusion studies (Chapter 5) indicated that the unball-milled

MoS; coat with higher FEP content was better than the ball-milled MoS; coat.
This could be due to the fact that the compact tension specimens were very much
thicker and bigger than the hydrogen diffusion membranes. Also the parameters
calculated from the continuous slower straining/loading rate tests could not indi-
cate the smaller differences and the effectiveness between the coatings as

hydrogen diffusion current.

The results on the specimens show that the total fracture energy required for
fracturing the specimen was significantly greater for the protected than the unpro-
tected specimen. The total fracture energy for the protected specimens were
improved about 32, 26 and 38 percent over the unprotected specimen at 20,

40 and 60° C respectively when the ball-milled MoS,/FEP coating were applied
on the APl 5LX 65 steel specimens. Whereas the unball-milled MoS,/FEP
coated specimens gave 43, 28 and 36 percent improvement at 20, 40 and

60° C respectively. It was noted on the APl 5LX 65 steel specimens that the
change in test temperature did not give any significance change in performance

in any of the three groups of specimens, i.e. the two protected groups and the
other unprotected group. High resistance for SSCC could be the reasan for the
very little change between the parameters measured in the tests with various tem-
peratures. However the results on the protected and unprotected specimens at
each temperature confirm that the both protective coatings gave an average of

30 percent improvement over the total fracture energy required for fracturing the
specimens and the energy required for unit length of crack extension. Further-
more, although the stress intensity factor calculated at failure for the specimens
were not valid due to low yield strength of the steel and due to the dimension of
the specimens, it shows about 10 to 15 percent improvement for the prot.ected

specimens when compared with the unprotected specimens.
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Scanning electron microscopic fractograph on the APl 5LX 65 CTS tested

under the loading rate of 6.08 MN m‘%/hour in air at 20 = 2° C shows (Plate
9.10) that the fracture was completed in two steps, namely sub-critical and critical
fracture. The sub-critical crack growth seems to be dominated by elongated
dimple fracture. The critical fracture exhibits uniaxial dimple. The fracto-
graphs on the specimens tested with and without protection in the corrosive envi=-
ronment at 20 £ 2'°C show (Plates 9.11 and 9.12) that there were no signs

of sub-critical crack growth. It seems that both specimens were fractured in a
mixed mode indicating ductile dimple fracture with some local cleavage. The
unprotected specimen tested in the corrosive environment exhibits severe secon-
dary cracking and this confirms the hydrogen attack. These fractographs strongly
support the improvement in the mechanical properties of the APl 5LX 65 steel
specimens when they were coated with the protective MoS,/FEP coat and tested

in the corrosive environment.

The H_S concentration analysis of the NACE solution before and after the tests
at 10, 20, 40 and 60° C shows (Table 9.9) that at the end of tests there
were H,S concentrations of 74, 53, 19 and 20 percent concentration respec-
tively compared to the saturated level. It has been shown in the Iiterature(l’Z)
that less than 1 percent concentration of H,S could course damage to the steels
in a form of sulphide stress corrosion cracking. Hence it is fully justified that
the environment employed in this study had enough concentration of H,S to pro-
mote SSCC.

The studies of the G1 Special compact tension specimens also show that the
unball-milled MoS_/FEP protective coat applied specimens ‘performed sig-
nificantly better than the unprotected specimens in the corrosive environment at
various temperatures. There were improvement of 26, 83 and 49 percent in
terms of total energy required for fracturing the specimens at 10, 20 and 40° C
respectively, when the specimens were coated with the protective MoS,/FEP,
coat as shown in Figure 9.4. The stress intensity factors at failure of the
protected specimens also show the same trend and gave an improvement of 13,
24 and 30 percent at 10, 20 and 40 oC respectively.

The G1 Special steel specimens showed a greater variation in the fracture resis-
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tance parameters within the protected and unprotected groups when they were
tested as a function of temperature in the corrosive environment. In the protec-
ted specimens, the total fracture energy for fracturing the specimens was reduced
from 6.59 to 2.30 joules when the temperature increased from 10 to 40° C.
Whereas in the unprotected specimens group the energy reduced from 5.25 to
1.54 joules at the same conditions. The comparison of stress intensity factor
at failure within the groups also reveal the same trend. In the protected speci-
mens the, le at failure was reduced from 30.49 to 17.42 Mn m":”a when the
temperature increased from 10 to 40° C, whereas in the unprotected specimens
it was reduced from 27.01 to 13.42 Mn m~¥2 at the same conditions. This
results indicate that the G1 Special steel is much more susceptible for sulphide
stress corrosion cracking than the APl 5LX 65 steel.

The SEM fractograph taken on the protected G1 Special steel CTS tested under

a loading rate of 2.49 Mn m'%/hour, in the corrosive environment at 10 +2° C
shows (Plate 9.13) that the fracture mode ahead of the pre-fatigue-cracked
surface was an intergranular fracture. The fractograph taken further down on the
protected specimen shows (Plate 9.14) that there was a transition region where
the intergranular cracking changed to ductile dimple fracture. This type of
transition mode of fracture was also monitored, on the unprotected specimens,
when they were tested under the same experimental conditions. The assessment
of the ductile fracture area on the protected and unprotected specimens shows

that when the specimens were protected with the MoS,/FEP coat the ductile frac-
ture area varied between 55 and 65 percent while on the unprotected specimens
it varied between 10 and 20 percent. The increase in ductile fracture

area on the protected specimens was another indication of the improvement against
SSCC. This type of transition region was not seen when the specimens either
protected or unprotected were tested at 20° C "or above. This behaviour suppor-
ts the earlier observation that when the temperature was increased there was a
greater variation in the mechanical properties of the specimens.

However, the results for both steels indicate the same trend, i.e., the applica-
tion of MoS,/FEP coat gave a significant improvement in SSCC resistance al-
though the steels studied were shown to have a greater variation between each

other in the parameters calculated as a function of temperature.
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COMPACT TENSION SPECIMEN, (CTS)



CHAPTER 10,

SUSTAINED LOAD TEST ON GI SPECIAL STEEL COMPACT TENSION
SPECIMEN, (CTS).

10.1 Introduction.

The experimental procedures for stress corrosion cracking tests on precracked

specimens could be divided into two general categories. They are;

1) establishment of time to failure curve for an environment - alloy system,
from which threshold stress intensity for stress corrosion cracking,

leCC’ could be calculated.

2) measurement of crack growth rate which could provide information
necessary to enhance the understanding of the kinetics of stress corros-

ion cracking.

These two parameters, could be used successfully as measures to evaluate the
effectiveness of the proposed MoS ,/FEP coat to inhibit SSCC in steel.

It was clearly shown in Chapter 8 that there are numerous precracked specimens
and test methods that could be used in stress corrosion studies. In view of the
knowledge gained in the continuous, slower straining/loading rate test and
specimens preparation facilities available, compact tension specimens of Gl
Special steel were selected for these sustained load tests. The sustained load
tests were carried out for protected and unprotected compact tension specimens,
(CTS) in a corrosive environment, NACE solution continuously bubbled with
HyS at 20:2%C. The MoS,/FEP coat protection was applied to the speci-
mens in two different ways;
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(a) Separate MoS, electrodes were made and connected to the specimens

electrically.
(b) The protective coating applied to the specimen itself.

Time to failure curves were established on the specimens that were protected
with FEP bonded MoS, electrodes and adherent MoS_/FEP coat. The crack
growth rate measurements were carried out on the specimens which were protected
with an adherent MoS,/FEP coat. One of the problems faced in the crack growth
rate measurement test was the determination of growing-crack-length at various
time intervals without interrupting the test. To overcome this problem a crack
length calibration curve was established using the facilities available in the

Unisteel Stress Corrosion Testing machine.

10.2. Experimental Procedures.

10.2.1. Materials Preparation.

G1 Special steel CTS were prepared as detailed in the section 9.2.1.
The specimens were coated with the unball-milled MoS,/FEP coat with
the catalyst to FEP ratio of 1:1.12. The MoS,/FEP coat and Lacomit
varnish coat were applied to the protected and unprotected specimens
respectively, in the pattern given in Figure 9.4. MoS; electrodes with
a dimension of 2.5 c¢m x 4 cm were prepared as outlined in the section
4.3.1.3. The electrodes were made with ball-milled MoS;/FEP coat
with the catalyst to FEP ratio of 1:0.85 and the loading of 5-6 mg/cm?.
A Unisteel Stress Corrosion Testing machine was used in these studies
with adequate facilities to control the temperature. The NACE solution
continuously bubbled with H,S at 1 atmospheric pressure was selected
for this study.

A number of G1 Special steel CTS were prepared with equal length of
fatigue cracks, (1.5+ 0.2 mm). The specimen was fixed to the attach-
ment, which had Teflon sleeve insulations to separate electrically the
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specimen and attachment. Figure 9.5 gives a schematic illustration of
the attachment. The specimén was placed in a cell made of perspex and
connected to the testing machine as shown in Plate 10.1. The specimen
was subjected to a constant load of 3.29 kN with the help of a loading
arm, built in the machine. The loading arm displacement against time was
recorded with the help of a displacement transducer and an X-Y plotter.
The loaded system was left for 20 minutes to avoid any initial settlement
which could be taken misleadingly as the displacement produced due to
crack growth, The NACE solution first purged with N, for 30 minutes
followed by H,S for another 30 minutes at 20° C was added to the test cell
when the loading system achieved a steady state. Then the H,S was
continuously bubbled and the temperature was maintained at 20 2 2° C
throughout the experiment. After a certain period of time, when a length
of crack growth was ensured, the specimen was taken-out and dried
before being broken in air to measure the length of crack. The grown
crack length was estimated by taking the average of five readings at equal
distance through the thickness. The corresponding loading-arm displace-
ment was measured from the displacement-time curve recorded autograph-
igally. Figure 10.1 gives the calibration curve for measurements of

growing-crack-length obtained by this technique.

10.2.3. Tests Procedure.

Initially the prepared specimen was fixed to the attachment as shown in
Figure 9.5 and placed in the test cell and connected to the Unisteel
Stress Corrosion Testing machine. In the case of specimens protected
with separate MoS ; electrodes, the electrodes were precathodized

at a current density of 30 mA/cm3 for two hours before being connected
to the specimen electrically. Two 10 cm® MoS, electrodes were used
for each specimen. The electrical connections were made on the top face
of the specimen and they were coated with Lacomit varnish to prevent
any galvanostatic corrosion. Then the pre-calculated load was added to
the loading-arm and left for 20 minutes to avoid any discrepancies to the
results which might be caused due to the initial settlement. The NACE
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Figure 10.1. Calibration curve for the calculation of growing-
crack-length in Gl Special steel CTS subjected

to the sustained load test.
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Plate 10.1. Photograph of a sustained load test set-up.

7
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solution first purged with N, for 30 minutes followed by H_ S for
another 30 minutes at 209 C and was added to the test cell. The
temperature was controlled at 20 + 22 C throughout the tests with the
help of heating tape. The time to failure was recorded by a built-in
electric clock. In the case of the crack growth rate measurement test a
displacement transducer was fixed to the loading-arm and the loading-arm

displacement versus time was recorded autographically.

Scanning electron microscopic examination was carried out on the frac-
ture surfaces of the specimen. The fracture surfaces were cleaned uitra-
sonically in acetone for 30 minutes. Sometimes it was necessary to
clean the fracture surfaces electrolytically. The technique is described

in section 9.3,

10.3. Results.

The initial stress intensity factor, kIi of the CTS in the sustained load test
was calculated from the load applied, the length of fatigue crack and planar
dimensions of the specimen, using linear elastic fracture mechanics(lzm. Time
to failure curves for the GI Special steel CTS were constructed using the fail-
ure time recorded automatically by the clock built in the testing machine and the
initial stress intensity factor calculated for the specimen. The effect of connec-
ting the FEP bonded MoS, electrodes on the CTS time to failure curve in NACE
solution, with continuously bubbling H,S at 20 £ 2° C, is given in Figure 10.2,
Figure 10.3 gives the corresponding time to failure curves for the specimens
coated with MoS; /FEP protective coat as shown in F igure 9.4.

The scanning electron microscopic fractographs of the protected G! Special CTS
(protection applied as adherent coat) tested with an initial stress intensity factor
of 15.70 MN m~%2 in the corrosive environment, are given in Plates 10.2
and 10.3. The corresponding fractograph for the unprotected specimen, tested
with initial stress intensity factor of 16.06 MN m=¥2 is given in Plate 10.4.
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Plate 10.2.

Intergranular
fracture.

SEM fractograph of the Gl Special steel CTS, tested
under a sustained load (K|; = 15.70 MN m~*/2) with a
protected coating (un-ball milled MoS, used) applied
as shown in Fig. 9.4, in a corrosive environment,
NACE solution with H, S (1 atm.) at 20 + 2° C,

(450 tilt, 440 X).

Plate 10.3.

This SEM fractograph is taken further down the fracture
surface of the specimen illustrated in Plate 10.1,
(459 tilt, 440 X). It shows a transition region where
intergranular fracture changes to a ductile dimple.
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Plate 10.4.

SEM fractograph of the Gl Special steel CTS, tested
under a sustained load (Kj; = 16.06 MN m=%?)
without protection applied, in a corrosive environment,
NACE solution with H, S (1 atm.), at 20 +2° C,
(450 tilt, 420 X).
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In the crack growth rate measurement tests, the length of the growing-crack

was calculated at various time intervals by using time versus loading-arm dis-
placement curve of each test and the calibration curve established, (Figure
10.1). Figures 10.4 to 10.6 give the curves of crack growth versus time for
the protected and unprotected specimens tested with various initial stress inten-
sity factors in NACE solution with H,S continuously bubbled at 20 +2° C.

The instantaneous stress intensity factors of the specimen at various times were
calculated using the crack length measured at the corresponding time, the load
applied and the planar dimensions of the specimen. Figures 10.7 to 10.9 give
the curves of crack growth rate versus time for the protected and unprotected
specimens tested with various initial stress intensity factors. Figures 10.10 to
10.12 give the curves of crack growth rate versus instantaneous stress inten-

sity factors for the specimens .

10.4. Discussion.,

Time to failure curves for the Gl Special steel CTS protected with separate
electrodes (Figure 10.2) and protected with adherent coating (Figure 10.3)
show that the proposed protection technique gave a considerable amount of
improvement in failure time for protected specimens over unprotected specimens.
For example, the curves indicate that if specimens were tested with initial
stress intensity of 15 MN m~¥2 the life would be increased from 260 minutes
to 330 minutes (i.e., an increase of 27 percent) when protected with seperate
electrodes; whereas if the specimens protected with adherent coating and tested
with the same initial stress intensity factor, the-life would be increased from
610 minutes to 840 minutes (i.e., an increase of 38 percent). Although the
accelerated tests could not predict actual service-life of a structure quantitat-
ively, the improvement on the failure time of the protected specimens certainly
exhibit the effectiveness of the proposed technique to inhibit SSCC in steel.

The scanning electron microscopic fractograph of the protected (protection
applied with adherent coating) G | Special steel CTS shows (Plate 10.2) that
the fracture area just ahead of pre-fatigue-cracked area propagated in an
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Figure 10.10. Crack growth rate for protected and
unprotected G! Special CTS as a
function of stress intensity factor in
NACE solution with Hg S bubbling
continuously at 200 C. The specimens
were tested with initial stress intensity
factor of 14.5+ 0.2 MNm=¥3,
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Figure 10.11. Crack growth rate for protected and unprotected
G| Special CTS as a function of stress intensity
factor in NACE solution with H_ S bubbling
continuously at 209 C. The specimens were
tested with initial stress intensity factor of
16.0+0.2 MN m-%3,
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Figure 10.12. Crack growth rate for protected and unpro-
tected Gl Special CTS as a function of
stress intensity factor in NACE solution
with H_ S bubbling continuously at 20° C.
The specimens were tested with initial
stress intensity factor of 21.5+ 0.3
MN m-%2
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intergranular fracture mode. Examination further down the fracture surface of the
protected specimen (Plate 10.3) shows a transition region where the intergran-
ular fracture changes to the ductile dimple fracture mode and this mode followed
throughout. The SEM:fractograph of the unprotected specimen (Plate 10.4)
shows an intergranular fracture ahead of the pre-fatigue-cracked area and it
followed throughout without any change in fracture mode. The SEM fractographs
clearly indicate that the protected specimens absorbed only a small amount of
hydrogen compared to the unprotected specimens, during the sustained load test

in the sour corrosion environment.

The curves of crack growth versus time (Figures 10.4 - 10.6) on the protected
and unprotected specimens tested at various initial stress intensity factors indi-
cate that the cracks grew slower on the protected specimens than the unprotected
specimens. Also it shows that on the protected specimens the cracks grew
longer before the specimens failed completely. This shows that the protected
specimens had a higher fracture toughness value than the unprotected specimens,
in the corrosive environment. These two observations indicate that the MoS,/
FEP coat gave a significant resistance to SSCC in steel. [t may be noticed
that initially the length of crack-grown was higher on the protected specimens
-than on the unprotected specimens. However, it should be emphazied that the
variation in crack-growth was less than 0.2 mm within the first mm length of

crack. Two reasons could be given for this variation;

1) the sulphide stress corrosion crack growth at early stages could have
been assisted by anodic dissolution rather than hydrogen embrittiement
due to the application of the MoS_,/FEP protective coat,

2) errors that may be due to crack length calculations at early stages could
have contributed. This is because, the crack lengths were obtained from
the calibration cruve in the region (at the lower end) where the loading-
arm displacement was very sensitive to the crack length.

The first explanation is supported by the corrosion weight loss measurement
studies reported in Chapter 6, where at the early stages of the corrosion weight
loss tests it was noticed that the protected specimens lost more weight than the
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unprotected specimens. However, the anodic dissolution at the early stages
cannot override the viability of the application of the MoS_,/FEP coat protective
method since the early enhanced crack growth only represents less than 3 per-
cent of the total length of crack grown in the specimens.

The curves of crack growth rate versus time (Figures 10.7 to 10.9) on the pro-
tected and unprotected specimens indicate that the crack growth rate was consid-
erably lower on the protected specimens than on the unprotected specimens. It
may be seen from the curves that the useful life-time of the specimens were
improved when they were protected with adherent MoS ;/FEP coat and tested at
various initial stress intensity factors. Improvement of 55, 37 and 50 percent
in useful life-time of the specimens were noted when they were tested at initial
stress intensity factors of m 14.5, » 16.0 and ~ 21.0 MN m-¥2 respectively.

The curves of crack growth rate versus instantaneous stress intensity factor (Fig-
ures 10.10.to 10.12) confirmed the general view of the stress corrosion crack
growth rate behaviour as a function of stress intensity factor which can be
divided into three regions. In region | , the rate of growth was strongly depen-
dent on the magnitude of the stress intensity factor, such that a small change in
magnitude of kI resulted in a large change in crack growth. In region Il where
the crack growth was strongly dependent on the corrosive environment and on the
electrochemical or other physical processes taking place on the specimen and
the crack-tip. In region Il the crack growth rate increased rapidly when the
stress intensity factor values approached the critical value le' It is clearly
seen from the curves that the proposed MoS_/FEP protective coat gave a con-
siderable amount of protection against the crack growth in the region I, where
the growth rate was controlled by electrochemical or other physical processes
such as formation of hydrogen due to corrosion, hydrogen adsorption on the metal
surface, absorption by the metal, diffusion to the crack tip area, etc. In this
region [[, the crack growth rates on the unprotected specimens were increased
between 1.7 to 2.0 times than the protected specimens.

All the parameters measured in this sustained load test clearly show the effectiv-
eness of the proposed technique to inhibit SSCC in steel.
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CHAPTER 11.

LONG-TERM SOUR CORROSION EFFECTS ON MECHANICAL PROPERTIES
OF STEELS PROTECTED WITH THE PROPOSED MoS /FEP COAT.

11.1 Introduction.

Although the mechanical tests reported on the previous chapters demonstrated
clearly the effectiveness of the proposed technique to inhibit SSCC in steel, it is
necessary to evaluate the technique against Iorig-term sour corrosion effects for
the following reason. The MoS, /FEP coat and top layer of non-conducting coat
protecting a pipeline in service condition could be damaged any time of the
pipeline-life period. If the coatings of the pipeline are damaged in the early part
of the life-period the MoS; /FEP coat must provide longer period of protection.
Hence it is of utmost importance to evaluate the proposed technique for long-term

sour corrosion effects.

A comprehensive test program was established to study the sour corrosion effects
on mechanical properties of steels protected with MoS;/FEP coat. Four
different steels, namely AP 5LX 65, Gl Special, EN 8 and mild steel were
selected for this study. They were used to produce various types of specimens
and the mechanical parameters of these specimens were measured. The param-

eters measured on the specimens are:

(@) for eompact tension specimens (CTS);
- stress intensity factor at failure
- total energy required for fracturing the specimen
- average energy consumed for unit length of crack extension
- crack opening displacement (COD).

(b) for three-point bend specimens;
- crack opening displacement, (COD).

- 224 -



(c)  for Charpy V-notch impact test specimens;

- fracture energy.

The specimens were coated appropriately and placed in a corrosive environment,
i.e., NACE solution with H, S continuously bubbling at 60° C for various
periods of time. After the exposure to the corrosive environment corresponding
mechanical tests were carried-out. Scanning electron microscopic examinations
were carried out on the fracture surfaces to identify the mode of fracture.

The mechanical tests could be divided into three groups;

(1)  Continuous slower straining/loading rate test on Gl Special and API 5LX
65 steels CTS.

(2)  Crack opening displacement measurements on three-point-bend specimens
of APl 5LX 65 steel.

(3)  Charpy V-notch impact fracture toughness test on API 5LX 65, EN 8 and

mild steel specimens.

11.2 Crack Opening Displacement (COD) Test.

Linear elastic fracture mechanics facilitates the measurement of the plane strain
fracture toughness ( ',(IC) of the structural steels. To obtain valid plane strain
fracture toughness data for low strength structural steels, it is important to
ensure plane strain conditions, hence it is necessary to use (a) large test pieces,
(b) increased rate of loading, and (c) low testing temperature. However, it is
generally found that the temperature conditions and material thickness used for
any practical applications of structural steel are such that large amounts of
Plastic deformation occur prior to fracture, hence, invalidating the use of linear
elastic fracture mechanics. One approach to this problem is to measure the COD
Parameter. Furthermore, the advantage of the COD approach is that COD values
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can be measured throughout the entire plane-strain, elastic-plastic, and fully
plastic behaviour regions, whereas le values can be measured only in the
plane-strain region or approximated in the early portions of the elastic-plastic

region.

The concept of COD parameter measurement can be readily appreciated by con-
sidering the process occurring when a pre-cracked spebimen is tested under a
continuous loading. As the applied load increases on a precracked specimen
plastic yielding occurs at the crack-tip resulting in separation of the crack faces
without any increase in the length of the crack. This separation of the two faces
is referred to as the crack opening displacement. In such a test a stage is
reached at a particular load when the material in the vicinity of the crack-tip
fractures. This depends upon the extent of plastic deformation and hence the
load required for failure. The fracture may proceed in a cleavage or shear mode
depending on other parameters such as heat-treatment, type of alloy, maximum
load achieved etc. The specific value of COD obtained at the crack tip at the
instant of fracture is considered to be a measure of the fracture toughness of the

material under examination.

There are various geometrical parameters that may affect the result of a COD test.
These are, the crack size (/' W), test piece thickness, notch acuity, and testing
machine stiffness. After considerable study of various methods to measure COD,
the British Standard Institution has published a method for measuring the COD
parameter of metallic materials(126). Basically,a precracked, three-point bend
specimen (Figure 11.1) is used to measure the COD parameter. Test resulits are
recorded by plotting autographically the applied force against the clip gauge-
displacement measured at the test piece surface across knife edges located on
opposite sides of the notch. A variety of load-clip gauge displacement records
can be obtained d epending on the test material, rate of loading, test temperature,
etc. There are five types of load-clip gauge displacement graphs given in the
British Standard for calculation of COD. If onset of crack growth cannot be

established to calculate the COD for fracture initiation, from any of the load-
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displacement curves it is recommended to use a multiple specimen technique for
determining COD at initiation of slow crack growth. For material comparison
purposes a maximum COD could be calculated from the clip gauge displacement

measurement at the first attainment of a maximum load.

Having obtained the critical or maximum value of the clip gauge displacement, it
is necessary to convert this to the relevant crack tip opening displacement value.
The recommended method assumes deformation to occur by a hinge mechanism

about a center of rotation at a depth of -:—(w - a) below the crack tip (Figure 11.2).

Figure 11.2. Schematic illustration of relationship
between crack-tip opening displace-
ment, &, and knife-edge displacement
Vg,%iz% '

.

11.3 Charpy V-Notch Impact Test.

The Charpy V-notch impact fracture toughness test is the most widely used test
to determine the toughness behaviour of structural materials, prior to the develop-
ment of fracture mechanics. Even today after two decades of development on
fracture mechanic specimens and concepts, the Charpy impact test is widely used
throughout the world, not only as a general reference test but in many actual

toughness specification.
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The Charpy impact test specimen is a bar 55 mm in length with a square cross
section having sides of 10 mm. It has a V-shaped notch machined midway along
the length of the specimen. Figure 11.3 gives a schematic illustration of the
specimen. There are three parameters reported from Charpy impact tests in the

I

L/ } | f
L — ,10mm<-—

s 0.25 mm radius

Jede

Figure 11.3. Charpy V-notch impact test specimen.

form of transition curves. They are the following;

(1) energy absorbed for fracture.

(2)  fracture surface appearance.

(3)  lateral expansion at the compression side directly opposite the notch.

From the transition curves, a ductile/brittle transition temperature (T+) can then
be determined for many metallic materials. Above this transition temperature the
absorbed energy is large (e.g. greater than 15 ft.Ibf. or 20 J), where fracture
Occurs at nominal stresses exceeding the yield stress. At temperatures lower
than TT, the energy absorbed by the specimen is small and fracture occurs at
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norminal stresses below the yield stress. The energy absorption during the
impact test is controlled by two factors. One is the strength of the steel, which
regulates the force required to deform the Charpy specimen and the other is the
ductility of the steel, which determines the.distance through which the force acts
during testing. It is widely recognized that foss of fracture toughness is due to
foss in ductility rather than strength where the Charpy specimens are tested over
a range of temperatures. Hence the measurement of lateral expansion of the
specimen at the compression side directly opposite the notch is more significant
than the energy absorbed in establishing the transition temperature.

There are some valid criticisms applicable to the Charpy impact test. The -
absorbed energy measured cannot be related directly to structural design param-
eters. The tests are conducted on small specimens (10 mm square, rectangular
bars) at extremely high strain rates (impact loading) and involve fracture ahead of
shallow, rounded notches (root radius of 0.25 mm) where the energy absorbed in
crack initiation and crack propagation cannot be readily distinguished. Despite
criticisms the Charpy impact test is used widely throughout the world because it
is quick to conduct, ihexpensive and simple to use. Furthermore it has many
years of correlation with service performance and there are several empirical
correlations between the charpy V-notch impact test results and the plane strain
fracture toughness k5.7§static) and kjq (dynamic) characterized by linear elastic

fracture mechanics(l

11.4 Experimental Procedures.

GI Special steel and APl 5LX 65 steel were the two types of steels
selected to make compact tension specimens. The percentage chemical
composition of the steels and the specimen dimensions are given in

Table 9.1 and Figure 9.1 respectively. The preparatory method for the
CTS is detailed in the section 9.2.1. However a provision was made for
the testing of CTS of APl 5LX 65 steel, to fix knife edges as shown in
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Plate 11.1. Ball-milled MoS, /FEP protective coating was prepared with
the catalyst to FEP ratio of 1:0.85 as detailed in the section 4.3.1.3
and applied to the GI Special CTS in a pattern given in Figure 9.4. In a
similar manner unball-milled MoS_ /FEP protective coating with the cata-
lyst to FEP ratio of 1:1.12 was applied to AP! 5LX 65 steel CTS.
Lacomit-Varnish coat was applied to the unprotected CTS as shown in

Figure 9.4 to maintain the same condition.

Three-point bend COD specimens of the preferred B x 2B geometry spec-
ified in British Standard 5762(126) were prepared from the APl 5LX 65
steel. The specimens were machined from a pipe in longtitudinal direction
and notched in the direction of the circumference of the pipe. Schematic
illustration of the specimen is given in Figure 11.1. Although the stand-
ard recommends to test the specimen with full thickness, about % to % mm
thickness of scale was removed on both sides of the pipe wall to enable the
corrosion reaction to take place without any barrier when the specimens
were placed in the corrosive environment. The prepared specimens were
polished with 600 grit silicon carbide paper'in a direction that could not
interfere with the observation of the fatigue crack to be initiated at the
V-notch tip. After degreasing the specimens with acetone in an ultrasonic
bath, unball-miiled MoS, /FEP protected coating prepared as detailed in
the section 4.3.1.3, with the catalyst to FEP ratio of 1:1.12 was
applied to the specimen. Plate 11.2 shows the specimens with the MoS,/
FEP protective coating and with the Laconit varnish coating. A fatigue
crack was initiated from the V-notch tip by the application of cyclic loading.
The crack was initiated by maintaining the maximum load at 10 kN and the
minimum load at 1 kN at a frequency of 10 Hz. Once the fatigue crack was
initiated, the loads were reduced gradually to a maximum of 5 kN and min-
imum of 0.5 kN while maintaining the frequency at 10 Hz. Finally the
fatigue crack was closely watched as it grew between 1.5 and 2.0 mm.

- 231 -



*susw1oads uoisuaj Joedwod pajdajoldun pue pajoaj04d *suawidads 3s93 puaq julod-233.y) pajdajosdun pue pajoajoid
a1 03 parjdde sbuijeod ayy sajensny|i ydesbojoyy 1 ° IT 31’ld ay3 03 patjdde sbuneod ayy sajessn||l ydesbojoyd *z°* 1T 21e|d

e

e S 3

AT T T T T by e trevrtyes Rerwivrern

-




The Charpy test specimens were prepared in accordance with the British
Standard 131 Part 2(128). The Charpy specimens were of the standard
10 mmx 10 mm x 55 mm diamensions. The specimen and its notch are
schematically illustrated in Figure 11.3. Three different steels,

APl 5LX 65, EN 8 and Mild Steel, were used to prepare the Charpy test
specimens. The chemical composition of the steels are given in Table 9.1.
In the case of APl 5LX 65 pipe-steel the specimens were taken in the
longitudinal direction of the pipe and notched in the circumferential direc-
tion, Further, for pipe-steel Charpy specimens, unball-milled MoS, /FEP
Protective coating with the catalyst to FEP ratio of 1:1.12 was applied,
whereas for the other steel specimens, ball-milled MoS, /FEP coating with
the catalyst to FEP ratio of 1:0.85 was applied. The MoS, /FEP coat
and Lacomit varnish coat regions on the Charpy specimens are schemati-

cally illustrated in Figure 11.4.

11.4.2. Test Procedures.

The prepared protected and unprotected G| Special steel CTS were divided
into groups and placed in the corrosive environment, NACE solution with
H. S continuously bubbling at 60 ©C for a period of 750 hours. After this
period of time the corroded G! Special CTS was taken-out and tested on the
Mayes machine under a loading rate of either 40 MN m"%/hour or

5 MN m‘%/hour in air at room temperature. The load-displacement curve
was recorded autographically. The APl 5LX 65 CTS specimens were also
subjected to similar treatment and tested at a loading rate of 5 MN m-73 /
hour. An additional load-clip gauge displacement curve was also recorded
autographicaily in the case of APl 5LX 65 steel specimens with the help
of a separate system incorporated with the Mayes machine. The separate
system employed an X-Y recorder (2900 series, Bryans Southern Instru-
ments Limited) and a transducer meter (C52 series, Boulton Paul Aircraft
Ltd). A typical load-clip gauge displacement curve for the compact tension

specimen is given in Figure 11.5.
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Figure 11.4. Pattern of MoS_/FEP and Lacomit varnish coats on Charpy
impact test specimens. (A) MoS ,/FEP coat, (B) Lacomit
varnish coat. Dimensions are in mm,
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The prepared three-point bend specimens were placed in the corrosive
environment at 60° C for a period of 750 hours. The corroded

specimens were removed from the corrosive environment and the COD
parameter was measured as specified in the British Standard 5762, under
the displacement control Mayes testing machine. Plate 11.3 gives the
general arrangement and the equipment, (clip gauge, Mayes machine,

X<=Y recorder and transducer meter) used for this test. Plate 11.4 gives a
close-up view of the three-point bend specimen's loading arrangement with
the clip gauge attached to the Specimen. The CGD tests were conducted at
two different loading rates, of 3425 MN m-Y 4/hour (as recommended in the
standard) and » 47 MN m-¥: 3/hour. The load-clip gauge displacement
curves were recorded autographically. ‘A typical load-clip gauge dis-
placement curve for the three~point-bend specimen is given in Figure 11.6.

Two groups each consisting of 10 protected and 10 unprotected Charpy
specimens of APl 5LX 65 steel were placed in the corrosive environment
for a period of 350 and 850 hours at 600 C. The same number of protec-
ted and unprotected Charpy specimens of mild steel and EN & Steel were
placed in the corrosive environment for periods of 350 and 750 hours
respectively. The corroded specimens were removed and tested on a
Charpy testing machine which consists of a rigid frame with a swinging
pendulum. The specimens were placed on anvils solidly attached to the
frame. Then the pendulum was released at the start of the test and a
striker built into the base of the pendulum broke the specimen on impact.
The kinetic energy of the moving pendulum was known at the point of
impact on the specimen. The machine incorporates a device for measuring
the difference in pendulum energies before and after it fractured the
specimen, Hence the energy absorbed during the fracture was read-out

directly.
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Plate 11. 3. Photograph gives the general arrangement and the equipment
used for the three-point bend test with COD measurement.



Plate 11.4. Photograph gives a close-up view of the three=point bend
specimen with the clip gauge used to measure the displacement,

-~



“(ww) ‘A ‘yusweoejdsip abneb dijy
¢ 4

-

‘uawioads puaq-jutod-aasnyy so)

Juawade|dsip abneb di)d pue peoj usamiaq diysuonejas jedrdl] 9T nbi 4

*neadje|d peoj wnuwitxew ayy jo utod-piw Yy je Judwdde|dsip bneb dij) - A
*peoj wnwixew ay) ul dosp 3sity 9y je uadwadedsp abneb dijy - v>
‘peoj wnwixew 9y jo Juswuielie 3sij Yy je judwdde|dsip abneb dijy - __>

— |

4zt

491

-4 0¢

(N) ‘d ‘peo]

- 239 -



11.4.3. Fracture Surfaces Examination.

Scanning electron microscopic examinations were carried-out on the
fracture surfaces of the corroded CTS and Charpy V-notch impact test
specimens. Since all the specimens were tested in air, after the treatment
in the corrosive environment, the fracture surfaces were not contaminated
with sulphides. Light fractographs were taken on the APl 5LX 65 steel
and EN 8 steel Charpy specimens fracture surfaces to demonstrate the
lateral expansion of the specimen at the compression side directly opposite
the notch.

11.5 Results.

Table 11.1 shows the results for the protected and unprotected Gl Special steel
CTS in terms of (1) stress intensity factor at failure, le, (2) total

energy required for fracturing the specimen and (3) the average energy consumed
for unit length of crack extension. The critical stress intensity factor was calcu-
lated from the peak load, planar dimensions of the specimen and the initial crack
length using linear elastic fracture mechanics(lzm The total work required to
fracture the specimen was calculated from the area of the load displacement curve.
This quantity divided by the distance from the fatigue crack tip to the edge of the
specimen gave the average energy consumed for unit length of crack extension.
Scanning electron microscopic fractograph of the unprotected G1 Special steel
CTS tested after being subjected to gorrasion at a loading rate of 40 MN m~¥3/
hour is given in Plate 11.5. SEM fractograph of the protected (ball-milled
MoS, used) G1 Special steel CTS tested as illustrated above is given in

Plate 11.6.

For the APl 5LX 65 Steel CTS the crack opening displacements were also
calculated in addition to the parameters calculated for Gl Special steel CTS.

In the crack opening displacement calculation for the CTS it was assumed that

the deformatlon occurs by a hinge mechanism about a center of rotation at a depth
of -(W-a) below the crack tip (Figure 11.2). A value of 2.5 was selected (129
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TABLE 11.1.

Longterm sour corrosion effect on the mechanical properties of GI Special steel
CTS. The specimens were placed in a corrosive environment, NACE solution
with H_ S continuously bubbling at 60° C for 750 hours and tested in air under
slower straining/loading at room temperature.

Total work done Work done for unit

Loading rate kIQ at f:ilure for fracturing the length of crack
MNm~¥3/hour) (MNm~/3) specimen extension
(joules) (J/mm)
Control:
41.28 76.85 18.42 1.423
40.27 76.42 17.85 1.371
43,58 77.63 18.63 1.460
x=76.97 x=18.30 x=1.418
5.70 67.58 16.42 1.266
5.14 68.41 16.63 1.291
4,94 66.42 16.25 1.247
x=67.47 x=16.43 x=1.268
Protected:
40.11 65.68 12.35 0.979
38.76 66.03 12.52 0.982
41.24 64.87 12.45 0.980
x=65.53 x=12.44 x=0.980
5.40 30.07 5.22 0.392
4.82 28.01 5.08 0.381
5.13 29.87 4.96 0.387
x=29.32 x= 5.09 x=0.387
Unprotected:
43.23 56.12 8.21 0.618
40.25 53.68 7.98 0.602
39.27 54,12 8.14 0.611
x=54.64 x= 8.11 %x=0.610
4.96 21.14 2.80 0.227
5.18 19.81 2.93 0.261
4.59 20.05 3.18 0.264
x=20,33 x= 2.97 x=0.251
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F atigue
crack.

Plate 11.5. SEM fractograph of the unprotected Gl Special steel CTS
placed in a corrosive environment, NACE solution with
H.S (1 atm.) at 60° C for 350 hours, and tested under
a Ioadmg rate of 41.2 MNm~*2/hour, in air at room
temperature, (30° tilt, 520 X).

Ductile
dimple
fracture.

Inter-
granular
fracture.

F atique
crack.

Plate 11.6. SEM fractograph of the Gl Specnal steel CTS with protectlon
applied (ball-milled MoS, used) as shown in Fig.9.4,
placed in a corrosive envnronment, NACE solution with H,S
(1 atm.) at 60° C for 350 hours, and tested under a Ioadmg
rate of 40.3 MN m=*/2/hour, in air at room temperature,
(30°tilt, 520 X).

-
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Plate 11.7.

Plate 11.8.

Critical
fracture

Sub-
critical
fracture

F atigue
crack.

SEM fractograph of the unprotected APl 5LX 65 pipe-steel
CTS, placed in a corrosive environment, NACE solution
with H,S (1 atm.) at 60° C for 750 hours and tested under
a loading rate of 5.67 MN m =*3/hour, in air at room temper-
ature (45° tilt, 100 X).

. Critical
fracture

Sub=-
&' critical
- fracture

F atigue
crack.

SEM fractograph of the API 5LX 65 pipe- steel CTS, with

protection (un-ball-milled MoS, used) applied as shown in
Fig.9.4, placed in a corrosive environment, NACE solution
with H,S (1 atm.) at 60° C for 750 hours and tested under a
Ioading rate of 5.58 MNm=*2/hour, in air at room temper-
ature (45° tilt, 100 X).
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for the term 'n' and the COD was calculated from the following equation;
\"

_ g
& = 1+ nla+t2)
-a
where, 8 , is the crack opening displacement value.

Vg, is the plastic displacement measured by the clip gauge.
a, s the initial crack length.

W, s the width of the specimen.

z, is the thickness of the knife-edge.

Table 11.2 gives the results of the corroded APl 5LX 65 steel CTS both pro-
tected and unprotected and tested at a loading rate of 5 MN m~¥3/hour. SEM frac-
tographs of the unprotected and protected CTS are given in Plates 11.7 and

11.8 respectively.

The crack opening displacements were calculated for the protected and unprotec-
ted three-point bend specimens according to the British Standard 5762"126).
The standard recommends the following relationships for the calculation of COD,
when the 2/ ratio of the specimen lies, 0.15 £ 3/\y 5 0.7;

s= Ka-v) , 0aw-ay
25, E 0.4W+0.6a + 2

K = YP
BWS
P and Vp are the force and plastic component of the clip gauge
opening displacement respectively.

where

Y is the compliance function corresponding to crack length/test

piece width ratios (3/y).

Table 11.3 gives the crack opening displacement results for the control, protec-
ted and unprotected three-point bend specimens tested at two different joading
rates of ~3425 MN m~4/hour and m 47 MN m~"3/hour.
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TABLE 11.3.

Longterm sour corrosion effect on the maximum crack opening displacement value
of API 5LX 65 steel three-point-bend specimens. The specimens were placed
in a corrosive environment, NACE solution with H, S continuously bubbling at
60° C for 750 hours and tested in air with dlfferent loading rate at room
temperature.

Loading rate kl at failure Maximum dis- graclk opening
-y -3, placement isplacement
(MNm™"73/hour) (MN m™73) measured, o,
Vmax (mm) $ max
Control:
3426 108.37 2.540 0.629
3429 108.82 3.438 0.832
3423 111.01 3.061 0.744
3424 100.50 3.128 0.754
x=0.740
46.44 100.01 2.462 0.588
47.52 104.99 2.683 0.644
x=0,616
Protected:
3428 91.52 2.345 0.522
3426 92.05 2.788 0.605
3429 93.34 2.136 0.529
x=0.552
47.16 96.86 1.485 0.376
47.88 97.10 1.316 0.340
x=0.358
Unprotected:
3426 89.97 2.183 0.517
3428 89.54 2.217 0.520
3425 88.97 1.980 0.510
' x=0.516
46.80 85.91 0.899 0.238
47.52 90.85 1.042 0.279
x=0,259
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Fracture energies of the mild steel control, protected and unprotected Charpy
V-notch impact test specimens tested in air at 25 °C after being subjected to
the corrosive environment at 60 °C for 350 hours are given in Table 11.4.
Table 11.5 gives the fracture energies of the EN 8 steel specimens after being
subjected to the corrosive environment at 60 °C for 750 hours and tested in air
at 25 °C. The fracture energies of the AP! 5LX 65 steel Charpy specimens
tested in air at 20 °C after being subjected to the corrosive environment for 350
and 750 hours are given in Tables 11.6 and 11.7 respectively. Plate 11.9
gives a light fractograph of the EN 8 steel Charpy impact specimens tested in
air at .25 °C, after a period of 750 hours exposure to the corrosive environment.
A scanning electron microscopic fractograph of the control EN & steel Charpy
specimen is given in Plate 11.10. Plates 11.11 and 11.12 give the SEM
fraétographs of the protected and unprotected EN 8 steel Charpy specimens resp-
ectively, Plates 11.13 and 11.14 give the light fractographs of the

AP! 5LX 65 steel Charpy test specimens tested in air at 20 °C, after being
subjected to the corrosive environment at 60 °C for 350 and 750 hours respec-
tively. SEM fractographs of the control APl 5LX 65 steel Charpy specimens
tested in air at 20 °C, are given on Plates 11.15t0 11.17. The SEM fracto-
graphs taken on the protected AP! 5LX 65 steel specimens are given on Plates
11.18 and 11.19. Plate 11.20 gives the corresponding fractograph of the
unprotected Charpy specimen.

11.6 Discussion.

The slower straining/loading rate test on the corroded GI Special steel CTS
indicates (Table 11.1) that the proposed technique gave a considerable amount
of protection for the steel against SSCC. All three parameters, viz. the stress
intensity factor at failure, the total work done for fracturing the specimens and the
average energy consumed for unit length of crack extension, confirmed the effec-
tiveness of the protective method. It can be seen from the results that with

each group either protected or unprotected Gl Special CTS the change in loading
rate from 40 to 5 MN m~"2/hour exhibited a greater variation in the mech-
anical propertes. However the reduction in the mechanical properties were
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TABLE 11.4,

Fracture energies of mild-steel Charpy impact test specimens tested in air at
259 C after being subjected to a corrosive environment, NACE solution with
H_S bubbling continuously at 60° C for 350 hours. Protected coating; ball-
milled MoS, with catalyst to FEP ratio of 1:0.85.

Control specimens Protected specimens . Unprotected specimens
(joules) (joules) (joules)
32.5 32.5 28.5
27.1 27.8 23,7
28.5 31.2 28.5
32.5 28.5 28.5
36.6 35.3 27.1
33.2 27.1 27.1
34.6 25.8 23.0
36.6 32.5 28.5

X= 32,7 X= 30.1 X= 26.9

Gn_l =3.5 qn_l =3.3 on_l =2.2

TABLE 11.5.

Fracture energies of EN 8 steel Charpy impact test specimens tested in air at
259 C, after being subjected to a corrosive environment, NACE solution with
H S bubbling continuously at 60° C, for 750 hours. Protected coating; ball-
milled MoS,, with catalyst to FEP ratio of 1:0.85.

Control specimens Protected specimens Unprotected specimens
(joules) (joules) ( oules)
29.8 24.4 21.7
27.1 24.4 16.3
27.1 23.0 17.6
25.8 24.4 21.7
24.4 24.4 21.0
30.5 24.4 24.4
29.8 24.4 24.4
25.7 24.4 21.7
29.8 21.7 21.7
29.8 23.0 17.6

x= 28.0 x= 23.9 x= 21.3

Op-1 = 2.2 g,.1 =0.9 o1 =23
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TABLE 11.6.

F racture energies of AP| 5LX 65 steel Charpy impact test specimens tested in air
at 20° C, after being subjected to a corroswe environment, NACE solution

with H_ S continuously bubbling at 60° C, for 350 hours. Protected coating;
unball-milled MoS, with catalyst to. FEP ratioof 1:1.12,

Control specimens Protected specimens Unprotected specimens
(joules) (joules) (joules)
203 160 163
193 179 157
184 190 171
206 179 165
198 168 171
188 176 146
218 165 176
203 190 179
213 190 171
194 198 155

X = 200 X =179.5 X = 165.4

%-1 =10.7 -1 =12.5 -1 =10.3

TABLE 11.7.

Fracture energles of AP15LX 65 steel Charpy impact test specimens tested in
air at 20° C, after being subjected to 2 corrosive environment, NACE solution
with H_ S bubbling continuously at 60° C for 850 hours. Protected coating;
unball-mllled MoS_, with catalyst to FEP ratioof 1:1.12.

Control specimens Protected specimens Unprotected specimens
(joules) (joules) (joules)
203 146 130
193 161 159
184 155 149
206 144 152
198 160 146
188 133 125
218 171 160
203 163 122
213 157 141
194 174 145

x =200 X =156.4 x =142.9

0y = 10.7 9y = 12.5 q.p = 13.4
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Plate 11.9. Light fractograph of the EN 8 steel Charpy impact test specimens,
placed in a corrosive environment, NACE solution with H,S
(1 atm.) at 60° C, for 750 hours and tested in air at
254 2% C. It shows much coarser fracture surface and very

little deformation in all the specimens.
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Plate 11.10. SEM fractograph of the control EN 8 steel Charpy impact
test specimen tested in air at 25+ 2° C (45° tilt,
620 X). It shows a quasicleavage fracture with some

indication of dimples.

Plate 11.11. SEM fractograph of the EN 8 steel Charpy impact test
specimen, with protection applied (un=ball-milled MoS,
used), placed in a corrosive environment, NACE solution
with H,S (1 atm.) at 60® C for 750 hours and tested in
airat 25+ 2° C, (45° tilt, 620 X). This exhibits
mixture of cleavage facets and short, deep intergranular
crack, yet shows indication of some dimples.
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Plate 11.12. SEM fractograph of the unprotected EN 8 steel Charpy
impact test specimen, placed in a corrosive environment,
NACE solution with H,S (1 atm.) at 60° C for 750
hours and tested in air at 25 + 2° C, (459 tilt, 620 X).
It exhibits mixture of cleavage facets and short, deep
intergranular cracks, yet with indication of some dimples.
Also note the deep secondary intergranular cracks, which
may be demonstrating the sevior hydrogen attack.



Control specimens.

(unball-milled MoS, used)

Protected specimens

Unprotected specimens.

Plate 11.13. Light fractograph of the APl 5LX 65 pipe-steel Charpy impact
tests specimens, placed in a corrosive environment, NACE
solution with H,S (1 atm.) at 60° C for 350 hours and tested
inairat 20 4+ 2° C. It shows some blister type attack on un-
protected specimens and a comparison of specimens' deforma-
tion among the three types. . 253



Control specimens.

Protected specimens
(un-ball-milled MoS, used)

Unprotected specimens.

Plate 11.14. Light fractograph of the APl 5LX 65 pipe-steel Charpy impact
test specimens, placed in a corrosive environment, NACE sol-
ution with H,S (1 atm.) at 60° C for 850 hours and tested in
airat 20+ 2° C. It shows some blister type attack on unpro-
tected specimens and a comparison of specimens' deformation
among the'three types.
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Plate 11.15. SEM fractograph of the control APl 5LX 65 pipe-steel

Charpy impact test specimens, tested in air at 20+ 2®C.
It shows a complete dimple fracture, (0° tilt, 500 X).

Plate 11.16. This SEM fractograph is taken on the middle of the
specimen illustrated in Plate 11.15 (0® tilt, 500 X),
It shows a quasicleavage fracture and very little dimple,
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Plate 11.17. This SEM fractograph is taken about #-way-down the
fracture surface of the specimen illustrated in Plate 11.15,

(0° tilt, 500 X). It shows mostly shear dimples with a
quasicleavage fracture.

Plate 11.18. SEM fractograph of the APl 5LX 65 pipe-steel Charpy
impact test specimen, with protection applied (un-ball-
milled MoS, used), placed in a corrosive environment,
NACE solution with H,S (1 atm.) at 60° C for 350 hours
and tested in air at 20 &+ 2* C, (0® tilt, 500 X). It
shows a mixture of quasicleavage and dimple fracture,



Plate 11.19. This SEM fractograph is taken about %-way-down the
fracture surface of the specimen illustrated in Plate
11.18, (0° tilt, 500 X). It shows a complete

quasicleavage fracture.

Plate 11.20. SEM fractograph of the APl 5LX 65 pipe-steel Charpy
impact test specimen without protection applied, placed
in a corrosive environment, NACE solution with H,S
(1 atm.) at 60° C for 350 hours and tested in air at
20+ 2° C, (0° tilt, 500 X). This shows a complete
quasicleavage fracture and cavities which may be an
indication for sevior hydrogen attack.
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far more greater in the case of unprotected specimen than the protected specimen.
The total energy required for fracturing the specimen was reduced from 12.44 to
5.09 joules in the group of protected specimens, whereas in the unprotected
group it was reduced from 8.11 to 2.97 Joules.

The scanning electron microscopic fractograph (Plate 11.5) taken from the
unprotected G| Special CTS and tested at the loading rate of 40 MN m~ 3 /hour
shows that the fracture surface just ahead of the prefatigued-crack was domin-
ated by intergranular fracture. Further SEM examination on the specimen's
fracture surface indicated that the mode of fracture was completely intergranular
throughout.  The SEM examination (Plate 11.6) on the protected G| Special
CTS, tested at the same loading rate, shows that the fracture just ahead of the
prefatigued-crack has progressed about 2 to 3 grain distances under intergranu-
lar fracture mode. Then the fracture mode changed to complete ductile dimple
and followed this mode throughout. The change in the mode of fracture indi-
cates that when the Gl Special CTS were placed in the corrosive environment, the
protected specimens picked-up far less hydrogen than the unprotected specimens.
Hence it confirms that the proposed technique gave a considerable amount of
protection against SSCC over a period of time in the corrosl\}e environment.

The corroded API 5LX 65 steel CTS tested with and without applied protection,
at a loading rate of m 5.5 MN m~"3/hour, showed (Table 11.2) that there was
a significant improvement in the mechanical properties of protected specimens
compared to the unprotected specimens. Furthermore the COD calculated for the
compact tension specimens showed that the protected specimens exhibited higher
values of & gy, (maximum COD value) than the unprotected specimens. Hence
it confirms that the protected specimens were more ductile and absorbed far less
hydrogen than the unprotected specimens. The SEM fractographs (Plates 11.7
and 11.8) on the protected and unprotected APl S5LX 65 steel CTS show that
there was a sub-critical crack growth prior to critical fracture in both cases.
Both, sub-critical and critical fractures would seem to be of mixed mode, ductile

dimple with some local cleavage.
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The crack opening displacement calculated, (Table 11.3) from the corroded
three-point~bend specimens with and without the applied protection, indicates

. that there was an improvement in the COD obtained for the protected specimens
over the unprotected ones, when they were tested at a foading rate of » 47 MN
m=7 %hour. However, when the specimens were tested at a higher loading rate
of ~ 3425 MN m~ %/hour there was a very little change in the claculated COD
values. This may be due to the fact that the hydrogen embrittlement or suscep-
tibility to sulphide stress corrosion cracking could only be detected when the
loading/straining rates were very much lower. However, the crack opening dis-
placement measurements on both types of specimens confirm that when the load-
ing rate was significantly lower, the proposed technique exhibited an apprecia-
ble improvement in terms of COD values.

The energy absorbed by Charpy V-notch specimens of three different steels

(AP 5LX 65, EN 8 and Mild steel) also indicates (Tables 11.4t011.7)

that the protected specimens consumed more energy in comparison with the unpro-
tected specimens in all cases. The AP 5LX 65 steel Charpy specimens tested
in air at 20 °C after, being exposed to the corrosive environment for 350 and
750 hours, 'indicate that the longer exposure of the specimens in the corrosive
environment the higher the intake of hydrogen and hence increased susceptibility
for SSCC.

The light fractograph (Plate 11.9) of the EN8 Charpy impact specimens shows that
there was very little deformation of the specimens at the compression side direct-
ly opposite the notch in all the cases. This may be due to the fact that the

EN 8 steel exhibited a low impact energy of 30 joules. The scanning electron
microscopic fractograph on the control EN 8 steel Charpy specimen shows

(Plate 11.10) that the fracture was a quasicleavage fracture with some indica-
tion of dimples. The SEM fractograph of the corroded EN 8 steel Charpy spec-
imen shows (Plate 11.11) that the fracture surface was a mixture of cleavage
facets and short, deep intergranular cracking, yet shows indication of some
dimples. The SEM fractograph (Plate 11.12) of the unprotected specimen
demonstrates that the fracture surface was similar to the one reported to the
Protected specimen. But it can also be seen that there are some deep intergran-
ular cracks in the unprotected specimen fracture surface, which is an indication
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of severe hydrogen attack on the unprotected specimens. Hence, the SEM
fractographs confirm that the proposed technique gave a considerable amount of

protection.

The light fractographs (Plates 11.13 and 11.14) of the APl 5LX 65 steel
Charpy specimens indicate that there was a blister type attack on the unprotected
specimens when exposed to the corrosive environment for 350 and 850 hours.
Furthermore it may be seen that the blister type attack was increased with time.
The fateral deformation of the specimens at the compression side directly oppo-
site the notch shows that the unprotected specimens' were deformed less in com-
parison with the protected specimens. There was very little deformation observed
when the unprotected specimens were exposed to the environment for 850 hours.
This observation also confirms that there had been a severe hydrogen attack on

the unprotected specimens.

The scanning electron microscopic fractographs taken of the control AP! 5LX 65
steel Charpy specimens show that there were three types of fracture zones. These
zones are shown in Plates 8.15, 8.16 and 8.17. The Plate 8.15 exhibits a
complete dimple fracture; Plate 8.16 shows a quasicleavage fracture with little
appearance of dimples; and Plate 8.17 indicates more dimple fracture than the
quasicleavage. The SEM fractographs (Plates 11.18 and 11.19) of the protec-
ted specimens show that two types of fracture surface exist, one a mixture of
quasicleavage and dimple fracture, the other a complete quasicleavage fracture.
The SEM fractograph on the unprotected specimen indicates that there was only
one type of fracture, a complete quasicleavage with some cavities, which is an

indication for the severe hydrogen attack.

The above discussion on the SEM fractographs of the specimens add its confir-
mation that the proposed MoS,/FEP coat gave a considerable protection to the
steels against SSCC, when subjected to a sour cotrosive environment for various

periods of time,

- 260 -



CHAPTER TWELVE

EVALUATION OF THE PROPOSED METHOD UNDER
SOUR-CORROSION-FATIGUE CONDITION



CHAPTER 12.

EVALUATION OF THE PROPOSED METHOD UNDER'SOUR-CORROSION-
FATIGUE CONDITION.

12.1. Introduction.

Although the effectiveness of the proposed technique to inhibit the SSCC in
steel has been demonstrated clearly in the previous chapters, it is necessary to
study the effect of the MoS,/FEP coat on corrosion fatigue crack growth of
steel in a sour environment. This is because pipelines protected with the
MaS,/FEP coat have to operate in sour corrosive environments where the
corrosion fatigue problem is unavoidable. Furthermore, in recent years, several
failures have been reported in large diameter crude oil transmission pipelines
and it was identified that the failures were due to the extension of small cracks
(developed due to weld defects) on the inner side of pipe structures by corrosion
fatigue(130). Moreover Vosikowsky(l\sl) reported that fatigue crack growth

in pipevline steel in crude oil saturated with hydrogen sulphide, (w5000 ppm)
was substantially increased, by up to 20 times, compared with the crack growth
in air. Due to this.increase of corrosion fatigue crack growth rate in a sour
environment it was decided to carry-out corrosion fatigue tests on APl 5LX 65
steel compact tension specimens (CTS) both with and without the proposed

MoSg/FEP coat applied.

One of the major problems faced in this study is the measurement of growing
fatigue crack length in the corrosive environment without interrupting the test.
To overcome this problem, the crack lengths were calculated by using changes

in total system compliance in a calibration curve.

- 261 -



12.2. Experimental Procedures.

12.2.1. Materials Preparation.

APl 5LX 65 steel compact tension specimens (CTS) were used for this
study. The chemical composition and _mechanical properties of the steel
are given in Tables 9.1 and 9.2 respectively. The CTS were prepared
as detailed in the section 9.2.1. The protected and unprotected speci-
mens were coated with MoS;/FEP and Lacomat varnish respectively as
shown in Figure 9.4. Unball-milied MoS,/FEP protective coat with
catalyst to FEP ratio of 1:1.12 was prepared as outlined in the section
5.4.1.1. NACE solution saturated with H, S was used as the sour

corrosive environment.

12.2.2. Crack Length Calibration Using Total System Compliance.

It has been demonstrated by Duggan and Proctor(132) that growing crack

lengths may be measured from changes in specimen compliance. Normally
the load-displacement curve is recorded for a specimen with the help of a
clip gauge or a displacement transducer positioned conveniently on the
specimen depending on its type. The autographically recorded load-
displacement curve facilitates the calculation of the specimen's compli-
ance at a particular value of crack length. Furthermore a series of meas-
urements ,at various crack length, on the same type of specimens would
help to construct a calibration curve and subsequently it could be used to
measure growing crack length in fatigue tests without interruption.

In this corrosion fatigue study it was found difficult to construct a com-
partment to separate the corrosive environment at the crack tip area and
the V-notch area where the clip gauge should be placed. This is because
of the small dimensions of the CTS determined by the thickness of the
parent material. Therefore it was decided to use total system (specimens
and attachment) compliances at various crack lengths to establish a
calibration curve. The experimental procedures adopted to construct the

calibration curve are outlined below.
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Fatigue cracks of different lengths ranging from 1 to 8 mm were made on a
series of APl 5LX 65 steel CTS as detailed in the section 9.2.1. The
specimen was fixed to the attachments as illustrated in Figure 9.5. then
placed in the test cell and connected to the testing machine with the help
of extension rods as shown in Plate 9.1. When the specimen was fixed
to the Mayes testing machine, 3 cycles of cyclic load (maximum of 7 kN
and minimum Q.7 kN), with a frequency of 10 cycles/min. was applied
before the corrosive solution was placed in the test cell. The load-
displacement (crosshead) curve was recorded autographically by an X-Y
plotter.built into the Mayes machine. Then the test cell was filled with
NACE solution saturated with H, S at 20° C and maintained at a temper-
ature of 20 + 292 C during the course of the experiment. As soon as the
corrosive solution was added to the test cell, 3 cycles of cyclic load
with the same characteristic was applied to the specimen and load-
displacement curves were recorded. This process was repeated every
hour for six hours continuously. The specimen was taken out at the end
of the 6 hour period and dried before being broken in air to identify any

subsequent crack growth.

It was found from the calibration test results that there was hardly any
change in the total system compliance value between the test in air and in
the corrosive environment at different periods of time, when the initial
fatigue crack on the specimens were below 5.5 mm in length. At higher
values of initial fatigue cnfack fength, above 5.5 mm, changes in the com-
pliance with time were noted. Subsequent microscopic examination of
such feacture surfaces revealed that there was a growth in the

initial crack due to the application of even a few cycles. Also it was
found that the change in compliance values agreed well with the length of
the crack grown. Furthermore the resuits confirmed that the compliance
values were not changed due to an embrittlement effect. The calibration
curve established from the results is given in Figure 12.1.
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Figure 12.1. The calibration curve used in the calculation
of growing-corrosion-fatigue-crack length.

125 ¢

120

115 ¢ /

[
—
o

T

Total system compliance (MM/y\)/ 1072
=t
[=)
o

(]
o
o

T

O
(9]
T

85
go | /
75 * . . . ,

0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80
Crack length/thickness (3/y)

- 264 -



12.2.3. Test Procedure.

The coated CTS was placed in the test cell and connected to the Mayes
testing machine as detailed in the previous section. The NACE solution
was first purged with N for 30 minutes foilowed by H_ S for another

30 minutes while maintaining the temperature at 20° C, to ensure proper
saturation. The test cell was filled with the corrosive solution and the
temperature was maintained at 20 + 29 C throughout the experiment with
the help of heating tape. The preselected cyclic.load with a frequency of
10 cycles/min. and R vaiue (minimum load/maximum load) of 0.1 was
applied. The load-displacement curve was recorded autographically at
the beginning of the test and continued at specific time intervals.
Typical load displacement curves at a series of time for an unprotected

specimen is given in Figure 12.2.

12.3. Resuits.

Using the load-displacement curves recorded with the function of time the corres-
ponding compliance values were calculated. The calculated compliance values
were used to read-off the crack lengths from the calibration curve. Then the
stress intensity factors (klmin- and klmax.) at a particular instance were calcu-
lated from the maximum and minimum loads, the calculated crack length at that

instant and dimensions of specimens, using the principles of linear elastic frac-

ture mechanics(l 20).

Figure 12.3 gives the curves of corrosion fatigue crack length, a, versus total
number of elapsed load cycles ‘N' on the protected and unprotected specimens
when tested under the cyclic load range of 5 kN and 0.5 kN, in NACE solution
saturated with H_ S at 20 + 29 C. The corresponding curves for the specimens
when tested under the cyclic load range of 7 kN and 0.7 kN are given in
Figure 12.4. The corrosion fatigue crack growth rate versus stress intensity
factor plots for the protected and unprotected specimens, tested in the corrosive
environment at the two ranges of cyclic loading are given in Figures 12.5 and
12.6 respectively.
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Figure 12.5. Corrosion fatigue crack growth rate for

AP1 5LX 65 steel CTS as a function of
stress intensity factor. The specimens

were tested with a load range of 5 kN to
0.5 kN in NACE solution saturated with
H,S at 200 C.
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Figure 12.6. Corrosion fatigue crack growth rate for
APl 5LX 65 steel CTS as a function of

stress intensity factor. The specimens

were tested with a load range of 7 kN to
0.7 kN in NACE solution saturated with
H,Sat 200 C.

Unprotected specimens.
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12.4. Discussion.

The data presented on the curves of crack length versus total number of elapsed
load cycles (Figure 8.3 and 8.4) indicates that the corrosion fatigue life of the
protected specimens increased considerably compared to the unprotected speci-
mens. Inthe case when 5 kN was the maximum load maintained in the cyclic
loading, the corrosion fatigue life of the protected specimens improved by about
60 percent compared to the unprotected specimens. Furthermore, in the case of
the 7 kN maximum load experiments the life of the protected specimens increased

by about 45 percent.

The measured corrosion fatigue crack growth rates in HyS saturated NACE
solution at a low cyclic frequency of 10-cycles/min as a function of stress
intensity factor, indicate that the crack growth rates on the unprotected speci-
mens were considerably higher than the protected specimens. In the case of the
5 kN maximum cyclic load the crack growth rate in unprotected specimens in the
corrosive environment increased up to 13 times compared with the crack growth
in air, At the same conditions, the crack growth rate in the protected specimens
increased by only up to 7 times compared to the results in air. Hence the corro-
sion fatigue crack growth rate in unprotected specimen was increased about 85
percent compared to the protected specimen in the sour environmental condition.
The same amount of crack growth rate increase was found in the unprotected
specimens when the specimens were tested under the maximum load of 7 kN.

The results on the corrosion fatigue tests clearly indicate that the MoS, /FEP
protective coat gave a considerable amount of improvement in the corrosion
fatigue life of the APl 5LX 65 steel. This confirms positively that the proposed
method for inhibition of SSCC in steel could be used successfully in a sour
corrosive environment where the corrosion fatigue problem is unavoidable.
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CHAPTER 13.

CONCLUSIONS ON PART 2 - THE MECHANICAL ASPECTS.

The mechanical studies carried out to evaluate the effectiveness of the proposed
novel method to inhibit sulphide stress corrosion cracking (SSCC) in steel were
greatly helped by the literature survey on stress corrosion test methods and
interpretation of results. No single stress corrosion test method that was
superior to all others was found in the literature. It has been clearly shown that
susceptibility of a material for stress corrosion cracking (SCC) could escape
detection unless pre-cracked specimens are used. There are many types of pre-
cracked specimens described in the literature. However, compact tension-,
cantilever beam- and double cantilever tapered-specimens are the most commonly
used pre-cracked specimens. The pre-cracked specimens are tested under three
different loading conditions, which are constant strain, constant load and con-
tinuous straining/loading. Two parameters, threshold stress intensity factor for
SCC, i.e. leCC , (presumably no stress corrosion crack grows below this
stress intensity factor) and crack growth rate above the kISCC value are meas-
ured on these pre-cracked specimens. Although the application of fracture
mechanics facilities understanding more about SCC, in terms of kI sce and
crack growth rate, the experimental results could not be used directly for engin-
eering design. This is because the parameters measured in experimental studies
are dependent on various other parameters, which could give misleading values.
Therefore, the petroleum industry uses an indirect method to evaluate new mat-

erials and protective measures developed to combat SSCC.

Continuous slower straining/loading rate tests using compact tension specimens
made of G1 Special steel (equivalent to EN 30B steel available in the market)
and APl 5LX 65 steel were mainly selected to evaluate the proposed method in
terms of mechanical properties. The tests on the G1 Special steel CTS with
various loading rates indicated that when the loading rate was reduced from
7680 MN m=¥/ 3/hour to 10 MN m~Y 3/hour or below, the stress intensity factor
at failure reduced from 76 22 MN m~ 73 t0 12.5+ 0.5 MN m~%2 in NACE
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solution saturated with H,S at 20+ 2° C. This susceptibility to SSCC measur-
ed in terms of stress intensity factor was firmly supported by the scanning elec-
tron micrascopic (SEM) examination studies of the fracture surfaces of the
specimens. The SEM fractographs of the specimens tested at a loading rate of
55.2 MN m~¥2/hour showed that the fracture had progressed with an intergran-
ular fracture mode then changed to ductile dimple mode. This ductile dimple
fracture mode is the fracture mode generally observed on the Gl Special CTS
when tested in air with various loading rates ranging from lowest of 3.3 MN m~¥8
/hour to highest of 7680 MN m~*2/hour. The SEM fractographs of the speci-
mens tested at a loading rate of 25.2 MN m~¥3/hour showed that the fracture
was completely of intergranular fracture mode. This mode of fracture demon-
strates that the crack has grown fully under the influence of SSCC. But, the
stress intensity factor at failure at this loading rate did not approach a constant
value. However, when the GI Special CTS were tested at or below 10 MN m-¥
/hour loading rate, the fracture mode was completely intergranular as noticed at
the loading rate of 25.2 MN m"%/hour and the stress intensity factor value at
failure approached a constant value of 12.5+ 0.5 MN m=¥3, Furthermore this
value agreed well with the kigce value given in the literature for this material.
This shows that when high strength steels pre-cracked CTS are tested with a
loading rate of 10 MN m=¥3/hour or less in NACE solution saturated with H,S
at 20 £ 2° C, the susceptibility to SSCC could be detected. Hence the loading
rate of less than 10 MN m~*%/hour was used in the continuous slower
straining/loading rate tests and three parameters, viz., stress intensity factor
at failure, energy required for fracturing the specimens and average energy con-

sumed for unit length of crack extension were measured.

The continuous slower straining/loading rate tests on APl 5LX 65 steel CTS
protected with ball-milled MoS,/FEP coat showed a significant improvement of
the mechanical parameters measured over the unprotected specimens. The
specimens protected with unball-milled MoS,/FEP coat with higher FEP content
also gave a significant improvement over the unprotected specimens, but there
was very little difference between each type of coats. However the unball-
milled MoS,/FEP coated specimens gave marginally better results than the
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specimens coated with ball-milled MoS,/FEP coat. Table 13.1 shows the
percentage improvement in the measured mechanical properties on the

API 5LX 65 steel CTS coated with both types of coat and tested under the
same experimental conditions. From Table 13.1 it is clearly seen that both

Table 13.1.

The percentage improvement in the measured mechanical properties on the

APl 5LX 65 steel CTS coated with both types of coat and tested with a load-
ing rate of » 5 MN m""/’/hour in NACE solution saturated with H,S as a
function of temperature.

Average energy

Total fracture consumed for unit length

Temperature le at failure

(CH® energy of crack extension
(percent) (percent) (percent)
ball- unball-  ball- unball- bali- unball-
milled milled milled milled milled milled.
20 7.5 11.7 32.6 43.2 33.5 40.5
40 9.9 10.8 25.7 28.5 27.2 26.8
60 11.5 14.6 37.6 35.6 37.2 38.6

coats gave 11, 33 and 34 percent improvement on the parameters, le at
failure, total energy consumed for fracturing the specimen and average energy
consumed for unit length of crack extension respectively. The slower straining/
loading rate tests on the Gl Special.steel CTS gave significant improvement in
mechanical properties over unprotected specimens, when protected with ball-
milled MoS,/FEP coat. The percentage improvements are given in Table 13.2
in terms of the mechanical parameters measured as a function of temperature.

Table 13.2.

The percentage improvements in the measured mechanical properties on the G1
Special steel CTS protected with ball-milled MoS,/FEP coat and tested with
loading rates ~ 5 MN m~¥3/hour in NACE solution saturated with H,S as a
function of temperature.

Average energy

Temperature le at failure Total fracture consumed for unit length
©Q (percent) (energy b crack extension.
percen (percent)
10 12.9 25.5 29.9
20 24.1 83.2 81.7
40 29.8 - 89.4 50.4
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The results given in Tables 13.1 and 13.2 show that the effectiveness of the
protective coat improved more in the case of G1 Special steel CTS (about 80
percent in terms of energy terms) than in the APl 5LX 65 steel CTS when
tested at temperatures of 20 and 40° C. This was attributed to the fact that
the G1 Special steel is more susceptible to the SSCC than the APl 5LX 65
steel. Further, effectiveness of the proposed method to inhibit SSCC in the

G1 Special steel CTS was supported by the SEM studies on the fracture sur-
faces of the specimens. The assessment of the ductile fracture area on the
protected and unprotected specimens' fracture surfaces, tested in the corrosive
environment at 10 + 2° C showed that there were about 55 to 65 percent ductile
fracture area noticed on the protected specimens whereas on the unprotected

specimens the ductile fracture area was only 10 to 20 percent.

The sustained load tests carried out on the G1 Special steel CTS showed that
the proposed method gave a considerable amount of improvement in the failure
time when protected with either separate electrodes or with an adherent coat
(unball-milled MoS,/FEP coat), in NACE solution with H;S bubbling continu-
ously at 20+ 2° C. The crack growth rate measurement studies indicated that
the specimens protected with adherent coat and tested at initial stress intensity
factors of 14.5, 16.0 and 21.0 MN m~¥3 “improved in useful life time

by 55, 37 and 50 percent respectively. The crack growth rates measurement
showed that in the region |l where the crack growth rate was controlled by an
electro-chemical or physical process, the growth rates on the unprotected speci-
mens were increased between 1.7 and 2.0 times those on the specimens protec-

ted with the adherent coat.

Slower straining/loading rate tests on the G1 Special steel CTS after being sub-
jected to the corrosive environment of NACE solution continuously bubbling with
H,S at 60° C for 750 hours showed that the adherent protective coat gave a
significant improvement to the protected specimens in terms of the mechanical
parameters measured. Table 13.3 gives the percentage improvement of the
mechanical properties when the specimens were protected with the ball-milled
MoS_/FEP coat. The effectiveness of the proposed protective coat was
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Table 13.3.

The percentage improvements of the mechanical properties measured on the

Gl Special steel CTS protected with ball-milled MoS,/FEP coat tested under
slower straining/loading rate in air at room temperature after being subjected to
the corrosive environment of NACE solution,continuously bubbling with H,S,at
60° C for 750 hours.

Average energy
Loading rate le at failure Total fracture  consumed for unit

XY energy length of crack
(MN m™*=/hour) (percent). (percent). extension (percent)
40 19.9 53.4 60.6
5 44,2 71.4 54.2

clearly shown at the loading rates of 40 and 5 MN m‘%/hour. However, the
percentage improvement of the mechanical properties were higher when the

loading rate was reduced from 40 to 5 MN m=%2, This is due to the fact that
the susceptibility to SSCC is enhanced when the specimens are tested at sig-

nificantly lower straining/loading rates.

The API 5LX 65 steel CTS tested with a loading rate of » 5 MN m~72 after
being subjected to the corrosive environment of NACE solution,continuously
bubbling with H,S,at 60° C for 750 hours showed that the specimens coated
with unball-milled MoS,/FEP coat, improved significantly in the measured
mechanical parameters over the unprotected specimens. There were 9.4,43.7,
42.9 and 51.5 percent improvements noticed in the mechanical parameters of
stress intensity factor at failure, total energy consumed for fracturing the speci-
men, average energy consumed for unit length of crack extension and maximum
value of crack opening displacement (COD) respectively. The three-point bend
specimens made of AP| 5LX 65 steel and protected with unball-milled MoS,/
FEP coat after being subjected to the corrosive environment also exhibited
significant improvement on the COD value over the unprotected specimens when
tested with a lower loading rate of 47 MN m=*3/hour. However,at the higher
loading rate of 3425 MN m~¥2 the COD values of the protected and the un-
protected specimens did not differ significantly though they exhibited higher
values than of the lower loading rate. This is due to the fact that the suscep-
tibility to SSCC or delayed failure in terms of the COD values could be only
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detected when the specimens are tested at significantly lower straining/loading

rates.

The Charpy impact test on the APl 5LX 65 steel, EN 8 steel and mild steel
specimens after being subjected to the corrosive environment of NACE solution
continuouély bubbling with H,S at 60° C for various periods of time indicated
an improvement of between 10 and 15 percent in terms of fracture energy. The
light fractograph of the EN 8 specimens indicated very little deformation on the
compression side directly opposite the notch. However, the SEM fractographs
of the specimens showed that there were deep secondary intergranular cracks in
the unprotected specimens surface, which is an indication of severe hydrogen
attack. The light fractographs of the APl 5LX 65 Charpy specimens indicated
that there was a blister type attack on the unprotected specimens which increased
with time. Also the SEM fractographs of the specimens indicated that there
were some cavities in the unprotected specimen. This shows that the unprotec-
ted specimens picked up more hydrogen when subjected to the corrosive

environment.

The corrosion fatigue crack growth studies on the APl 5LX 65 steel CTS in the
corrosive environment of NACE solution saturated with HzS at 20+ 2° C
indicated that the fatigue life of the protected specimens improved by 60 and

45 percent when tested with the maximum value of 7 kN and 5kN cycles respec-
tively. The corrosion fatigue crack growth rates studies on the specimens
indicated that the crack growth rates in the unprotected specimens were about
twice the rate in the specimens coated with the unball~milled MoS,/FEP coat.

Therefore all the mechanical parameters measured in this part 2 of the experi-
mental sutdies clearly show that the proposed protective coat of MoS,/FEP
inhibited the SSCC in the steels studied to an appreciable level. Also these
studies effectively show the viability of the protective method. Thus this
protective method has a great potential for industrial application.
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CHAPTER 14.

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK.

14.1. Conclusions

The internal sour corrosion which brings about sulphide stress corrosion crack-
ing, SSCC, in hot risers carrying crude oil and gas mixtures from the geological
strata to production platforms and the pipelines carrying these products to refiner-
ies is one of the major problems faced by the petroleum industry throughout the
world. This SSCC is likely to increase in severity for the North Sea oil and gas
industry as the fields get older and platforms are moved to deeper waters. This
is because hydrogen sulphide concentration increases as the fields get older and
deeper water explorations require high strength steels. Prevention measures
taken at present are not adequate to prevent SSCC effectively. Therefore exten-
sive research has been carried out to find suitable methods to prevent SSCC in the
petroleum industry. A novel method has been found and evaluated for its effec-
tiveness to inhibit SSCC in steel. The novel method is based on using an active
hydrogen evolution sulphide electro-catalyst, more active than steel, as a coat
on steel surface, such that the hydrogen evolution will take place on the catalyst
surface, instead of on the corroding steel surface. Therefore the amount of
atomic hydrogen diffusing through the steel is greatly reduced. Hence, SSCC in
steel is effectively inhibited.

A computer-aided literature survey supplemented with a manual search on SSCC
in steel and its prevention, with particular reference to the oil and gas industry,
was carried out to understand the problem and to devise experimental studies to
evaluate the method. According to the literature survey there are 8 major factors
via., concentration of H,S, pH value, micro-organisms, temperature, sulphide
film, microstructure and heat-treatment, cold work and strength level that are
found to dominate the level of susceptibility of steels to SSCC.
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The electrochemical aspects of the three sulphide electro-catalysts were eval-
uated in the various experimental studies, viz., electrochemical polarization,
hydrogen diffusion and corrosion weight loss measurements. The MoS;/FEP
electro-catalyst coat was selected for further studies and it is found to possess,

three major characteristics that are summarised below.

1. The coat is stable without any deterioration due to the sour corrosive

environmental attack.

2. The coat is active enough to reduce the diffusion of atomic hydrogen
through steel, which is formed on the steel surface due to sour corrosion.

3. The coat provides as little as possible enhancement of normal corrosion,
when partially coated on to the steel coupons. It also helps to form a
protective sulphide film which inhibits the sour corrosion in the longer

term.

An understanding of the mechanical aspects of the experimental studies was aided
by the literature survey on stress corrosion test methods and the interpretation of
results. No single stress corrosion test method, that was superior to all others,
was found in the literature. However, slower straining/loading rate tests, and
sustained load tests were selected to study the changes in various mechanical
parameters on different types of specimens when protected with MoS;/FEP coat.
In addition to these tests, Charpy impact tests were also carried out. The

mechanical parameters measured on the specimens are;

a) for compact tension specimens
- stress intensity factor at failure
- total energy required for fracturing the specimen
- average energy consumed per unit length of crack extension
- crack opening displacement
- crack growth rate
- time to failure.
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b) for three-point bend specimens
- crack opening displacement.

c) for Charpy V-notch impact test specimens

- fracture energy.

All these mechanical parameters clearly exhibited the viability and effectiveness
of the MoS;/FEP coat to inhibit SSCC in steel. Furthermore, the significant
improvement in the mechanical parameters were confirmed by scanning electron

microscopic studies.

The sour-corrosion-fatigue studies on compact tension specimens confirmed that
the MoS; /FEP protective coat to inhibit SSCC in steel could be used effectively
in environments where the cyclic loading pattern is unavoidable. Thus, it was
proved without any doubt that the protective MoS,/FEP coat possess a great
potential to inhibit SSCC.

14.2 Suggestions for Further Work

The method of using MoS_/FEP coat to inhibit SSCC in steel has been exten-

sively evaluated from electrochemical and mechanical points of view. It has

been proved that the technique possess a great potential to inhibit SSCC in

steel for a significant level which is considered to be a breakthrough(133). However,
it is of utmost importance to evaluate the method further before it could become

a major technique to prevent SSCC of steels in the petroleum industry. Further

work should be concentrated in four areas which are outlined below.

1. Investigation of the sulphide film.

2. Study of the mechanical and physical properties of MoS,/FEP coat.
3. Development of a non-conducting top coat.

4. Full scale testing.
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The first three areas are closely inter-related and should be investigated con-

currently, before full scale testing.

Investigation of the sulphide film,

It has been found during corrosion weight loss measurement studies that
the sulphide film formed on the MoS,/FEP partially coated coupons
corroded surface was dense and protected the substrate against further
corrasion. This study was only carried out up to 200 hours. Hence it
is necessary to study the sulphide film formation for longer periods in
more detail. The mechanism of its formation, stability as a function of
time, electrochemical characteristics and effect of other species on the
film such as CO, and O, should be evaluated.

Study of mechanical and physical properties of MoS;/FEP coat.

Although the electrochemical characteristics of the MoS,/FEP coat are
the most important for the novel method of preventing SSCC in steel, the
mechanical and physical properties of the coat are equally important for
its application in the actual working environment. Hence, it is necessary
to study its mechanical properties such as thickness, strength and tough-
ness, and physical properties such as thermal conductivity, coefficient of
expansion, bonding strength, and effect of contamination. Furthermore,
in the experimental studies reported in this thesis, the MoS;/FEP coat
was prepared in very small quantities and applied with a paint brush on
small test pieces. This practice cannot be used in the industrial situa-
tion. Hence, it is necessary to develop a new technique to apply the
MoS_/FEP mixture.

Development of non-conducting top coat for MoS, /FEP coat:

The development of the technique to inhibit SSCC in steel in the petro-
leum industry is coupled with the evaluation of a non-conducting top-
coat for the MoS_/FEP coat. No effort has been made to evaluate this
non-conducting coat in the experimental studies reported in this thesis
due to lack of time. However, it requires urgent attention and
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evaluation, because industrial application is heavily dependent on the

successful development of this non-conducting top coat.

Full scale testing:

Although the effectiveness of the MoS, /FEP coat has been evaluated in
great detail in the experimental studies from the electrochemical and
mechanical points of view, it is necessary to evaluate its effectiveness
in actual working conditions. Hence, tests have to be carried out in

an industrial environment using various specimens and full scale pipes,.
coated with the MoS_/FEP and the top non-conducting coats.
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