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Abstract

To attend the growing global demand for energy, oil production—expected to grow in the
foreseeable future—relies on the extraction from unconventional resources, such as deep
deposits off the coast and ultra-deep water. These environments are contaminated with
significant amounts of hydrogen sulphide, a by—product that promotes hydrogen absorp-
tion and subsequent failure by sulphide stress cracking (SSC). The 17-4 PH—a stainless
steel widely used for oilfield components—is susceptible to SSC, in spite of its favourable
combination of properties. In this study, plasma—based treatments, often used to improve
wear resistance, were identified as potential methods to increase the resistance to SSC.
To evaluate it, the 17-4 PH was surface-modified by conventional and low—temperature
plasma nitriding (LTPN) and submitted to standard SSC experiments. LTPN resulted
in superior resistance to SSC compared to both unmodified and HTPN conditions, at-
tributed to the formation of a nitrogen-rich layer comprising mixed iron nitrides (e-Fey 3N
and y'-FeyN) and expanded martensite without precipitation of chromium nitrides. The
protection provided by this structure was mainly due to the compressive residual stress
induced by nitriding, combined with the superior resistance to localised corrosion and the

reduced hydrogen uptake by the substrate.
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Chapter 1

Introduction

This chapter describes and contextualises the problem being investigated and states the
general and specific objectives of this work. It presents a brief description of the research

methods, scope, contributions and overview of the thesis.

1.1 Problem statement

Global oil consumption has been continuously growing [1] (Figure 1.1) and it is expected to
continue to grow in the next decades, as predicted by the Energy Information Association
[2]. To attend this demand, oil is being extracted from unconventional reserves, which
require advanced technology to become operational and economically viable [3]|. Offshore
deposits in ultra-deep water (i.e. water depth greater than 2000 m) and deep reservoirs (>
3000 m), as those located off the coast of Brazil, for example, require sophisticated drilling
technology to extract oil from under a thick pre-salt layer. Moreover, these environments
contain significant amounts of hydrogen sulphide (H,S), a toxic gas [4| generated naturally
in oil and gas reservoirs [5| that promotes hydrogen absorption into metallic components
and thereby increases the chances of hydrogen-assisted failures. For high-strength steels,

widely used in unconventional offshore installations to overcome high pressures from these
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environments |6, 7], failures associated with hydrogen embrittlement are a major concern.
In the presence of H,S, sudden brittle fracture of high-strength steels can occur when
sufficiently high tensile stress is applied to the component. This phenomenon, known as
sulphide stress cracking (SSC) [8], was first reported in 1951 [9] and became subject of

intense research to avoid further catastrophic failures.
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FIGURE 1.1: Global primary energy consumption in million tones of oil
equivalent from 1991 to 2016. Data from [1]

A variety of high-strength steels are used in the oil and gas industry, including pre-
cipitation hardening (PH) stainless steels, of which the 17-4 PH (UNS S17400) is the
most used for subsea components [10]. Despite being attractive due to its favourable
combination of strength, toughness, corrosion resistance and cost [11, 12|, the 17-4 PH is

highly susceptible to SSC [13-15|. This low resistance has been acknowledged by NACE
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MRO0175/ISO 15156 [16]—an international standard providing recommendations and re-
quirements for qualification of materials exposed to HyS—which specifies environment
conditions (e.g. minimum pH and maximum H,S concentration), heat treatment parame-
ters and maximum hardness to prevent SSC of valves, tubing hangers and other subsurface
components. Recently, an additional limitation—maximum allowable stress —was added
to the standard [17], recognising that failures can occur at stress levels as low as 20 % of
the yield strength of the material, even when the other criteria are met. This restriction
clearly poses limitations for the use of the 17-4 PH in the oil and gas industry.

An additional limitation of the 17-4 PH is its low wear resistance, which can be im-
proved by thermochemical treatments, such as plasma nitriding [18]. These treatments
result in the formation of thin hard layers supersaturated with nitrogen, which can also
provide superior corrosion resistance if the treatment is performed at sufficiently low tem-
perature to avoid chromium depletion from the grain boundaries [19]. A recent attempt
to use similar treatment (i.e. plasma oxy-nitriding) to increase cracking resistance of the
17-4 PH |20] showed high susceptibility to SSC, comparable to that obtained for the un-
modified material in different studies. Plasma nitriding, however, seems to be a promising
technology to prevent SSC, provided that the treatment temperature is maintained below
that used in conventional nitriding and a compound layer is formed near the surface.
For these conditions, the nitrided layer can act as a barrier for hydrogen entry into the
substrate, as suggested in permeation studies with iron and steels [21-29] , without detri-
mental effect on its corrosion resistance. Besides, the compressive residual stress induced
by the treatment [30] can reduce or suppress the tensile stress and therefore minimise the

chances of failure by SSC.
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1.2 Objectives

The main aim of this work was to use low-temperature plasma nitriding (LTPN) to re-
duce the susceptibility of the 17-4 PH to SSC in typical oilfield environment containing
HyS and CO, as balance gas. In this context, low temperature is defined as any tem-
perature—below that used in conventional nitriding (i.e. 450-500°C)—that prevents the
precipitation of chromium nitrides and result in the formation of a compound layer on

the top of the modified section. The secondary objectives are as follows:

Select appropriate method(s) to evaluate the SSC susceptibility;

e Determine the SSC susceptibility of the unmodified 17-4 PH in typical oilfield en-

vironment containing H,S (CO, as balance gas);

e Select adequate plasma nitriding parameters (e.g. time, temperature and gas mix-
ture) and method (direct current or active screen techniques) to obtain the required

structure;

e Determine the corrosion resistance of the unmodified and plasma nitrided 17-4 PH

in typical oilfield environment with mixed HyS/CO,, pure HyS and pure COy;
e Determine the SSC susceptibility of plasma nitrided 17-4 PH in pure H,S;
e Evaluate the residual stress induced by the nitriding treatment;
e Evaluate the hydrogen uptake by the substrate material after nitriding;

e Analyse the mechanisms of SSC in plasma nitrided 17-4 PH.
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1.3 Rationale, significance and novelty

To date, there is no reference in the literature to the use of low-temperature plasma
nitiding to increase the resistance to SSC of PH stainless steels and therefore this work is
an original contribution to the current knowledge in this field. Moreover, this subject is of
great technological interest to the oil and gas industry, since the limits of application of the
unmodified 17-4 PH in oilfield components are being narrowed. If greater susceptibility
is obtained after the surface modification, there is potential to reduce failures by SSC
and the costs associated with it (e.g. replace and shut down, downtime) and the current
limits can be reviewed. Moreover, there is no published work on the corrosion resistance
of plasma nitrided 17-4 PH in H,S-containing environments and thus the present work

also contributes in this aspect.

1.4 Scope

The material selected to be evaluated in this work is the martensitic precipitation-hardening
stainless steel 17-4 PH, heat treated to the H1150D condition, recommended by NACE
MRO175/ISO 15156 [16] for applications in HyS-containing environments. All the experi-
ments were conducted at (23 £ 2) °C and ambient pressure and the material —unmodified
and plasma nitrided—was exposed to the same environment (i.e. synthetic produced
containing 165gL~! of NaCl and pH 4.5 4+ 0.2 saturated with 3.4kPa of HyS (CO, as
balance gas) and loaded to stress levels varying from 30 to 100 % of the yield strength
of the material. Additional measurements were taken in pure HyS (SSC and corrosion)
and in pure COy (corrosion), particularly for the low-temperature plasma nitrided con-

dition. Two plasma nitriding conditions were evaluated: conventional (at 500°C) and
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low-temperature (at 420 °C). Details about the reasoning for the selection of each param-

eter are presented in each chapter.
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FIGURE 1.2: Flow diagram of the research process

1.5 Research method

The present work consists in a research motivated by a practical application in the oil and

gas industry. The flow diagram presented in Figure 1.2 illustrates the research method

and the major stages used to solve the research problem. This is a simplified representa-

tion to provide an overview of the process and therefore the feedback loops were omitted.
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The research problem, for example, was frequently revisited—and adjusted when neces-
sary—and the literature review was continuously performed until the end of the research

to account for recent findings.

1.6 Thesis overview

The diagram in Figure 1.3 is presented at the beginning of the main chapters to high-
light the topics covered in that specific section and to clarify the links between major

experiments.

Heat treatment Plasma nitriding treatment
(solution annealing and — at low (LTPN) and high
precipitation hardening) Unmodified Plasma (HTPN) temperatures
) . material nitriding L
Mechamc_al properties T T Characterisation of the
and microstructure plasma nitrided layers

Susceptibility to SSC SSC

F1GURE 1.3: Schematic diagram situating the topics covered in each chap-
ter in the complete experimental context of this work.

Chapter 2 introduces relevant aspects associated with the susceptibility of the 17-4
PH to SSC and summarises results from laboratory and field failure investigations related
to the oil and gas industry. The chapter also outlines current knowledge about phe-
nomenological aspects of SSC and restrictions of the use of this material in environments
containing H,S. It finishes with a brief outline about surface modification techniques,
particularly plasma nitriding, which can be potentially applied to prevent SSC. The third

chapter presents the characterisation of microstructure and the mechanical properties
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of the 17-4 PH after the double precipitation hardening treatment and the structure of
the modified layer obtained after plasma nitriding at two different temperatures, i.e low
temperature and conventional temperature. The two following chapters (Chapter 4 and
Chapter 5) present the results from the SSC and localised corrosion investigations with
the unmodified and plasma nitrided conditions. Chapter 6 presents experimental and the-
oretical framework about the role of the plasma nitridied layer on the SSC susceptibility,
with emphasis on the residual stress induced after plasma nitriding and on the hydrogen
uptake by the substrate material (barrier effect of the nitrided case). Chapter 7 starts
with a summary of the correlations between corrosion resistance, residual stress, hydro-
gen permeation and SSC susceptibility and ends with the conclusions. The last chapter
(Chapter 8) list perspectives, technological implications and recommendations for future

work.



Chapter 2

Literature review: SSC and plasma

nitriding of the 17-4 PH

This chapter summarises results from field failure analysis and laboratory investigations
conducted to determine the susceptibility of the 17-4 PH to sulphide stress cracking (SSC).
These data provide an outline of the current knowledge and practical limitations of this
material within the context of oil and gas production systems containing hydrogen sul-
phide (H,S). The chapter also describes the current understanding of the mechanisms
and phenomenology of SSC and synthesises relevant aspects of surface modification, par-
ticularly plasma nitriding, which can be potentially applied to prevent it.

A major part of this chapter is adapted from a review paper on the SSC resistance of
the 17-4 PH [31], recently published by the author. Permitted use was granted according

to the copyright agreement.

2.1 The 17-4 PH in the oil and gas industry

17-4 PH (UNS S17400 — ASTM A564 Type 630 ot DIN 1.4542) is a high-chromium,

low—carbon precipitation-hardening (PH) stainless steel developed in the 1940s to meet
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the demand of the military industry for high—strength steels with greater corrosion resis-
tance at reasonable cost [11]. These characteristics have led to their extensive application
in the oil and gas industry since the early 1960s [10]. Despite its successful use in subsea
components exposed to environments containing H,S [32]—also known as sour environ-
ments—there have been recent debates about its limits of application [10]. Aqueous HyS
dissolved in the production fluids can promote the absorption of atomic hydrogen into the
metal and cause failure by SSC. This process consists of hydrogen absorption and subse-
quent fracture under either applied or residual tensile stress. Incidents involving SSC were
first reported in the 1950s and further occurrences in different oil fields promoted the ad-
vance of research on the subject [9]. Detailed laboratory investigations [33] confirmed that
most of the materials evaluated, including the 17-4 PH, failed by SSC. The data suggested
that local embrittlement at the crack tip accelerated crack propagation, although the ex-
act mechanisms of failure remained unclear. Further committees and task groups were
formed and, in 1975, NACE (National Association of Corrosion Engineers)—mnow NACE
International—issued the standard MRO175 specifying the requirements for the qualifica-
tion of corrosion-resistant alloys (CRA) exposed to HyS-containing environments. Later,
it became an international standard in association with the ISO 15156 [16]. The European
Federation of Corrosion (EFC) published related guidelines [34, 35] in the 1990s.

The recommendations from the MRO0175/ISO 15156-3 [16] restrict the applications
of wrought 17-4 PH to low partial pressures of HyS and limited acidity. Moreover, the
document recommends specific heat treatments and maximum loading conditions. These
limits—established based on the industrial experience and supported by numerous labo-
ratory investigations—might allow safer use of the 17-4 PH in the oil and gas industry,

even though there are still cases of failure when the materials meet these criteria.
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Figure 2.1 shows simplified cross section of typical offshore production unit exempli-
fying the application of the 17-4 PH in the oil and gas industry. This system, widely
used in the coast of Brazil, comprises a floating platform (FPSO - floating production,
storage and offloading) equipped with processing facilities extracting oil and gas with high
concentrations of HyS from ultra—deep water and deep reservoirs. At the seabed level, the
17-4 PH is mainly used for well head components, such as tubing hangers (as illustrated

in Figure 2.1) and valve stems.

FPSO
sea level d
flexible risers ZI %\
wellhead N E;Zlglﬁ“
seabed
200 m IIHHII '
il 4 ‘ L
casing
J]’ production
tubing
—]— = / S
5000 m — k—

oil reservoir

F1GURE 2.1: Simplified cross section of typical offshore production unit
and an amplified view of the tubing hanger assembly on the seabed

2.1.1 Typical service conditions in oil and gas production systems

In offshore installations, the 17-4 PH is primarily used for wellhead components and
valve assembly systems located at the seabed level, as illustrated in Figure 2.1, in which

the operating temperature ranges from 25 to 60°C [36]. Typical sour environment (i.e.
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contaminated with H,S) in oil production systems comprises the main following elements:
H,S, CO, and water.

H,S is a toxic [4] by-product that occurs naturally in the reservoirs or can be generated
by sulphate-reducing bacteria [5]. An environment is classifed as sour if the amount of H,S
is sufficiently high to cause cracking [37], which can be as low as the minimum detectable
level for highly susceptible materials. The International Energy Agency [38, 39| estimates
that more than 40% of the gas reserves are sour and another source [40| indicates that
the same applies for nearly 80% of crude oil reserves. The main issue associated with the
presence of H,S is that it enhances hydrogen absorption and, as a result, susceptible steels
can experience premature failures. Besides, iron sulphide is deposited on the surface as
a result of the reaction of HyS with iron and the susceptibility to SSC, as noted in some
studies [41], can be associated with all the conditions that determine the stability of these
deposits.

The water present in oil reservoirs is originated from geological formations (produced
water) or can be artificially injected in the system to overcome pressure fall. H,O with
dissolved H,S flow with the hydrocarbons (production fluids) and becomes in contact
with the internal walls of tubing and other internal components, increasing the chances
of failure by SSC. Produced waters from oil reservoirs typically contain up to 200 g L™! of
sodium chloride (NaCl) [36] and pH approximately 4.5 at ambient temperature [35]. In
gas reservoirs, water is formed by condensation and it usually has higher acidity (pH <
3.5) and only traces of produced water and thereby low NaCl content (1gL™1) [36].

CO, can be formed from carbonate minerals or injected into the oil field via oil-enhanced
recovery processes [42] used to increase the extraction rate of oil. Environments contain-
ing CO, tend to form iron carbonate (FeCOs3) scales [43] with protective characteristics

conditioned to adequate surface coverage and integrity during service.



2.1. The 17-4 PH in the oil and gas industry 13

2.1.2 Characteristics and properties of the 17-4 PH
2.1.2.1 Chemical composition

Table 2.1 shows current requirements [44] and reported elemental composition ranges of
the 17-4 PH obtained from published work [10, 18-20, 45-76|, along with a brief descrip-
tion of the major function of each alloying element added to this grade. The elements
are balanced to allow the formation of a martensitic structure at room temperature, yet
martensite alone is not sufficient to provide the required strength due to the low carbon
content (maximum 0.07 wt.%) and therefore further hardening is obtained by the precipi-
tation of copper during ageing (i.e. tempering), as detailed in the next section. Austenite
promoters, such as nickel, copper and manganese, are essential elements added to increase
toughness and ductility. The roles of particular elements on the corrosion characteristics

and on the cracking process are described throughout the next sections.

2.1.2.2 Microstructure and phase composition

Typical microstructure of precipitation-hardened 17-4 PH, schematically illustrated in
Figure 2.2, comprises a matrix of low—carbon martensite formed within prior-austenite
grains, which are divided into packets and subdivided into blocks containing martensite
laths. These are the main features of martensitic structures |77], which are obtained in
the 17-4 PH after standard multiple-step treatments [44| comprising solution annealing at
1040 °C and one or two precipitation—hardening (or ageing) cycles conducted at 480-760 °C
for up to 4 h. The martensitic structure is formed after annealing and a fraction of austen-
ite is retained at room temperature. This phase forms preferentially along prior—austenite
grains and lath contours. Further austenite is formed during the precipitation hardening

stage, simultaneously with copper precipitation.
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TABLE 2.1: Elemental composition requirements, actual composition
ranges of the 17-4 PH and the major functions of alloying elements
ASTM A564 Typical composition range
Element maximum or minimum - maximum Major function
range (wt.%) (average, wt.%)
o 0.07 0.01-0.06 Provides mechanical strength. Due to the low content,
(0.04) further strengthening is required (Cu precipitation)
15.00-17.00
Cr 15-17 Corrosion resistance [13]
(16.00)
Ni a5 3.20-5.15 Added to increase toughness and ductility by
1 -
(4.30) promoting the presence of austenitic structure
o .5 2.75-4.15 Provides most of the mechanical strength by forming
u -
(3.40) fine precipitates within the martensitic structure [12]
0.20-0.85 Similar to Ni, it contributes to toughness and ductility
Mn 1.00
(0.55) by promoting austenite [78]
P 0.040 0.002-0.030 Added to improve machinability. It has adverse effect
(0.020) on SSC (promotes intergranular cracking) [52]
g 0.030 0.001-0.030 Similar to P, it is added to increase machinability.
(0.012) It has negative effect on intergranular corrosion [79]
S L00 0.15-0.80 Used to prevent oxidation at high temperature during
i .
(0.45) the manufacturing process
0.15 + 0.45 0.03-3.10 (0.35) Mo Mo: strength at high temperature (ferrite promoter);
Others 0.15-0.35 (0.25) Nb Ti, Nb and Ta: prevent the precipitation of
(Nb + Ta)

Traces of Al, Ti, Ta

chromium carbides [12]

The transformation of austenite (y) into martensite (o’) upon cooling from the an-

nealing temperature is diffusionless, so that solute atoms that are in solid solution in the

face—centred cubic (f.c.c.) crystal of austenite remain in solid solution after the trans-

formation of this phase into the distorted body—centred tetragonal (b.c.t.) structure of
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packet boundary reverted
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precipitates =

FIGURE 2.2: Typical microstructure of the 17-4 PH obtained after precip-
itation hardening.

martensite. This rearrangement of atoms involves lattice distortion and, according to
the classical Bain strain theory, the b.c.t. structure is obtained by shearing of the f.c.c.
lattice [80]. In this case, the plane (010), coincides with the plane (110), and the lattice
parameters of martensite at this stage, as illustrated in Figure 2.3a, are ay, = a,/ V2 and
¢y = ay. To complete the transformation, a, expands in the =’ and y’ directions so that
the lattice parameter is equivalent to that of body—centred cubic (b.c.c.) crystals (a,). To
obtain a nearly cubic arrangement, ¢,, must be compressed (about 15%) in the z direction
(Figure 2.3b) and, as a result, the f.c.c. and b.c.t. phases are oriented according to the
Kurdjumov—Sachs relationship, i.e. {111},]|{110}, and (110),|[(111),. The distortion
of the b.c.t. unit cell with respect to the b.c.c. lattice depends on the carbon content
(C), e.g. ¢y/ay =1+ 0.045 C [81], but since the concentration of carbon is very low in
the 17-4 PH (maximum 0.07 wt.%), the approximation a, ~ ¢y &~ a, can be made when
quantifying the lattice parameters of martensite. This is particularly convenient when

analysing X-ray diffraction data.
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b.c.t. lattice

O Fe atoms (f.c.c.) ® Fe atoms (b.c.t.)

(a) (b)

FIGURE 2.3: Schematic representation of the transformation of austenite
into martensite according to the Bain strain theory: (a) transition state;
(b) resultant b.c.t. lattice

The temperature at which martensite starts to form on cooling, My, and that at which
the transformation is completed, M, are useful parameters to analyse the martensitic
transformation and they are primarily associated with the elemental composition of the
material. The following empirical formulae (Eq. 2.1 [81] and Eq. 2.2 [12]) are often used

to evaluate the transformation, with the concentrations expressed in wt.%:

M, (°C)) = 539 — 423 C — 30.4 Mn — 17.7 Ni — 12.1 Cr — 7.5 Mo (2.1)

M, (°F) = 2160 — 66 Cr — 102 Ni — 2620 (C + N) (2.2)

For the 17-4 PH, M varies from 250-320°C and M is estimated to be ~ 32°C [82].
When the material is cooled to 32°C, the following empirical relationship [81] predicts

that the volume fraction of austenite transformed into martensite (¢) during cooling from
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the annealing temperature (often 1040°C), will be larger then 95%:

1—¢=exp[f(M;—T)] where § = —0.011 (2.3)

At room temperature, it is therefore expected that the microstructure is essentially
martensite after the solution annealing stage is completed. The parameters of the sub-
sequent precipitation hardening stage (e.g. time and temperature) can be controlled to
obtain different mechanical properties. The precipitation—hardening temperature (ex-
pressed in °F) preceded by the letter “H” is used to designate standard heat treatments,
namely H900, H925, H1025, H1075, H1100, and H1150. Two double precipitation harden-
ing conditions (H1150D and the modified version H1150M), developed to increase fracture
toughness, are recommended by NACE MRO0175 [16] for applications in the oil and gas
industry due to their superior resistance to SSC. The description of microstructural fea-
tures of the 17-4 PH after precipitation hardening are therefore concentrated on these two

conditions. Their main mechanical requirements are reproduced in Table 2.2 [44].

TABLE 2.2: Minimum mechanical requirements and precipitation harden-
ing parameters for the 17-4 PH (conditions H1150D and H1150M)

Parameter /treatment H1150D H1150M
PH1®: 620°C (4h) PH1: 760°C (2h)

Precipitation hardening
PH2®: 620°C (4h) PH2: 620°C (4h)

Tensile strength (MPa) 860 795
Yield strength (MPa) 725 520
Elongation % in 50 mm 16 18
Reduction in area % 50 55
Hardness (Rockwell C) 24 (maximum 33) 24
Impact Charpy-V (J) 41 75

@ First and ®second precipitation hardening cycles
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Typical microstructural evolution during the different stages of the heat treatment
specified by ASTM A564 [44] for the H1150D and H1150M conditions is schematically
illustrated in Figure 2.4. In both cases, solution annealing (SA) is performed at 1040°C
for 30 minutes, the microstructure being essentially austenite at this point. On cooling to
below 32 °C, the majority of the austenite is transformed into low—carbon martensite (as
previously discussed) and a fraction is retained (y,;) within the martensitic matrix—the
material supplied at this condition is often referred to as "Condition A". For the H1150D,
two consecutive precipitation—hardening cycles at (620 + 14) °C for 4 hours are performed
after SA. In the modified version (H1150M), the first precipitation-hardening cycle is
conducted at (760 £ 14) °C.

A Y
1040°C (0.5 h)

o

7.; 760°C (4h) H1150M

=]

g / 620°C (4h) H1150D \ 620°C (4h)

? 77777777777777777777777777777777777777 A(‘l
<)

H

77777777777777777777777777777777777777 - 32°C
\ -

solution precipitation precipitation
treatment hardening 1 hardening 2

FIGURE 2.4: Schematic representation of typical microstructure evolution
of the 17-4 PH (conditions H1150D and H1150M).
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During the first (PH1) and the second (PH2) precipitation hardening stages, copper
precipitates (e-Cu) and reverted austenite grains (y ey and Yy”,ey) are formed in different
proportions. Reverted austenite is formed as follows: when the material is heated from
Condition A to above the temperature at which austenite starts to form (A.;), estimated
to be from 614 to 620 °C [60, 83|, martensite will be converted into austenite during PH1
and PH2 and a fraction of this phase will be retained when the material is subsequently
cooled to the room temperature after the end of each stage. Few quantitative data on the
austenite content of the 17-4 PH is available in the literature. In a recent investigation [46],
retained and reverted austenite were determined for each stage by using metallographic
examination and X-ray diffraction techniques [84]. It was observed that, in both H1150D
and H1150M, about 1% by volume of austenite was retained after SA and 3 and 15 vol.%
of reverted austenite were present after PH1 for H1150D and H1150M, respectively. The
higher y’.., content obtained for the latter was attributed to the higher temperature used
in the PHI1 cycle. At the end of PH2, the total amount of austenite (Yot + Y'rev + Y rev)
was 21 vol.% for the H1150D and 33 vol.% for the H1150M. These results demonstrate
the role of the second hardening, performed to increase the austenite content and thereby
increase the toughness of the material. By comparing these results with aditional data
[73, 82|, a wide range of total austenite content was noticed (6 to 21% for the H1150D
and from 19 to 33% for the H1150M condition).

Although well-defined parameters are specified for the heat treatment of H1150D and
H1150M, the final microstructure may vary due to the complexity associated with the
hardening phenomena. A rigorous control of the final microstructure is therefore essential
to minimise unexpected failures of components during service. Detailed investigations on

the microstructural evolution of the 17-4 PH during precipitation hardening [55, 68, 85|
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contributed to the better understanding of the hardening process. In spite of small vari-
ations in the treatment parameters used in each of these studies, similar microstructures
and equivalent hardening mechanisms were reported. Transmission electron microscopy
(TEM) was used to characterise the lath structure of martensite for a variety of precipita-
tion hardening conditions and to analyse the morphology of the copper precipitates. It was
observed that e-Cu precipitates (from 15 to 30 nm wide) were arranged in a f.c.c. structure
oriented with the martensitic structure according to the Kurdujumov—Sachs relationship.
It was also noticed that, at 620 °C (i.e. temperature used in PH1 and PH2 for the H1150D
condition), peak hardening was achieved after about 30 minutes due to the formation of
coherent (i.e. perfect match of the crystals at e-Cu/a’ interfaces) and finely distributed
copper precipitates [55]. By increasing the precipitation hardening time to above that
corresponding to the maximum hardness (i.e. over ageing), coarsening of e-Cu occurred
and the harness decreased, as illustrated in Figure 2.5. These results demonstrate that

e—Cu precipitates are essential features controlling the mechanical properties of the 17-4

PH.
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FIGURE 2.5: Microhardness evolution of the 17-4 PH by precipitation hard-
ening at 620 °C. Data from [55]
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TEM micrographs were also helpful in revealing the formation of reverted austenite
along lath contours of the martensitic structure. Austenite was observed when the 17-4
PH was over aged at relatively low temperatures, i.e. 350°C [85] or treated at elevated
temperatures (600-620 °C) for shorter periods (from 4 to 8 h) [55, 68]. These observations
are in agreement with data obtained by electron beam backscatter diffraction (EBSD) [48]
to generate phase maps of the 17-4 PH for different ageing times. In the latter case, the
authors detected the presence of retained and reverted austenite along the lath contours

and prior—austenite grains boundaries.
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FIGURE 2.6: (a) Portion of the binary Fe-Cr phase diagram indicating
the formation of d—ferrite in high-chromium stainless steels (adapted from
[86] (b) Schaeffler diagram representing the effect of the alloying elements
(proportions of Creq and Nigq) on the microstructure (adapted from [87])

The formation of d—ferrite was also observed [68] in the 17-4 PH and this can be
rationalised by analysing the Fe-Cr diagram shown in Figure 2.6a. Due to the high

Cr content, 6—ferrite is expected to be formed when the material is solution annealed at
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1040 °C and this phase will remain in the structure when the material is cooled to the room
temperature. The Schaeffler diagram presented in Figure 2.6b supports the formation of
o—ferrite based on the proportions of ferrite and austenite promoters. By determining
the chromium and nickel equivalent numbers from typical elemental composition of the
17-4 PH, the diagram predicts that o-ferrite will be in the microstructure along with

martensite.

2.2 Sulphide stress cracking

Standard terminology relating to corrosion [8] defines sulphide stress cracking (SSC) as
a type of environmentally—assisted cracking (EAC) that occurs due to the simultaneous
action of corrosion and tensile stress in aqueous environments containing H,S. The role
of HyS in SSC is to enhance the absorption and thereby diffusion of hydrogen into the
metal so that brittle cracks perpendicular to the applied or residual stress can be formed.
Although the acronym SSC has been used since 1952 88|, there are still inconsistencies
within the literature and the phenomena is often referred to as stress corrosion crack-
ing (SCC), which designates cracking due to simultaneous anodic dissolution and tensile
stress. SCC is a wider term that involves numerous aqueous corrosive environments, in-
cluding H,S (sulphide SCC) and in this case SSC can be considered a specific type of
SCC. For clarity and consistency, however, this chapter adopts the term SSC to designate
any failure in the presence of H,S, unless otherwise specified.

This section presents a brief review of the phenomenological aspects and mechanisms
of SSC as well as a description of the main variables affecting the SSC susceptibility.
Unless otherwise specified, the discussions are mainly based on results obtained from

research data or documented field work on the 17-4 PH heat—treated to either H1150D or
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H1150M conditions. In particular cases, when data from the 17-4 PH are not available,

materials with similar microstructure are used for reference.

2.2.1 Phenomenology and mechanisms
2.2.1.1 SSC mechanisms

In HyS-H,0 systems, HyS gas can be dissolved into aqueous H,S,,, [89], a weak acid that
can either remain in the aqueous state or dissociate in two steps to form sulphide ions

(S?) and hydrosulphides (HS") [90]:

HyS(aq — H™ + HS (2.4)

HS — H™ + S (2.5)

Potential-pH diagrams of sulphur-water systems [91, 92| predict that HyS(hq) will
be stable in acid solutions at room temperature, while its dissociation products will be
the main constituents at higher pH levels. At the metal surface, the corrosion in acid
environments involves the anodic dissolution of iron (Equation 2.6) accompanied by the
half-cell reaction at the cathode side, which consists of hydrogen adsorption (Equation

2.7) and subsequent hydrogen evolution (Equation 2.8) [93].

Fe — Fe*™ | 2¢ (2.6)

2H" +2e — 2H,4s (2.7)
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2Huqs — Hp (28)

Different theories for hydrogen charging by H,S have been proposed based on distinct
entry mechanisms. Investigations based on the classical model [93] suggest that the hy-
drogen adsorbed at the surface (H,qs) can either recombine to form Hy or be absorbed
into the metal in the atomic form (Figure 2.7a). This effect, referred as recombination
poisoning, was also observed [94] when different gaseous hydrides and other impurities
stimulated the entry of hydrogen in nickel. According to this model, hydrogen atoms
segregate and diffuse preferentially along grain boundaries, promoting intergranular em-

brittlement. Crack propagation occurs when the applied tensile stress is sufficiently high

(Figure 2.7b).

environment metal
containing H,S

aq

@ recombination poisoning

species (impurities)

@ atomic H

(b)

FIGURE 2.7: Schematic representation of hydrogen recombination during

SSC: (a) hydrogen evolution and recombination poisoning near the grain

boundaries; (b) preferential absorption of hydrogen on the grain boundaries
and intergranular crack under applied tensile stress.
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A different theory [95, 96] assumes that hydrosulphide ions (HS ) adsorb at the surface
and promote the direct transfer of hydrogen ions from the electrolyte into the metal
(Figure 2.8a). In this case, the role of HyS is not to weaken the hydrogen recombination,
as in the classical theory (i.e. recombination poisoning), but to act as a catalyst for the
uptake of hydrogen ions into the metal via direct proton transfer. An alternative model
[97| considers that hydrogen entry occurs via a transition state of adsorbed species (Figure
2.8b). Despite the differences proposed to describe H entry mechanism, there is a common

agreement that acid environments containing H,S enhance H absorption into the metal.

g - SH ads
HS = (HS )ads ¢
\ E SH ads
(H.5)., —-— (HSH) — |
/ (HZS)ads H+ t (HSH) ads H
H+ Hads
7, 7, 2 2
(@) (b)

FIGURE 2.8: Models for hydrogen charging if metals in HyS-containing
environments: (a) direct proton transfer; (b) hydrogen absorption through
transition state species.

Promising attempts to fully describe the SSC mechanisms of high—strength steels
based on holistic approaches incorporating mechanical and metallurgical aspects [98-
101] have been recently published. Although no experimental evidence was provided to
validate these models, they were helpful in contributing to the current understanding
about SSC, particularly on crack initiation from smooth surfaces. These models assume
that compressive strains at the early stages of yielding—induced by the Poisson’s effect
when the material is submitted to tensile loading—and slip dislocations will form cleavage

planes perpendicular to the applied tensile stress. According to this theory, hydrogen ions
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preferentially occupy these sites and promote lattice expansion until decohesion occurs by
the repulsive effect between H' and Fe?".

One important aspect to consider when evaluating cracking in H,S media is the pre-
cipitation of iron sulphide on the metal surface. If stable films are formed, they can
provide further protection against corrosion by acting as an additional barrier for the
diffusion of ferrous ions [102]. Conversely, if the conditions to mantain a stable film are
not sustained, additional sites for localised attack can be formed due to the poor surface
coverage. Besides, iron dissolution rate increases when iron sulphide is formed [93]. Sys-
tematic investigation [103| on the corrosion of iron exposed to HyS-saturated solutions
indicated that different structures of iron sulphide can be generated. The results revealed
that a base layer of mackinawite (tetragonal FeS;_,) was initially formed at the surface
by solid-state reaction. Pyrite (cubic FeSy) and troilite (distorted nickel arsenide-type
structure, FeS), were then formed in different proportions depending on the solution pH
and time of exposure. Overall, highly acidic conditions led to the formation of weak
films, possibly due to the greater solubility of the sulphur species in these environments.
In contrast, nearly neutral conditions resulted in the formation of thick protective films.

The following pathway was proposed [103]:

Fe + H,S + H,O — FeSH,q, + H;0™" (2.9)

FeSH,q. — FeSH, . + 2¢” (2.10)
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where the FeSH

s Species can be directly incorporated to the mackinawite layer (Equa-

tion 2.11) or react with water to form dissolved ferrous ion [104].

FeSH, i, — FeS;, + xSH + (1 — x)H" (2.11)

2.2.1.2 Hydrogen embrittlement

Cracking in H,S environments involves brittle fracture [105] and therefore SSC is often
categorised as a form of hydrogen embrittlement (HE), i.e. loss of ductility and /or though-
ness due to the presence of hydrogen within the metal [8]. This association is due to clear
indications of similarities between both phenomena [106], yet the correspondence is not
always adequate. The internal pressure theory of HE, in which hydrogen recombines to
form molecular hydrogen and induces localised pressure build—up, for example, is not
suitable to explain SSC on high—strength steels, whereas the hypothesis of embrittlement
by internal adsorption of hydrogen seem appropriate [107]. During SSC, hydrogen can
be generated during corrosion on the crack tip and therefore failure by SSC can involve
similar features observed in HE. Relevant HE mechanisms are therefore briefly described
in this section.

Cracking involving HE, referred as hydrogen—assisted cracking (HAC), can be classified
according to the source of hydrogen as [108]: (i) internal hydrogen embrittlement (IHE),
in which pre-existing hydrogen (from fabrication, such as welding and electroplating)
accumulates within the microstructure and cracking can occur under applied or residual
stress, often below the yield strength of the material; and (ii) hydrogen—environment em-
brittlement (HEE), in which hydrogen dissociated from gases present in the environment
(in this case H,S) promotes cracking under sustained stress. Hydrogen is then adsorbed

on the surface, absorbed into the metal and transported through interstitial positions.
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Prominent mechanisms of hydrogen embrittlement relevant to high-strength steels are:
hydrogen—enhanced decohesion (HEDE), hydrogen—enhanced localized plasticity (HELP)
and adsorption—induced dislocation emission (AIDE). The decohesion model (HEDE),
originally proposed in the 1920s [109] and further developed in the 1970s [110], states
that solute hydrogen reduces the cohesive force between iron atoms, resulting in reduc-
tion of the stress required for crack propagation. This theory says that a crack will
propagate if the concentration of hydrogen near the crack tip is sufficiently large to in-
duce stress that exceeds the cohesive strength of the iron lattice (Figure 2.9). Recent
review [108] highlighted that decohesion can occur at or ahead of the crack tip. Although
the model mainly describes crack propagation, a similar process may be involved in the
crack nucleation process [110]. TEM micrographs of fractured specimens [111]| provided
supporting evidence of decohesion induced by impurities segregated at grain boundaries

and similar behaviour could be anticipated for hydrogen [108].

g

o

FIGURE 2.9: Schematic representation of the hydrogen—enhanced decohe-
sion (HEDE) model. The zig-zag lines represent decohesion

The HELP theory, first proposed in the 1970s [112], suggests that hydrogen present in
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the lattice positions ahead of the crack tip contributes to lowering the stress required for
dislocations to move. This model successfully described different fracture modes observed
for different levels of stress intensity factor (k) at the crack tip. Observations of fractured
surfaces with high k& suggested that cracks propagate predominantly by micro void coales-
cence (Figure 2.10), as previously observed in SCC. As k decreases, the localized plasticity
reduces and the cracking mode changes from quasi—cleavage to intergranular cracking and
then hydrogen—assisted intergranular cracking. This model was experimentally verified

by in situ TEM investigations [113].

ag

plastic zone

g

FIGURE 2.10: Schematic representation of the hydrogen—enhanced local-
ized plasticity (HELP) for high stress intensity factor (k)

The AIDE model, proposed in the 1980s [114, 115], suggests that the adsorption of
hydrogen facilitates the nucleation of dislocations and its subsequent propagation ahead of
the crack tip when a sufficiently high stress is applied. If this stress is sustained, it induces
plastic deformation ahead of the crack tip that facilitates the nucleation and growth of
micro voids. This model considers that, in addition to the weakening of interatomic bonds

promoted by the absorbed hydrogen, the coalescence of micro voids also contribute to the
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crack propagation process by re-sharpening the crack. As schematically illustrated in
Figure 2.11, before the microvoids coalesce, the crack advances in small increments (Aa)
as a result of symmetric slip dislocations (slip planes A and B) at the crack front. Probable

evidence supporting this model is based on similarities between AIDE and liquid-metal

plastic zone
E fracture plane
(o)

4
SO e
// \» \
'''' micro voids
Aa

embrittlement (LME) [108].

FIGURE 2.11: Schematic representation of the adsorption—induced dislo-
cation emission (AIDE). The crack tip schematic (amplified detail) was
adapted from [115]

2.2.1.3 Stress corrosion cracking

Although the predominant mechanism of cracking of high—strength steels submitted to
tensile loading is HE, both SCC and HE can occur simultaneously [116]. Contrary to
SSC, SCC does not require hydrogen within the microstructure for cracks to nucleate and
propagate. But the dissolution model of SCC can be useful in evaluating intergranular
cracking tendency in film—forming conditions and therefore a brief review is presented in

this section.
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As described earlier, SCC is a type of failure that results in crack growth due to the
simultaneous action of corrosion and sustained tensile stress [8]. Stress corrosion cracks
generally initiate from corrosion pits or discontinuities at the metal surface introduced
during manufacturing and from metallurgical defects, such as non-metallic inclusions and
grain boundaries [117|. These defects prevent the formation of a continuous passive film
and therefore uncovered areas can be subject to localised attack. KEither pits or other
types of superficial irregularities can become sites of enhanced electrochemical activities
where aggressive species, such as chloride ions, can accumulate and damage the passive
film [118, 119].

Numerous SCC models have been proposed but no single theory can fully describe all
phenomenological aspects of crack growth. Film rupture, also known as slip dissolution, is
the main SCC mechanism based on the dissolution model. It assumes that crack grows due
to the preferential dissolution of the bare metal at the crack tip once it becomes exposed to
the environment when the passive film is locally damaged (Figure 2.12). The film rupture
occurs due to the applied stress, which produces plastic deformation at the crack tip. The
film tends be reestablished, unless the rate of rupture exceeds the rate of re—passivation
[120]. While favourable conditions are maintained, crack advances by subsequent slip steps
until complete failure occurs (steps 5 and 6 illustrated in Figure 2.12). According to this
model, cracks propagate through active paths formed by chromium depletion along the
grain boundaries [121] and therefore it is considered satisfactory to explain intergranular

SCC but they fail to describe transgranular SCC.

2.2.2 Assessment of SSC susceptibility

Current practice within the oil and gas industry [88] to assess the SSC susceptibility of

specific combinations of materials and environments relies on the detection of cracks after
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1. fully 3. corrosion
protective film 2. film rupture pit formation
4. repassivation 5. slip dissolution 6. repassivation

i TR T

FIGURE 2.12: Schematic representation illustrating the sequence of the
main events form the slip dissolution model of SCC. The arrows indicate
the directions of the applied tensile stress

the material has been exposed to the environment for a pre-determined time. Failure by
SSC occurs if either cracks are identified or the specimens are fractured completely after
being exposed to the test solution for at least 720 h. Laboratory—based test methods,
briefly described in Table 2.3, are classified as static, e.g. tensile, bent beam, C-ring and
double—cantilever beam (DCB) [35, 88|, or dynamic, e.g. slow strain rate test (SSRT)
[122] and rippled strain rate test (RSRT) [123]. In addition to small-scale specimens
[124-129], full sections of pipelines can also be used [130, 131|. Ideally, susceptibility
measurements by different methods should be equivalent, although interpretations may

be misleading due to specific characteristics of each test—primarily related to different

loading approaches and distinct specimen geometries.
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TABLE 2.3: Standard test methods to assess the SSC susceptibility
Method Procedure Highlights Reference
Tensile specimens are axially loaded The threshold stress (o) at or below
Tensile to the required level by adjusting which SSC does not occur can be 35, 88, 124]
the displacement of a proof ring determined
Beams with rectangular cross
sections are bended and the target
Multiple fixtures can be tested
tensile stress is obtained by
Bent-beam simultaneously by using a single [35, 88, 125, 127
adjusting the displacement of
vessel
the outer surface (measured via
strain gauge)
Analogously to bending, specified
Convenient alternative to analyse
) stress levels are obtained by
C-Ring tubing, as specimens can be machined [35, 88, 126, 128]
tightening the stressing bolt to
from their transverse sections
the corresponding displacement
Susceptibility is determined by the Cn be used to characterise the
DCB threshold stress intensity factor kinetics of crack propagation from [35, 88|
(Kissc) pre-existing flaws (Figure 2.13b)
It is commonly used as a screening
Plane or pre-cracked specimens are
test and usually complemented
SSRT continuously elongated at constant [122, 129
by statically loaded and
strain during exposure
electrochemical techniques
Tensile specimens are axially loaded
Evaluates the effect of plastic
RSRT up to the actual yield strength [123]
straining
and cyclic loaded in the plastic regime
Full sections of pipes are statically
) It retains full residual stress of pipe
Full-ring loaded and filled with the test [130, 131]

solution

sections. Allows online monitoring
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In constant displacement methods (Figure 2.13)—also referred as constant load, even
though stress relaxation can occur during crack propagation [132]—specimens are loaded
to at least 90% of the actual yield strength (o) of the tested material [16] or to the ac-
tual loading conditions expected for the component during service. In dynamic straining
techniques (e.g. SSRT) [122], specimens immersed in the test solution are continuously
elongated at strain rates varying from 108 s to 10 s7t. This method is usually combined
with prior screening tests to determine the most appropriate strain rate that matches the
susceptibility pattern of the material in the tested environment [133]. Overall, larger
strain rates accelerate the test and overestimate the loading conditions by applying sig-
nificant amounts of plastic deformation. Selecting very low strain rates can overcome this
effect, but it will result in prolonged and often impractical test durations. Despite the
unrealistic loading conditions, the SSRT technique is suitable for evaluating the effective-
ness of repassivation of materials in which protective films are formed on the surface, since
they can be damaged due to excesisive elongation [134]. More realistic conditions could
be simulated by using the loading pattern adopted by the RSRT method [123], since in
this case plastic strain is limited to small ranges during the cyclic loading.

Supplementary techniques are often used alongside standard methods to provide fur-
ther information about the susceptibility to SSC, for example: (i) electrochemical po-
tentiodynamic reactivation (EPR) [135, 136] can be used to determine the sensitisation
level (chromium depletion); (ii) cyclic potentiodynamic polarisation techniques can char-
acterise the passivation behaviour and the pitting corrosion resistance [46[; (iii) anodic or
cathodic polarisation [50] and analysis of potential and current fluctuations under open cir-
cuit conditions [137, 138] can contribute to the understanding of the mechanisms involved

in the cracking process; and (iv) hydrogen analysis using electrochemical methods [139],
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FIGURE 2.13: Main constant—displacement test methods to assess the SSC
susceptibility: (a) tensile; (b) double-cantilever beam; (c) bent beam (four-
point bend); and (d) C-ring.
hydrogen collection technique [140, 141, melt extraction [142], collecting fluids (glycer-
ine method) [143], thermal desorption spectroscopy techniques, nuclear reaction analysis
and Kelvin probe approach [144] can provide information about hydrogen transport and
trapping.
For qualification purposes, test solutions must simulate the service environment in
terms of gas mixture, pH, dissolved solids and solution chemistry. Since the pH tends to

rise during the test in response to the corrosion activity, artificial or natural buffer systems
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TABLE 2.4: Standard reference environments to assess SSC susceptibility
at room temperautre

Solution Gas mixture pH Buffer system NaCl Reference

Solution A H,S 2.6-2.8 0.5 wt.% CH;COOH 5.0 wt.-% TMO177 [8§]

2.5 wt.% CH,COOH

Solution B H,S 3.4-3.6 5.0 wt.% TMO0177 [88]
4.1 wt.% CH3COOHNa
Solution C H,S/CO; (balance) service 0.4gL~! CH;COOHNa  service — TMO0177 [88]
Produced water service 4.5 not specified 165gL~!  EFC 17 [35]
Condensed water service 3.5 not specified lgL™'  EFC 17 [35]
Type 1 H,S/CO, > 4.5 bicarbonate service  MRO175 [16]
Type 2 HyS/CO; (balance) — service bicarbonate service  MRO175 [16]
Type 3 H,S/CO; (balance) — service CH3;COOH service  MRO175 [16]

must be added to maintain the required acidity level. Table 2.4 lists recommended buffer
systems to be added to the main test solutions used to assess the SSC susceptibility. NACE
TM 0177 [88| defines 3 types of environment, namely solution A, B, and C. Solution A
is formed by de-aerated, HyS—saturated distilled or de-ionized water containing 50 g L1
of NaCl and 5gL~! of acetic acid (CHsOOH) to obtain a pH varying from 2.6 to 2.8
after saturation. Solution B is similar to solution A, except that the buffering system
is adjusted to maintain the pH within 3.4-3.6. Solution C is composed of H,S at the
same partial pressure as in the intended service and CO, as balance gas. In this case,
the pH is adjusted by adding hydrochloric acid (HCI) and sodium hydroxide (NaOH).
NACE MRO0175-3 [16] uses a different terminology and classifies the solutions as type 1,
2 and 3, according to the buffering agent and gas mixture. In these solutions, the NaCl
content can be adjusted as in the intended service. Guidelines from EFC Publication

17 [35] recommend reference test solutions representing typical oil and gas production
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environments, i.e., produced water (165gL~! of NaCl and pH 4.5) and condensed water

(1gL~! of NaCl and pH 3.5), respectively.

2.2.3 Main variables affecting SSC
2.2.3.1 Temperature

Temperature has a strong effect on the SSC resistance of high—strength steels [33, 145].
Figure 2.14a shows that the susceptibility of high—strength wires [107] reached a maximum
at 25°C. At 0°C, the reduced corrosion kinetics and lower diffusion of hydrogen appar-
ently contributed to reduce the time—to—failure and, on heating (above 25°C and up to
approximately 80 °C), the material presented increased resistance to SSC. Similar trends
were observed [106] for a different high—strength steel (12% Cr) loaded to different stress
levels. As shown in Figure 2.14b, greatest susceptibility—measured by the ratio between
the threshold tensile stress for SSC to occur (o) and the yield strength (o, )—occurred
at approximately 25°C. In the same graph, one result from the 17-4 PH is shown for
comparison, demonstrating its high susceptibility to SSC at 25°C [13], with oy,/oy, =
0.2. The authors [13] highlighted similarities between these results and the temperature
effect on HE, in which the tendency for brittle failure to occur decreases with increasing
temperature. Since the temperature dependence in SSC of high—strength steel is well es-
tablished, standard methods [88] recommend that it shall be maintained within the most

susceptible temperature, i.e. (23 £ 2)°C.

2.2.3.2 H,S concentration and environment pH

The partial pressure of HyS (pH2S) and the solution pH are critical variables control-
ling the SSC behaviour. Extensive laboratory experiments using synthetic solutions and

field investigations in different oilfield environments [106] demonstrate that, in general,
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FIGURE 2.14: (a)Effect of temperature on the time-to-failure by SSC of

high-strength wires (data from [107]); (b) Data exemplifying the variation

of the threshold stress for SSC to occur in high—chromium stainless steels
(12% Cr) [106] and in the 17-4 PH [13].

the susceptibility to SSC of various high-strength steels intensifies with increasing the
concentration of HyS. There is also evidence that the environment harshness generally
increases with increasing acidity [146]. One of the first documented laboratory reports
related to the SSC susceptibility of the 17-4 PH [33] indicated limited resistance in a
HyS-saturated solution containing 0.5 wt.% of acetic acid (pH below 3 at 20-25°C). In
this study, specimens were statically loaded using a flexural device and failed shortly after
immersion, rising attention to the high sensitivity of this alloy to SSC when exposed to
acid environments.

Likewise, data from several studies employing double precipitation hardened 17-4 PH
(H1150D and H1150M) in the past years showed high susceptibility to SSC in severe
conditions (Figure 2.15). These results have contributed to determining the application
limits for the 17-4 PH, currently defined as pH > 4.5 and pHsS < 3.4 kPa [16]. Data
summarised in Figure 2.15 confirm that failure by SSC can occur both inside and out this

domain. All these experiments were performed at room temperature (from 23 to 25°C)
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FIGURE 2.15: Summary of results from SSC experiments conducted with

the 17-4 PH (H1150D and H1150M conditions) at room temperature, o/oy

= 0.9-1.0 and different concentrations of NaCl. Data from: A to J [71]; K

to M [147]; N [10]; O and P [82]; Q to W [148]

and with different combinations of pH,S, pH and chloride content. The exposure time,
susceptibility criteria and stress levels (o/0, varying from 0.9 to 1.0, o, being the actual
yield strength) for all these experiments followed the recommendations from constant
displacement methods [88].

The influence of the solution pH on the SSC resistance can be clearly seen in Figure
2.15. Lowering the pH from 3.5 to 3.0 (R — V) [148] at 100kPa of pH,S resulted in
failure by SSC. Similar effect was observed at 700kPa of pHsS (S — W) [148| and at
higher sodium chloride (NaCl) content at 10kPa (A — D) [71]. Studies applying a

wider range of pH (from 3.5 to 5.5) [71]| suggested that the maximum acceptable pHsS
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should be limited to 1kPa when the pH is higher than or equal to 3.5, provided that the
NaCl content is lower than 0.1gL™!. In less acidic environments (pH > 5.5), however,
the accepted pHsS could be expanded to 10 kPa and the NaCl threshold increased to
200g L~ (point A). Further attempts [147] to expand the existing limits showed high
susceptibility for all tested conditions (from point K to M).

The isolated effect of the HyS concentration on the SSC resistance can also be observed
in Figure 2.15. After increasing the partial pressure from 700 to 1500 kPa (S — T) [148],
keeping all other variables unchanged, the material failed by SSC. The same occurred at
lower partial pressures (1-10kPa) for the same pH level (I —= J) [71], although the
higher NaCl content used in the latter may have contributed to reduce the concentration

threshold at which SSC occurred.

2.2.3.3 Chloride content

Chloride ions (CI) are known to have negative impact on the passivity of high-chromium
stainless steels. In the presence of HyS, Cl” can diminish the stability of the chromium-
rich passive film [149] and, as a result, film breakdown can promote localised attack and
subsequent cracking. Experiments, dating back to the 1950s [33], suggested that the
17-4 PH was highly susceptible to the effects of Cl" since it failed by SSC only after the
addition of 6 wt.% of NaCl. It was not clear, however, to what extent the Cl- contributed to
cracking. Figure 2.15 shows two examples of the detrimental effect of the Cl": the material
failed by increasing the amount of NaCl from 0.1 to 0.5gL~' (R — Q) [148] and from
0to0.1gL™ (U — T) [148]. Similar investigations [71] about the particular effect of
NaCl on the SSC resistance of the 17-4 PH highlighted its negative effect and suggested
to restrict the maximum allowable chloride content, taking into account the acidity of the

environment. The following limits were proposed |71]: a) maximum 200 g L~! NaCl when
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pH > 5.5 and H,S < 10kPa; and (b) NaCl content up to 0.1gL~! if pH > 3.5 and pH,S
< 1kPa. In spite of that, current standards [16] do not specify maximum chloride content

in H,S-containing environments.

2.2.3.4 Applied and residual stress

As reported in numerous studies on the 17-4 PH, time-to-failure by SSC reduces after
increasing the applied tensile stress. Failures on this material can occur at stress levels as
low as 20% of its actual yield strength (oy), even when the heat treatment requirements
and hardness criteria (i.e. hardness must not exceed 33 Rockwell C) are in accordance
with the specifications of NACE MRO175 [16]. The failure of a tubing hanger made of 17-4
PH, that fractured after being in service in a H,S-containing environment for less than
one year, called attention to the importance of the loading conditions. After a detailed
investigation [13], it was concluded that the threshold stress for SSC to occur was less than
20% of oy. Further investigations |73, 82] and systematic analysis of failures involving
valve stems [14] confirmed this trend (see Figure 2.16) and highlighted that the guidelines
from NACE MRO0175, which only recommended limits for pH, H,S and hardness, were
not adequate. Recently, a restriction for the maximum stress was therefore added to the
standard [17], based on specific research concentrated on different loading modes [10].
This study recommended to limit 17-4 PH to applications in which the maximum stress
does not exceed 50% of the specified minimum yield strength or 380 MPa, whichever is
lower, to prevent SSC. This recommendation was supported by additional evidence [147|
of failure within the acceptable domain (pH 5 and pHsS 1kPa, see Figure 2.15, point K)
at elevated stress levels, i.e. 90-100% of o,—maximum stress level previously accepted

for qualification.
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FIGURE 2.16: Effect of the applied stress on the SSC susceptibility (o/oy)
of the 17-4 PH (H1150D). Data from: A [14]; B [73]; C [82]; D [13].

2.2.3.5 Metallurgical factors

Current standards do not directly specify microstructure and phase composition. Instead,
for the specific case of the 174 PH heat treated to H1150D or H1150M conditions, they
recommend that the hardness be maintained equal to or below 33 Rockwell C [16]. This
indirectly controls the maximum strength and microstructure, although results from nu-
merous studies indicate that this approach can be misleading. Investigation [82] conducted
with three di erent commercially sourced 174 PH highlighted that minor variations in
heat treatment can result in an unexpected microstructure, even if the materials meet the
hardness condition. These results [82] suggest that the volume per cent of 8f errite should
be limited to less than 1% and that the austenite content should be higher than 15% to
provide better resistance to SSC. The detrimental e ect of large amounts of 6f errite on
SSC, however, was not fully clarified. Higher corrosion activity could be a possible ex-

planation based on the work carried out to evaluate the SSC resistance of tempered 13%
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chromium stainless steel [150] (with low-carbon martensite, similar to the 17-4 PH). The
negative effect of the d-ferrite was presumably related to the chromium-depleted zones
promoted by the precipitation of chromium carbides and chromium nitrides (CrN) at
grain boundaries of the ferritic structure. Thus, the sensitised areas would be more sus-
ceptible to localised corrosion and consequently less resistant to SSC. Similar studies with
the 17-4 PH [151] suggested an opposite effect, i.e. higher amounts of ferrite, obtained
by increasing the molybdenum content, led to lower passivation currents and higher pit-
ting potential. This resulted in increased resistance to stress corrosion cracking, possibly
due to the reduction of the hardness with the increase of the Mo content. Specimens
failed when the 6-ferrite content increased, even after reducing the hardness to below 33
Rockwell C.

The role of the austenite (retained and reverted) in the cracking process is contradic-
tory. It is generally accepted that austenite positively affects the impact properties, yet
studies with the 17-4 PH [48] suggested that the retained austenite has little effect on the
impact toughness. Moreover, since the solubility of hydrogen is greater in face-centred
cubic structures compared with that of martensitic substrates [152|, it seems reasonable
to expect that the greater the austenite content, the higher the susceptibility to brittle
cracking after hydrogen charging. However, this assumption is not in agreement with
the minimum austenite content (15% in volume) suggested for the 17-4 PH to avoid SSC
[82]. In addition to the amount, the size and distribution of austenite grains seem to be
relevant aspects. Finely distributed grains are unlikely to affect the cracking [73|, while
large austenite bands—possibly generated due to improper heat treatment—can cause

premature failure [153], even in non-sour environments.
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2.2.3.6 Gas mixture (CO2/H,S)

COy corrosion of carbon steel involves the formation of a solid layer of ferrous carbonate
(FeCO3) with protective characteristics. It can effectively reduce the corrosion rate by
acting as a barrier for the diffusion of the corrosion species if a dense layer is formed.
Similarly to HaS, COs is soluble in water and forms carbonic acid (Equation 2.12), which
dissociates to form bicarbonate ion (Equation 2.13) and carbonate ion (Equation 2.14)
[154]. When the limits of solubility of ferrous and carbonate ions are exceeded, FeCOj is

deposited at the surface (Equation 2.15).

CO, + Hy0 — H,CO;4 (2.12)
H,CO; — H' + HCO;3 (2.13)
HCO; — H' + CO;? (2.14)
Fe*™ + CO3% — FeCO4 (2.15)

Studies with high-chromium stainless steels exposed to environments containing CO,
[155] indicate that the precipitation of FeCOj3 is accompanied by the formation of CryOs,
resulting in different protective characteristics. Below 60°C, the formation of chromium
hydroxide Cr(OH); prevailed and FeCOj started to form when further raising the tem-
perature. In HyS/COs mixed systems, film composition and growth are dictated by the
competitive formation of iron sulphide and FeCOs. Studies with carbon steels [156] indi-

cated that both structures were obtained at low HsS concentration, while iron sulphide
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(mackinawite) predominated when the amount of HyS was further increased.

Overall, the corrosion resistance of stainless steels in HyS/CO5 systems is higher than
that in pure HyS and lower than that in COs-saturated conditions. Evidence [157] of
enhanced corrosion resistance of high-chromium stainless steels in mixed HyS/COy com-
pared with pure HyS (at 80°C, irrespective of the pH and chloride content) was attributed
to the formation of a passive film of CryOj3. Likewise, similar studies [158] suggested that
the lower corrosion resistance in HyS/CO, solutions compared with pure COy environ-
ment was related to the preferential formation of iron sulphide—with lower protective
characteristics—in the mixed system. In this case, the authors [158| assumed that HS-
and S? species promoted the formation of soluble corrosion products, thereby preventing

the development of an effective barrier for general corrosion.

2.3 Plasma nitriding

Surface engineering technologies, such as nitriding, carburizing and nitrocarburizing,
which involve the introduction of nitrogen, carbon or both species simultaneously into
the material, respectively, have been extensively used to improve the wear resistance of
the 17-4 PH. For specific combinations of process parameters, the corrosion resistance
can also be increased. Table 2.5 summarises the main structures (defined in section
2.3.1) obtained after each surface modification, which were carried out in three differ-
ent atmospheres: liquid (e.g. salt bath nitriding [159]), gas (e.g. gas nitriding [160]) or
plasma (e.g. plasma nitrocarburising [61, 69, 161| and plasma nitriding [18, 19, 162, 163]).
Overall, all the treatments resulted in increased sliding wear resistance compared to the
unmodified 17-4 PH and, in some cases, superior corrosion resistance was also observed.

As shown in Table 2.5, plasma-based diffusion treatments were carried out at relatively
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low temperatures compared to those conducted in either ammonia or molten salt. In
particular, low-temperature plasma nitriding—successfully performed in the 17-4 PH at
420°C [72] and later at 350°C [70]—resulted in a modified layer with better corrosion
resistance, mostly attibuted to the absence of CrN at low temperatures. In addition, the
low-temperature treatment prevents further microstructural transformations during the
nitriding process. These aspects, combined with lower environmental impact [164] and
better control of the process in industrial scale [165], favour the use of low-temperature
plasma nitriding for the 17-4 PH. For this reason, the remaining sections of this chapter

will concentrate on this type of treatment.

TABLE 2.5: Typical structure of nitrided layers obtained by different sur-
face modification treatments used to increase wear and corrosion character-
istics of the 17-4 PH

Surface Process parameters Modified layer
modification Thickness Ref.
T (°C) Atmosphere Microstructure
(pm)
Salt bath ] oa'N, YN, CrN, y'-FeyN
nitriding® 610-650  Molten salt 95 - 135 and (Cr,Fe),0, [159]
Plasma No,Ho; , ,
nitrocarburizing” 430-460 C,H-OH up to 60 oa'n, CrN, y-FeyN [61, 69, 161]
S, - o'n, e-FesN, CrN
Gas nitriding 410-570 NH; up to 55 and y'-Fe,N (490°C) [160]
Plasma N, YN (350°C)
nitriding® 350-500 Ny, H, w0100, oo N (>420°C) [18, 19, 162, 163]

2 solution annealed (SA) + precipitation hardened (PH) at 595°C/4h; P SA; ¢ SA + PH (200-800 °C/4h).

2.3.1 Background

Plasma nitriding (also known as ion nitriding and glow-discharge nitriding) is a thermo-
chemical process developed in 1932 [166] that involves the introduction of atomic nitrogen

into the surface of (mainly) metallic materials to improve their tribological characteristics.
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In the industry, plasma can be obtained by ionising a gas by the application of an electric
field at low pressure. Typical gaseous mixtures comprise different concentrations of nitro-
gen and hydrogen or argon as balance gas, hydrogen being preferred due to its hability
to enhance the diffusion of nitrogen by neutralising the detrimental effects of oxygen—a
common contaminant in the chamber—adsorbed on the surface [167]. Due to the greater
energy of the particles in the ionised atmosphere compared to those in the gaseous state,
plasma is considered the fourth state of the matter [168]. Typical nitrogen-rich structures
comprise an outer compound layer and an inner diffusion zone with structures and thick-
nesses depending primarily on the process parameters and metallurgical aspects of the
base material.

During plasma nitriding of iron-based alloys, nitrogen ions are accelerated towards the
target surface and associated with sputtered iron atoms to form iron nitrides [166]. The
mechanisms involved in plasma nitriding, according to the Koelbel’s model [169, 170],
can be described by the following reactions, schematically illustrated in Figure 2.17: (i)
electrons are attracted with high energy to anode (furnace wall) an collide with nitrogen
molecules generating nitrogen ions and nitrogen atoms; (ii) sputtering, in which Fe atoms
are removed from the surface (contaminants and oxides are also removed); (iii) sputtered
Fe atoms combine with N to form FeN; (iv) breakdown of Fe into e-FesN, e-FesN, y’-FeyN
and o-Fe due to continuous bombardment.

The solubility of nitrogen in iron is temperature-dependent and varies in each struc-
ture, as shown in the metastable Fe-N diagram in Figure 2.18. In typical nitriding tem-
perature (e.g. 500°C), the y’-FeyN structure can accommodate up to 19-20 at% of N
and, beyond this concentration, the phase e-FesN starts to stabilise. These structures are
formed on the top of nitride layer (compound layer) and are usually referred as ‘white

layer’ due to their bright appearance after etching. They are often 10-20 pm thick and
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FIGURE 2.17: Schematic representation of the plasma nitriding mecha-
nisms, according to the Koelbel’s model. Adapted from [169, 170]

consists of either mixed y’-Fey,N and e-Fey 3N or single y’-Fe,N [171]. The discontinuity
and residual stress produced by the coexistence of these two forms of nitride increase
the probability of spalling during service [172| and therefore some applications require
adjustments of the nitriding parameters to control the proportions of each phase. The
homogeneous structure of the single-phase y’-Fe,N has higher ductility and thus better
fatigue resistance and tribological properties compared to mixed layers [173].

Beneath the compound layer, a diffusion zone with lower nitrogen content is formed.
In martensitic substrates, this region is formed by expanded martensite [175|, o'y, with
nitrogen occupying octahedral interstitial positions and inducing lattice expansion. The
N solubility is this structure is very low, as in o-Fe, i.e. approximately 0.4 at.% at 590°C
(Figure 2.18). Analogously, austenitic structures can form expanded austenite, yn [176],
and therefore any retained or reverted austenite in the diffusion zone is expected to be
in this form. During nitriding, dissolved nitrogen can precipitate as CrN, although other

forms of nitride are possible if nitrogen combines with other nitride-forming elements
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FIGURE 2.18: Metastable iron-nitrogen phase diagram. Redrawn from

[174]

such as aluminium, niobium and manganese. In the 17-4 PH, CrN can be formed at
elevated temperatures (> 420°C, Table 2.5) and are known to have a detrimental effect

on corrosion resistance (see section 2.3.3).
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2.3.2 Plasma nitriding techniques

In conventional or DC (direct current) plasma nitriding (DCPN), electric potential is
applied between the wall of the furnace (anode) and the component (cathode), as illus-
trated in Figure 2.19a. In this technique, plasma is formed directly on the surface of the
material being treated and there are many disadvantages associated with this approach,
as highlighted in recent literature reviews [177, 178]: (i) since high potential are applied
to the cathode, the surface of the component can be damaged due to the formation of
electric arcs; (ii) hollow cathode effect, which is the increase on the nitriding kinetics
[179] in specific geometries (e.g. cavities and gaps) resulting in overheating and thereby
non-uniform nitriding; (iii) edge effect, which also results in non-uniform nitriding due
to variations of the strength of the electric field near sharp edged. Pulsed DC plasma

nitriding can provide improved process control compared to the DC technique, but the

inhomogeneities discussied earlier are not elimnated [177].
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FIGURE 2.19: Schematic representation of (a) direct current (DCPN) and
(b) active screen plasma nitriding (ASPN) systems. Adapted from [178]



2.3. Plasma nitriding o1

Active screen plasma nitriding (ASPN), also referred as through cage or post discharge,
is a technology developped in the 1990s to overcome the main problems associated with
conventional DCPN [180, 181]. In the ASPN system (Figure 2.19b), electric potential
is applied between a metallic screen (cathode) and the furnace wall (anode). Plasma is
therefore formed on the screen—the workpiece is maintained at floating potential—and
part of the active species are directed to the surface of the sample. To maintain uniform
plasma conditions, an auxiliary cathodic potential (bias) is often applied to the worktable.
With the ASPN configuration, the issues discussed earlier (i.e. arcing, hollow and edge
effects) are eliminated. Many investigations on ASPN [182-186] conducted with different
materials provided supporting evidence for the superior results obtained by using this
method and highlighted further remarkable advantage of ASPN over DCPN: the possi-
bility to perform treatments in batches using workpieces with varied geometries. This
is possible since the temperature is more uniform inside the furnace and it can be finely

adjusted by varying the current applied to the screen.

2.3.3 Corrosion and SSC resistance

There seems to be no reference in the literature to the corrosion resistance of plasma
nitrided 17-4 PH in H,S-containing environments and limited data are available in non-
sour environments. In standard aerated brines (3.5% NaCl), there are indications [18,
19] of improved corrosion resistance when plasma nitriding is performed at sufficiently
low temperatures (420°C) and the treatment time is relatively short (< 10 h). The
results from these investigations [18, 19| showed that the formation of thick compound
layers of y’-Fe,N increased the corrosion resistance, yet the greater temperatures required
to obtain a thicker structure had a detrimental effect. The main downside related to

applying elevated temperatures is associated with chromium depletion from the grain
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boundaries to form chromium nitride, thereby lowering the resistance to intergranular
corrosion. The authors [19] concluded that the optimum treatment parameters providing
balanced corrosion and wear resistance on the 17-4 PH (solution annealed condition)
consisted in plasma nitriding at 420 °C for 10 h in a gas mixture containing 25% Ny and
75% H,. Systematic characterisation of plasma nitrided 17-4 PH [187] provided additional
evidence on the formation of CrN only when the temperature exceeds 420 °C or at 420 °C
for more than 10 h.

As noted in recent review [188], the mechanisms involved in the enhanced corrosion
resistance of plasma nitrided structures still unclear. Studies performed with plasma
nitrided iron [189] suggested that further protection against corrosion was provided by
a thin passive layer of oxide which was spontaneously formed on the top of the nitrided
layer after it has been exposed to air at room temperature. A passivation mechanism
was also proposed for a martensitic stainless steel (AISI 4140) [192], in which oxygen
from the atmosphere was absorbed into the pores of the y’-FeyN and e-Fey 3N structures
and formed Fe;0,, which presubably acted as a barrier for the corrosion of the underlying
substrate. Many reseachers [190-192] attribute the superior resistance to pitting corrosion
of nitrided layers to the local increase on the pH inside the pits due to the formation of
NH,".

Concerning the SSC resistance of plasma nitrided 17-4 PH, a recent investigation [20]
showed that the material (solution annealed and precipitation-hardened at 595 °C for 4 h)
exhibited high susceptibility after being surface modified by an oxy-nitriding treatment,
i.e. plasma nitriding at 450°C for 4 h in 50 vol.% Hy / 50 vol.% Ny and an oxidising
stage at 450 °C for 30 min in 50 vol.% O, and 50 vol.% Ar. By using the tensile method
with o/0, = 0.6, plasma nitrided specimens failed (complete fracture) within 12-25 h

of exposure to HyS-saturated environment (Solution A, see Table 2.4 for details). This
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time-to-failure, in spite of being greater than that of the unmodified material (i.e. 2.5 h),
was lower than those obtained for unmodified 17-4 PH in other studies (see Figure 2.15).
The authors [20] attributed the delayed time-to failure to the greater corrosion resistance
of the nitrided layer, but the electrochemical measurements were performed in non-sour

environment and this aspect was not fully clarified.

2.4 Summary

This section reviewed data published in the past decades demonstrating the high sus-
ceptibility of the 17-4 PH (H1150D) to SSC in typical oilfield environments. The data
highlighted that the limits recommended by NACE MRO0175/ISO 1515-6 (i.e. pH > 4.5
and pHyS < 3.4 kPa) to qualify this material for use in HyS-containing environments was
not sufficient to prevent failure by SSC. Based on observations that failures consistently
occurred at low stress levels (as low as 20% of the yield strength), detailed investigations
on the effect of the amplitude of the applied load on SSC was performed and an addi-
tional restriction was therefore recently added to the standard. In the revised version, the
maximum permitted stress reduced to about 50% of the yield strength. The data also
highlighted that the hardness criteria (maximum 33 HRC) can be misleading, suggesting
that strict control on the metallurgical conditions are required to reduce the chances of
failure by SSC.

This review also presented strong evidence that plasma nitriding can be effectively
used to modify the surface of the 17-4PH, without being detrimental to its corrosion
performance. It became apparent that corrosion behaviour is primarily associated with
the structure of the modified layer, which is in turn related to the treatment parameters

(time, temperature and gas composition). The data presented in this chapter indicated
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that treatment conditions that minimise the precipitation of CrN are essential to reduce
chromium depletion from the structure and therefore avoid the poor resistance to in-
tergranular corrosion associated with this phenomenon. There are indications that the
best combination of corrosion and wear resistance in brine can be obtained by limiting
the treatment temperature to 420°C for no longer than 10 hours. To date, there are
no references in the literature to the corrosion resistance of plasma nitrided 17-4 PH in
environments containing H,S.

A recent reference on the resistance of oxy-nitrided 17-4 PH to SSC showed that the
modified material fractured after one day of exposure to the test environment, indicating
greater susceptibility when compared with results of unmodified 17-4 PH from similar
experiments.

Despite the unclear nature of the SSC mechanism, it became evident that the primary
driving force for the formation of brittle cracks is associated with hydrogen absorption
and transport within the microstructure. An additional review on this topic is presented
in Chapter 6, along with detailed background on the residual stress induced by plasma

nitriding and its effect on SSC.
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Chapter 3

Materials characterisation and plasma
nitriding

This chapter presents the characterisation of the unmodified and plasma nitrided 17-4
PH. Plasma nitriding was conducted at two di erent temperatures, referred to as low-
temperature plasma nitriding (LTPN) and hight emperature plasma nitriding (HTPN).
The complete set of experiments carried out in this work is summarised in Figure 3.1,

highlighting the topics covered in this specific chapter.

Heat treatment Plasma nitriding treatment
at low (LTPN) and high

(solution annealing and —
precipitation hardening) Unmodified Plasma (HTPN) temperatures
material nitriding

Mechanic.al properties T T Characterisation of the
and microstructure plasma nitrided layers
Susceptibility to SSC SSC

FIGURE 3.1: Schematic diagram summarising the topics covered in this
chapter (highlighted in grey) within the complete experimental context of
this work.
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3.1 Experimental

3.1.1 Unmodified material
3.1.1.1 Chemical composition and heat treatment

The material investigated in this study is the ASTM A-564, grade 630 (UNS S17400, 17-4
PH or DIN 1.4542) martensitic precipitation hardening stainless steel with the following
chemical composition (wt.%): 0.035% C, 15.20% Cr, 4.47% Ni, 3.03% Cu, 0.20% Si, 0.41%
Mn, 0.020% P, 0.0006% S, 0.19% Mo, 0.280% Nb, 0.002% Ta. Wrought 17-4 PH was sup-
plied as a cross-hot-rolled plate of 500 x 800 x 12 mm, heat treated as follows (see Figure
2.4): solution-annealed at 1040 °C for 30 minutes and air cool to below 32°C, followed
by two consecutive precipitation hardening stages at 620 °C (for four hours each) and air
cool to below 32°C. This sequence corresponds to the H1150D condition (described in
section 2.1.2.2), specified by NACE MRO0175 [16] for oilfield components exposed to H,S.

3.1.1.2 Mechanical properties

Standard monotonic tension test method (ASTM E8/E8M) [193| was carried out at room
temperature to determine the actual yield strength (o,) and the percent elongation of the
unmodified material. Standard round tension specimens (with threaded ends and gauge
section 4mm in diameter and 20 mm in length) were submitted to controlled uniaxial
loading until complete rupture and the elongation was recorded by a contact extensometer
attached to the gauge section. Before the tests, the specimens were manually ground with
600 grit SiC (P1200). The microhardness was determined using a Mitutoyo MVK-H1

tester with the load set to 25g.



3.1. Experimental 57

3.1.1.3 Microstructure characterisation

The microstructure of the unmodified material was characterised by combining scanning
electron microscopy (SEM) and X-ray diffraction (XRD) techniques. For the SEM ex-
amination, selected specimens—cut from different positions on the source material—were
prepared as follows: (i) degreased with neutral detergent, (ii) wet grinded with succes-
sively finer abrasive papers (up to 600 grit SiC or P1200); (iii) polished with successively
finer diamond suspensions (up to 1pum) and acidic alumina suspension; (iv) etched by
immersion in Vilella’s reagent (1g of picric acid, 5mL of hydrochloric acid and 100 mL
of ethanol) for 5 seconds and (v) ultrassonically cleaned with acetone for 5 minutes and
dried with an air blower. For the samples submitted to XRD measurements, the surface
finish was kept similar to that used in the SSC and corrosion experiments, i.e. 600 grit
SiC (P1200). In all the analysis of the XRD data, the b.c.t. structure of martensite was
approximated as a b.c.c. structure. This assumption, as discussed earlier (section 2.1.2.2),
is reasonable in this particular case due to the low carbon content in the 17-4 PH, which
makes the diffraction lines of martensite and ferrite to nearly coincide.

The total austenite content (retained after solution annealing, v, and reverted dur-
ing precipitation hardening, y,,) was determined by XRD, following the procedures from
ASTM E975 [84]. Its volume percent was estimated from the proportions of integrated
intensities of the peaks obtained experimentally by XRD—or, equivalently, the area un-
der the diffraction curve after subtracting background signals—and the corresponding
theoretical intensities of peaks of austenite and martensite. The diffraction data were
obtained with a Bruker D8 advanced diffractometer with a CuK, radiation (A= 0.154056
nm) equipped with a nickel filter. Scanning was performed at 0.8 seconds per step with
a step size of 0.01°, with 20 varying from 30° to 120°. The integrated intensities were ob-

tained by fitting the experimental profile using a commercial software package (Match!)



58 Chapter 3. Materials characterisation and plasma nitriding

for analysing XRD data. The lattice parameters of both austenitic (f.c.c.) and marten-
sitic (b.c.t.) structures were determined by extrapolating the results obtained for each
reflection line against a particular function of the diffraction angle.

Calculation of the austenite content assumes that martensite and austenite are the
only phases present in the microstructure (¢, + ¢, = 1); for details see Appendix A. In
summary, by considering n. reflections of austenite and n, reflections of martensite, the

ratio between the volume fraction of each phase, ¢,/c,, was obtained by [194]

1 ny I,
Cy Ny 0 R,

| ng [ Lo
n_wZO (Roc’>

in which 7, and I, are the integrated intensities of the diffracted peaks of each phase.

Their corresponding theoretical intensities are represented by R, and R,.

3.1.2 Plasma nitriding
3.1.2.1 Selection of the nitriding method

Plasma nitriding was selected as a surface modification technique used in this work due
to the positive aspects presented in Chapter 2 (section 2.3). A remarkable advantage of
plasma nitriding is that it can be successfully carried out at low temperatures (from 350-
420°C), thereby retarding or avoiding the precipitation of chromium nitrides and their
negative impact on the corrosion performance. Similar structure can be obtained by low-
temperature gas nitriding different stainless steel grades [195], although precipitation of
chromium nitride was reported for the 17-4 PH at temperatures as low as 410°C (section

2.3). For precipitation-hardening stainless steels, particularly the 17-4 PH heat treated
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to the H1150D specification, nitriding at low temperature is essential to avoid undesir-
able microstructural transformations (e.g. further coarsening of copper precipitates and
increase of the reverted austenite content) that could otherwise occur if the treatment
temperature exceeds a certain limit. For example, as discussed in section 2.1.2.2, if the
nitriding temperature is close to A.,;—temperature at which austenite starts to form on
heating (slightly above 620 °C, in this case)—more fresh austenite can be formed during
the treatment and retained after cooling.

The newly developed active screen plasma nitriding (ASPN) was selected as the
method to be used in this work due to the advantages highlighted in section 2.3.2. With
this configuration, most of the technical problems that arise from conventional methods
(i.e. DC and pulsed plasma nitriding) such as arcing, edge and hollow cathode effects are

addressed and a uniform modified layer is obtained.

3.1.2.2 Identification of the nitriding parameters

The main plasma nitriding parameters (i.e. temperature, time and gas mixture), sum-
marised in Table 3.1, were selected based on previous results obtained for the 17-4 PH. As
indicated in section 2.3.3, plasma nitriding this material at 420 °C for 10 h resulted in op-
timum combination of corrosion and wear resistance in seawater (3.5 wt.% NaCl). It was,
therefore, anticipated that the nitrided layer obtained by these conditions would provide
improved resistance to sulphide stress cracking (SSC), considering that SSC susceptibility
decreases with increasing resistance to localised corrosion, and that the superior tribolog-
ical characteristics imply enhanced resistance to crack initiation. A second condition (i.e.
500°C for 10 h), representative of typical treatment temperature used in conventional
nitriding, was selected for comparison. The same nitrogen-hydrogen ratio (25% N, - 75%

H,) was used in all the treatments.
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TABLE 3.1: Main process parameters used for plasma nitriding at low
temperature (LTPN) and at high temperature (HTPN)

Treatment Temperature Time (h) Gas mixture (vol.%) Bias (%)

LTPN 420°C 10 25 Ny + 75 Hy 5
HTPN 500°C 10 25 Ny + 75 Hy 5

3.1.2.3 Plasma nitriding procedures

Plasma nitriding was carried out in an industrial scale unit (AS Plasma Metal) with an
active screen (ASPN) configuration (see schematic diagram in Figure 3.2a and the photo-
graph in Figure 3.2d-e) with 75kV A power supply between the cathode (metallic screen
made of carbon steel) and the anode (furnace wall). An auxiliary cathodic potential—or
electrical bias, set to 5% of the power input—was applied between the furnace wall and
the worktable to guide active species to the workpieces being treated. Since in the ASPN
method sputtering is more intense on the surface of the screen than on the surface of the
samples, the temperature surrounding the workpieces is more uniform, which allowed the
treatments to be performed in batches.

Figure 3.2c illustrates that tensile specimens (used on SSC experiments, Chapter 4)
and corrosion coupons for electrochemical measurements (Chapter 5) were treated simul-
taneously. For each batch, the specimens were symmetrically arranged on the worktable
(see Figures 3.2b and d) and the tensile specimens were placed on the upright position
with their threaded ends masked with stainless steel coupling nuts. Prior to the treatment,
the specimens were degreased, ultrassonically cleaned with acetone and dried with an air
blower. Screening treatments were performed to confirm homogeneity of the modified

layer.
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FIGURE 3.2: Active-screen plasma nitrided (ASPN) furnace: (a) schematic;
(b) layout of specimens in the worktable; (c) detail (cross-section) of the
specimens; (d-e) photos of the ASPN unit.

The plasma nitriding cycle is schematically illustrated in Figure 3.3. The chamber was
first evacuated at room temprature (7,) until its internal pressure reached 0.75 mbar and,
at this point, hydrogen gas was introduced and glow discharge started on the surface of
the active screen. The power was automatically increased gradually until an intermediate
temperature (7;) was achieved (7 was set to 350°C for the LTPN and 420°C for the

HTPN). This condition was maintained for 1 minute for stabilisation and then a gas
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mixture (25 vol.% Ny + 75 vol.% Hs) was provided and maintained at a constant flow
rate. The 5% electrical bias was applied gradually until it reached the set point. When the
treatment temperature (7,) was reached (7', was 420 °C for the LTPN and 500 °C for the
HTPN), the plasma nitriding treatment effectively started. After 10 h at T',, the plasma
source was switched off and the chamber was naturally cooled to the room temperature
(T). During the cooling stage, the vacuum was maintained inside the furnace to avoid

the formation of oxides on the surface of the specimens.

heating and plasma

=— stabilisation ——l—— nitriding ——l—i cooling ———
T

Temperature
(not to scale)

H,+ N, H,

Time (not to scale)

FIGURE 3.3: Schematic diagram of the plasma nitriding treatment

3.1.2.4 Characterisation of the nitrided cases

After plasma nitriding, the samples were cross-sectioned, degreased, ground with suc-
cessively finer abrasive papers (up to 600 grit SiC or P1200), polished with diamond
suspension (from 9 - 1um) and acidic alumina, ultrassonic cleaned with acetone, dried
with air, etched with Vilella’s reagent for 5s and examined using SEM. The characteri-

sation of the nitrided cases were complemented by a phase composition depth profiling
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using XRD. Specimens exposing different depths of the nitrided layer (up to 20 pm deep
with respect to the original outer surface, with 5 um increments) were prepared by manual
grinding with fine abrasive paper (1200 grit SiC or P4000). The diffraction patterns from
each position were obtained with a Bruker D8 Advanced diffractometer equipped with a
CukK, radiation source (A= 0.154056 nm) and a nickel filter. The scans were performed
with a glancing angle of 7°, step size of 0.01° and a scan speed of 0.8 seconds per step
from 26 varying from 35° to 55°. This range was selected after a screening measurement
of a wider interval, in which it was observed that most of the diffraction lines of interest
were located within these positions.

The hardness depth profiling was conducted by using a Mitutoyo MVK-H1 microhard-
ness tester with the load set to 25 g. Measurements were taken on the top surface (0 pm)
and at different depths of cross-sectioned specimens (from 7.5 to 65 pm). For each depth,
micro hardness was measured in five different positions, spaced at least 15 pm.

The concentration depth profile of nitrogen was obtained by glow discharge optical

emission spectroscopy (GDOES) with a GDA 65 OHR (Spectruma) instrument.

3.2 Results and discussion

3.2.1 Unmodified material
3.2.1.1 Mechanical properties

The nominal stress-strain curves of three specimens heat treated to the H1150D con-
dition, shown in Figure 6.5a, indicate that the material has an actual yield strength
of (773 +12) MPa at 0.2% offset strain (Figure 6.5b) and 22 % elongation, suggesting
ductile behaviour and high fracture toughness. These results are in agreement with the

required mechanical properties specified for this material, i.e. minimum yield strength of
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FIGURE 3.4: (a) Stress-strain curve of unmodified 17-4 PH at the H1150D

condition; (b) Detail of the linear section (0.2% offset strain method used

to determine the yield strength)

725 MPa and minimum elongation of 16 % (see Table 2.2 in Chapter 2). The fractured
specimens presented a cup-and-cone feature (Figure 3.5a) with micro voids and dimples
(Figure 3.5b), characteristic of ductile fracture. The low carbon (0.035 wt.%) and the
high chromium content (15.2 wt.%) of this grade, combined with the partial reversion of
martensite into austenite during precipitation hardening, apparently contributed to the

enhanced toughness and ductility, as detailed in section 2.1.2.2.

3.2.1.2 Microstructure

The microstructure of the 17-4 PH, heat treated to the H1150D condition (Figure 3.6a), is
mainly composed of a matrix of low-carbon (or lath) martensite—obtained after cooling
from the annealing temperature and preserved after precipitation hardening, as detailed
later in this section. As can be seen in the SEM micrograph (Figure 3.6a), the boundaries
of prior-austenite grains (brighter phase), equiaxially distributed and with an average size

of approximately 20 pm, were revealed after etching. Besides, nearly-parallel stringer-like
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(a) (b)

FIGURE 3.5: (a) Cup-and-cone feature of the fractured tensile specimen of
unmodified 17-4 PH (H1150D); (b) Morphology of the fractured surface.

features were also observed in the interior of each grain, supporting the formation of typical
crystallographic features of lath martensite (i.e. packets, blocks and lath boundaries, as
previously illustrated in Figure 2.2). Reverted austenite, 5—ferrite, e-copper precipitates

and carbides are also important features in this microstructure and will be discussed in

the following paragraphs.

Low-carbon martensite

When the material was cooled from the annealing temperature (1040°C) to below 32 °C,
low-carbon (or lath) martensite (o’) was obtained, in agreement with previous observations
[55, 68, 85, 196, 197]. Typical martensite laths, as indicated in the TEM (transmission
electron microscopy) micrograph in Figure 3.6b, are approximately 300 nm wide. This mi-
crostucture can be justified by analysing the kinetics of phase transformations during the
heat treatment. Upon cooling from annealing, martensite starts to form at My (marten-
site start temperature) and its fraction progressively increases as cooling proceeds. If the

final temperature is below My (martensite finish temperature), the microstructure at this
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==
(b)

FIGURE 3.6: (a) Microstructure (SEM) of the unmodified 17-4 PH
(H1150D); (b) TEM micrograph showing nearly parallel laths of martensite
of the 17-4 PH at the annealing condition. TEM image from [196]

point will be virtually all martensite. By considering the chemical composition of the 174
PH used in this work (section 3.1.1.1), M ranges from 247 to 320 °C—estimated from
classical empirical formulae (Egs. 2.1 and 2.2)—and M; is just above room temperature

(32°C) [82].

Retained and reverted austenite

The Xr ay di raction pattern shown in Figure 3.7a confirms the presence of austenite
after double precipitation hardening (H1150D), evidenced by the planes (111),, (200),,
(220), and (311),, corresponding to a f.c.c. structure (according to the ICDD reference
pattern 000 330 397)—in addition to the di raction lines related to martensite (ICDD 00-
0351 375), namely (110),, (200)y, (211), and (202),. The austenite content, obtained as
described in the section 3.1.1.3, was (9.6 £ 0.4) % in volume. This total value comprises
retained austenite (Y, ), obtained after annealing, and reverted austenite (y,ey), Obtained
after precipitation hardening. The vy, was considered negligible because it is typically

lower than 1% in volume [46, 48] and in some cases not even detected for this material
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[68, 198]|. Typical X# ay di raction pattern of the 174 PH at the annealing condition,
shown in Figure 3.7b (data from [198]), exemplify the absence of peaks corresponding to
austenite at this stage of the treatment. Based on these observations, it was considered
that the austenite determined in the present work was mostly reverted during precipita-

tion hardening.
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FIGURE 3.7: X-ray diffraction data of the 17-4 PH: (a) SA (solution an-
nealing) and precipitation hardening (H1150D); (a) SA (data of SA from
[198]) included for reference
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The formation of reverted austenite (o' — y,ev) during precipitation hardening was ex-
pected, since the material was heated twice to 620 °C and this temperature is close to that
at which austenite starts to form on heating, estimated to be 614-620°C |60, 83|. Once
the material was cooled to below 32 °C after the first harening cycle, the reverted austen-
ite was not converted back into martensite and remained stable at room temperature.
A possible explanation for this stability is the drop of Mg to below the room tempera-
ture due to segregation of austenite stabilizers—mainly cooperr ich precipitates—along
the martensite laths [68]. Similar e ect occured during the second hardening, in which
further stable austenite was formed.

The lattice parameters of martensite (a, ) and austenite (a,), obtained by the extrap-

olation method described in section 3.1.1.3 and detailed in Appendix A, are shown in

Figure 3.8.
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FIGURE 3.8: Extrapolation of lattice parameters (obtained from the exper-
imental diffraction data) against (cos® ) /(sin @)+ (cos?#6)/(#): (a) marten-
site (b) austenite
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0—ferrite

The metastable Fe-Cr phase diagram of low carbon steels (0.05 wt.% C), shown in Figure
2.6a, predicts that 6-ferrite will be formed at high temperatures if the chromium content
is sufficiently high. Analogously, this phase is expected to be formed in the 17-4 PH,
favoured by the low carbon (0.035 wt.% C) combined with the high chromium content (>
15 wt.% Cr)—a ferrite stabilizer. The presence of d—ferrite in this material, considering
the effects of its main alloying elements, can also be predicted by the Schaeffler diagram
shown in Figure 2.6b. As can be seen, by using the chromium equivalent (Cre,) and nickel
equivalent (Nig,) numbers, the phase composition lies within the (o’ + §) domain. Despite
the particular limitations of both diagrams, they were able to successfully anticipate the
presence of d—ferrite in the microstructure of the 17-4PH. In fact, few 6—ferrite stringers,
as shown in Figure 3.9, were identified. Its volume fraction, however, was negligible, since

only isolated stringers were observed by metallographical examination of selected samples.

o-ferrite stringers /

AccV SpotMagn Det WD |——— 20 um
200kv 70 1000x SE 10.0

FIGURE 3.9: Schematic diagram of the plasma nitriding treatment
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g—Cu precipitates

Copper-rich precipitates are key features on the precipitation hardening process of the
17-4 PH [11]. Tt is, however, outside the scope of this work to perform a complete charac-
terisation of this phase. Instead, this section briefly describes the precipitation stages that
presumably occured on the particular condition being investigated. This analysis is based
on earlier observations, which provided evidence of the formation of copper precipitates
in this material [51, 55, 68, 199]. All these studies used TEM for characterisation, since
the precipitates are too small (20-30 nm) to be resolved by SEM.

During solution annealing at 1040 °C, temperature at which the limit of solubility of
copper in iron is approximately 7.4 wt.% (estimated from Fe-Cu systems [200]), copper
is fully dissolved in the austenitic phase. A supersaturated condition is achieved upon
cooling due to the reduced solubility and the limited mobility of copper in the martensitic
structure at lower temperatures [200]. In the particular case of the 17-4 PH (H1150D),
precipitation of copper occurs when the material is subsequently heated twice to 620 °C
for 4 hours. During each cycle, copper atoms diffuse to form coherent copper-rich clusters,
inducing lattice strain of the martensitic matrix [197]. As noted in previous studies, when
the 17-4 PH was precipitation-hardened at 620°C, peak hardening was achieved after
approximately 30 minutes [55]. A further increase in the treatment time resulted in loss
of coherence, i.e. mismatch at the precipitate-matrix interface, which resulted in reduced
lattice micro strain and coarsening of copper-rich precipitates (now arranged in an f.c.c.
structure). As discussed earlier, these transformations were accompanied by softening, as
indicated in Figure 2.5. It can therefore be inferred that similar process occurred when the
17-4 PH was heat treated to the H1150D condition, in which precipitation hardening was
performed at 620 °C for more than 30 minutes. It is important to note that the formation

of reverted austenite and recovery could also have contributed to softening, specially after
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double precipitation hardening.

Carbides

Both prolonged precipitation hardening (i.e. oveargeing for 9 to 12 months) of the 17-4
PH at relatively low temperature (350°C) [85] and precipitation hardening at elevated
temperature (500 to 620 °C) [82] can promote precipitation of chromium carbides (Ma3Cg,
M being Fe, Cr). The interfaces between the fine precipitates (approximately 50nm)
and the martensitic matrix can become additional sites for the nucleation of reverted
austenite [82]. The fine structure of My3Cs can be identified by TEM [85], although

detailed characterisation is beyond the scope of this work.

3.2.2 Plasma nitriding

Figures 3.10a and 3.11a show cross sections of the nitrided layers obtained by LTPN and
HTPN. As can be seen, modified layers with different structures and thicknesses were
obtained by varying the nitriding temperature. These structures are discussed in terms

of their morphology, microhardness profile and microstructure.

3.2.2.1 Morphology

As can be seen in the cross section shown in Figure 3.10a, a well-defined layer of approxi-
mately 15 pm was formed on the surface of specimens modified by LTPN. The morphology
of this region—clearly less attacked by the etchant when compared with the substrate (im-
plying superior corrosion resistance)—is similar to that observed in earlier studies in which
the 17-4 PH was plasma nitrided with comparable conditions |18, 19, 70, 162, 187|. The
micrograph in Figure 3.10a also shows few darker lines, apparently coinciding with the

prior austenite grain boundaries, as indicated in Figure 3.10b.
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structure of the
nitrided case
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F1GURE 3.10: SEM micrographs showing the morphology of the nitrided
layer after plasma nitriding at 420 °C for 10 h: (a) cross section; (b) detail
from the compound layer /diffusion zone interface
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FIGURE 3.11: SEM micrographs showing the morphology of the nitrided
layer after plasma nitriding at 500 °C for 10 h: (a) cross section; (b) detail
from the compound layer/diffusion zone interface
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The compound layer obtained by HTPN is composed of two distinct regions (Figure
3.11): a thicker portion on the top (10-12pm) and a thinner layer near the substrate
(2-3pm). The morphology of the latter (Figure 3.11b) resembles the morphology of the
nitrided layer obtained by LTPN (Figure 3.10b) while the top section is apparently less
resistant to etching as it clearly revealed precipitates more intensely (Figure 3.11b).

Contrary to earlier observations [19, 70|, higher temperature resulted in thinner layer
(15 pm on HTPN compared to 20 pm on LTPN —see Figures 3.10 and 3.11). A possible
qualitative explanation for this result is the precipitation of chromium nitride (CrN or
CryN), which is favoured at the elevated temperatures due to the higher mobility of
chromium. As a consequence, the diffusion of nitrogen is reduced, as suggested in studies
with Fe-Cr alloys [201]. In this case, the kinetics of nitrogen trapping to substitutional
chromium, which would allow nitrogen to further diffuse quickly to the next available trap
(and consequently increase the thickness of the nitrided layer), was presumably diminished
due to the preferential precipitation of CrN or CryN. In fact, the presence of this type
of precipitates in the HTPN condition was confirmed by X-ray diffraction (see section

3.2.2.4).

3.2.2.2 Nitrogen composition profile

By analysing the nitrogen composition profiles of both LTPN and HTPN conditions (Fig-
ure 3.12a), it can be seen that the nitrogen content is maximum at the surface! and
reduces towards the substrate in three different modes. It falls abruptly in the first

2-3 pm, decreases gradually until it reaches 8-10 pm and continues to drop with a higher

LA fraction of the N atoms sputtered during the erosion process (ion bombardment) is redeposited on
the surface and result in N build up near the surface (first 1-2 um)
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concentration gradient until it reaches the substrate. At any point, up to approximately
1820 pum from the surface (see an amplified view in Figure 3.12b), the concentration
of nitrogen exceeds its solubility limit in martensite (about 0.05 wt.% within the range
420-500°C, estimated from the Fe-N phase diagram in Figure 2.18), suggesting that a
supersaturating condition was achieved and the phases y'-FeyN and e-Fey 3N (typical
structures comprising the compound layer, as presented in section 2.3.1), with greater
nitrogen solubility (20 to 25 at.%), were formed near the surface. As the nitrogen content
(in both LTPN and HTPN) exceeded its solubility in these structures, a supersaturation
condition was achieved. The occurrence of these structures in each condition (LTPN and
HTPN), including the precipitation of chromium nitrides (CrN or CrsN) at high temper-
ature, was analysed in conjunction with the X-ray diffraction data (section 3.2.2.4) and

the micro hardness profiles (section 3.2.2.3).

3.2.2.3 Micro hardness profile

Case-hardening by low-temperature plasma nitriding is mainly due to the excessive ni-
trogen in solid solution [30] and the resultant compressive residual stress induced by
supersaturation [162]|. For conventional plasma nitriding of alloying steels containing ni-
tride formers such as Cr, Al and Mo, precipitation hardening predominate. The micro
hardness profiles (Figure 3.13) of both structures indicate that the hardness is maximum
at the surface and decreases towards the substrate, corresponding with the nitrogen con-
centration profiles (Figure 3.12a). The noticeable difference in strenghtening observed
between HTPN and LTPN suggests the formation of different structures, as confirmed by
the X-ray diffraction data (section 3.2.2.4).

As shown in Figure 3.13, the hardness of the substrate (363 +6 HV in LTPN and
353+ 6 HV in HTPN) slightly increased compared to the unmodified material (332 + 15
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FIGURE 3.12: Nitrogen composition profile (a) throughout the nitrided
case and (b) near the substrate (amplified)
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FIGURE 3.13: Micro hardness profile of (a) LTPN and (b) HTPN. Data
from the unmodified (untreated) material was included for comparison.
HV) after the treatment. These results indicate that further microstructural transforma-
tions occurred in the substrate during plasma nitriding. Since copper is the main hard-
ening element in the 17-4 PH, it was assumed that heating the material to 420-500°C

during nitriding favoured the formation of further coherent Cu precipitates.

3.2.2.4 X-ray diffraction
Low-temperature plasma nitriding

The X-ray diffraction pattern of the LTPN condition (Figure 3.14) shows the phase
changes of the nitrided case from the surface (0 m) to up to 20 pm, with 5 pm increments.
At the surface, both y'-Fe,N and e-Fey 3N iron nitrides were formed. The experimental
data matched the following: plane (111), at 260 = 41.223° and plane (200),: at 20 =

47.969° corresponding to the y’ phase (ICDD reference pattern 01-083-0875 [202]) and
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the peaks (110). at 20 = 37.531°, (002), at 20 = 40.894° and (111). at 20 = 42.945° rel-
ative to the e-type iron nitride (ICDD 01-072-2125). From 5pm to 15um (Figure 3.14),
the peaks of y’ became less intense while €, particularly the (002)., predominated. Near
the interface between the compound layer and the substrate material (20 pm), the peaks
corresponding to martensite and reverted austenite, i.e. planes (110), at 20 = 44.647°

(ICDD 00-035-1375) and (111), at 260 = 43.583° (ICDD 00-033-0397), became apparent.

——— reference pattern

(110),,

Intensity (a.u.)

35 40 45 50 55

FIGURE 3.14: X-ray diffraction pattern of the 17-4 PH (H1150D) plasma
nitrided at 420 °C for 10 hours

The formation of a thin compound layer (approximately 15pum) at the top of the
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surface is in agreement with previous craracterisation of the 17-4 PH [18, 187] using
XRD. In fact, studies with pure iron [203] indicate that iron nitrides are formed on the
surface during the early stages of plasma nitriding due to the combination of nitrogen with
sputtered iron atoms, as previously illustrated in Figure 2.17. Since the peaks relative
to the v’ phase were more pronounced near the surface and became less intense over the
subsequent layers—while opposite effect was observed for the ¢ phase—it is possible to
assume that the compound layer was formed by y’ on the top while the portion underneath
was predominantly composed by the € phase. The XRD results suggests that the y’ phase
is less than 5 pm deep, although its precise dimension was not determined as there were no
clear variations on the morphology with varying the depth (Figure 3.10a). The formation
of a mixed structure, with different €/’ ratios, is also plausible.

In agreement with previous characterisations of the 17-4 PH at 420°C |18, 187, 19§|,
the section underneath the compound layer was mainly composed of a matrix of marten-
site with nitrogen in solid solution (a’y), referred to as ’expanded martensite’ when a
supersaturation condition is achieved—in this case accompanied by lattice distortion.
The XRD results did not provide alone sufficient evidence of lattice expansion of the
martensitic phase, since the peak (110), obtained at 20 pm from the surface did not shift
to lower diffraction angles with respect to the equivalent peak from the unmodified ma-
terial. Nonetheless, the microhardness profile (Figure 3.13b) showed a transition region
(from 20 pm to 30 pm) in which the micro hardness was greater than that of the substrate,
suggesting the formation of a harder layer due to the presence of nitrogen in solid solution.
Still, the nitrogen concentration (Figure 3.12a) below the compound layer does not seem
to exceed its solubility limit in martensite (estimated to be lower than 0.05 wt.% accord-
ing to iron-nitrogen systems [204]). Likewise, earlier investigations on the microstructure

of the plasma-nitrided 17-4 PH [187| suggests that fine grains of reverted austenite can
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form expanded austenite (yn) after nitriding. In the present study, however, this was
not possible to verify by XRD due to the superposition of the plane (111), with adjacent

peaks of iron nitrides and martensite.

High-temperature plasma nitriding

The possible candidates for the phases present in the nitrided case formed after plasma
nitriding at high temperature are shown in Figure 3.15. The data (from Opm to up to
20 um) indicate considerable superposition of diffraction lines. At the surface, the data
best match the following phases: vy’ —FeyN, e-Fey 3N, CroN and o’. Similar indexing was
observed from 5pm to 15pum, with some variations in the peak intensities. At 20 pm,
stronger peaks corresponding to the substrate were observed (martensite and reverted
austenite).

Similarly to the LTPN, the XRD data revelaled two peaks of y'~Fe,N on the top surface
of the HTPN specimens (Figure 3.15): plane (111),» at 20 = 41.187° and plane (200).
at 20 = 48.104°) corresponding to the 4 phase (ICDD reference pattern 00-003-0958).
They became less intense with increasing the depth whereas the peaks corresponding to
the e-Fey 3N phase, i.e. (110). at 26 = 37.547°, (002). at 20 = 40.798° and (111). at
20 = 42.937° (ICDD 01-073-2102), had no noticeable change in intensity throughout the
layer. In addition to the y’ and € phases, the XRD results indicated the precipitation
of CryN-type chromium nitride—as expected when the 17-4 PH is plasma nitrided at
temperatures above 420 °C [19, 187].

At 20 pm from the surface (Figure 3.15), peaks corresponding to the substrate, i.e.
(110),, (111), and (200),, were revealed. As in the LTPN, it can be inferred—based on

the microhardness and nitrogen concentration profiles (Figures 3.13b and 3.12a)—that a
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FIGURE 3.15: X-ray diffraction pattern of the 17-4 PH (H1150D) plasma
nitrided at 500 °C for 10 hours

diffusion zone (from 15pm to approximately 20 pm) was formed beneath the compound

layer after the HTPN treatment.

3.3 Summary and conclusions

This chapter presented the main mechanical properties and relevant aspects of the mi-
crostructure of unmodified and plasma nitrided 17-4 PH. The characterisation was per-

formed by combining microscopic examination (SEM) and analysis of the X-ray diffraction
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data, microhardness and nitrogen composition profiles.

3.3.1 Unmodified 17-4 PH (H1150D)

The microstructure of the unmodified 17-4 PH, heat treated to the H1150D condition
(annealed at 1040°C followed by two consecutive precipitation hardening at 620°C and
cooled to below 32 °C after each stage), comprised a matrix of low-carbon (lath) martensite
(formed after annealing and preserved after precipitation hardening) with (9.6 +0.4) %
in volume of reverted austenite (mostly formed during the precipitation hardening cycles)
and traces of o-ferrite.

The yield strength (oy) and elongation percent, i.e. (773 £ 12) MPa and 22 %, respec-

tively, are in agreement with current requirements.

3.3.2 Plasma nitrided 17-4 PH (H1150D)

Plasma nitriding at both low temperature (420 °C) and high temperature (500°C) for 10
h resulted in the formation of a complex structure (compound layer) comprising y'~FesN
and e-Fe, 3N phases, varying from 10 to 15um. At high temperature, CroN was also
observed. Underneath the compound layer, both structures comprised a diffusion zone
(mostly martensite with interstitial nitrogen, a’y). Based on the X-ray diffraction analysis
in conjunction with the SEM micrographs, microhardness and nitrogen concentration pro-
files, the following structure was formed after plasma nitriding at different temperatures,

keeping all other treatment parameters (gas mixture, time, pressure) unchanged:

e Low-temperature plasma nitriding (420 °C): compound layer (approximately 15pm
deep) predominantly comprising e—Fes sN-type iron nitride (with y'—Fe;N near the
surface) followed by a difusion zone (approximately 10 um deep) comprising mostly

nitrogen-containing martensite (a'y).
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e High-temperature plasma nitriding (500 °C): compound layer (approximately 10 pm
deep) comprising mixed e-Fey 3N and y'~FeyN iron nitrides and CryN precipitates
followed by a difusion zone (approximately 10 pm deep) comprising mostly nitrogen-

containing martensite (o'y).
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Chapter 4

Sulphide stress cracking (SSC)

This chapter presents the results from the sulphide stress cracking (SSC) experiments
conducted with low—temperature plasma nitrided (LTPN) and high-temperature plasma
nitrided (HTPN) 174 PH (heat treated to the H1150D condition). Although it is recog-
nised that the unmodified material has low resistance to SSC, this condition was evaluated
here to determine the actual susceptibility of the substrate material and its threshold stress
of failure by SSC. The complete set of experiments carried out in this work is summarised

in Figure 4.1, highlighting the topics covered in this specific chapter.

Heat treatment Plasma nitriding treatment
at low (LTPN) and high

(solution annealing and —
precipitation hardening) Unmodified Plasma (HTPN) temperatures
material nitriding

Mechaniqal properties T T Characterisation of the
and microstructure plasma nitrided layers
Susceptibility to SSC SSC

FIGURE 4.1: Schematic diagram summarising the topics covered in this
chapter (highlighted in grey) within the complete experimental context of
this work.
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4.1 Experimental design

4.1.1 Objective of the SSC experiments

The objective of this experiment was to evaluate the resistance to SSC of the 17-4 PH
(H1150D) modified by plasma nitriding (Chapter 3) at both low (LTPN; 420°C) and
high temperature (HTPN; 500°C) when exposed to typical oilfield environments. The
susceptibility was determined for the particular case of exposure to simulated produced

water typically found in oil production systems.

4.1.2 Selection of the test parameters

As summarised in Chapter 2, the 17-4 PH is highly susceptible to SSC. Current recom-
mendation from NACE MR0175/ISO 15156-3 [16] specifies the following for the use of the
17-4 PH (heat treated to the H1150D condition) in HoS—containing environments: partial
pressure pHsS < 3.4kPa and pH > 4.5. The threshold lines of this domain, i.e. pHsS
= (3.4+0.1) kPa and pH = 4.5 £ 0.2—the most agressive condition that the unmodified
material can be exposed—were selected as the main parameters used in this work.

The operating temperature of oilfield components typically made with 17-4 PH (e.g.
tubing hangers and valve stems used in offshore production systems) ranges from room
temperature up to 60 °C [36]. Since the greatest susceptibility of high—strength steels to
SSC is close to room temperature (see section 2.14), all the experiments were conducted
at (23 +2)°C. This is in accordance with the guidelines from NACE TMO0177 [88] and
EFC Publication 17 [35] used for qualification of corrosion-resistant alloys exposed to HaS
environments. All the tests were conducted at ambient pressure.

NACE MRO0175/ISO 15156-3 [16] does not list specific levels of sodium chloride (NaCl)

to be used when evaluating the SSC resistance of the 17-4 PH. Thus, the concentration was
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selected based on typical NaCl content found in the intended service, i.e. produced water.
The guidelines from EFC-Publication 17 [35] recommend that this type of environment
should contain 165g L' of NaCl (~ 100g L~ of dissolved chloride) and pH 4.5. Typical
produced water also contains COy (section 2.1.1) and therefore this was selected as the

balance gas in all the experiments.

4.1.3 Selection of the test method

There are a variety of standardised test methods used to assess the susceptibility to
SSC, of which the most prominent have been briefly descibed in the literature review
chapter (section 2.2.2). In this work, since the objetive was to evaluate the resistance to
SSC after plasma nitriding an otherwise susceptible unmodified substrate, the use of a
test with standard configuration—that has been frequently used in the industry—seemed
adequate for comparison and validation purposes. In the last decade, according to recent
statistical investigations [133|, nearly 35% of the published reports on stress corrosion
cracking used standard static loading methods. In the same period, approximately 20%
used corrosion fatigue and 45% applied dynamic straining techniques. These data showed
that dynamic straining has been the most used technique, in spite of its severity—strain
rates are usually excessively high when compared with the loading conditions experienced
by actual components in the field. In this work, however, static loading (the second
most used technique [133]) was chosen because dynamic straining are frequently used as
screening tests and are best applied in combination with other SSC methods. Alternative
loading configurations can be used for future investigations, as suggested in Chapter 8.
Static loading is classified as constant total strain (or constant displacement) and
constant (or sustained) load. The main test configuration selected for this work is the

standard tensile (classified as constant total strain), in which specimens are uni axially
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loaded and the level of stress is controlled by adjusting the strain in the loading direction,
keeping it within the elastic limit. Even though stress relaxation can occur once cracking
starts, the load is nearly constant throughout the test when calibrated proof rings are
used—and these rings are simpler and least costly than strictly constant—load devices
(e.g. spring—loaded rigs or dead—weight apparatus). In addition to uni axially loaded,
bent—beam specimens (also classified as constant total strain) are used as an alternative
method for selected specimens. This method was chosen because of its simpler configura-
tion—it uses flat specimens bent in a restrained rig—and the possibility to test multiple

specimens simultaneously in a larger test vessel.

4.1.4 Summary

The schematic diagram in Figure 4.2 present a summary of the main parameters and test
procedures used on the SSC experiments. This diagram is a convenient way to emphasize
that SSC only occurs when these three factors are present simultaneously: (i) susceptible

material, (ii) corrosive environment and (iii) tensile stress.
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Material

H1150D
17-4 PH *E H1150D + LTPN

H1150D + HTPN

Stress

Environment

Static loading (30-100% Oy)

-1
) 165 gL' NaCl
Solution —[ DH 45 Pre-damaged

Specimens
P Smooth

4 point bend

H,S = 3.4 kPa
Gas PHy
_[ Method—[ Tensile

H,S - saturated

T — (23+2)°C

FIGURE 4.2: Summary of the main parameters used on the SSC experi-

ments. H1150D: double precipitation-hardened at 620 °C for 4 hours each;

LTPN and HTPN: low and high—temperature plasma nitriding, respec-
tively; oy: yield strength of the unmodified material

4.2 Experimental procedures

4.2.1 Uniaxial tensile
Overview

The experimental design to determine the SSC resistance is shown in Table 4.1. In
summary, specimens of the 17-4 PH at the H1150D (unmodified) condition and plasma
nitrided at both 420°C (LTPN) and 500°C (HTPN) for 10 hours were statically loaded

from 30 to 90 % of their yield strength (oy) and exposed to the test environment for up
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to 720 h. In addition to the main test methods and parameters described previously, fur-
ther analysis on the response of pre-damaged specimens (LTPN and HTPN) to SSC were
conducted to determine the susceptibility after exposing the bare metal to the corrosive

environment.

TABLE 4.1: Overview of the SSC experiments conducted at (23 4+ 2)°C
and atmospheric pressure in produced water (165gL~! of NaCl and pH
4.5+ 0.2) with mixed HoS/COy and pure HaS (SSC Tensile).

Condition
Test gas Surface condition

(stress level as % of o,®)

UN®) (30, 50, 70 and 90)

Smooth
LTPN®© (70 and 90)
H,S (3.4kPa) / CO, (balance)
HTPN@ (70 and 90)
Pre-damaged LTPN (70 and 90)
LTPN (70 and 90)
.S Smooth LTPN (70 and 90)

(@) yield strength (unmodified material); (M) unmodified material; (9low—temperature plasma

nitrided; (Dhigh-temperature plasma nitrided

Specimens

Blocks with rectangular cross section (13 X 15)mm and 125mm long were cut from a
(500 x 800 x 13) mm plate with a waterjet cutting machine and machined according to the
specification from NACE TMO0177 (88|, as illustrated in Figure 4.3: 25.4 mm-long gauge
section with 6.35 mm of diameter and threads on both ends. Unmodified specimens were

ground with successively finer abrasive papers (up to 600 grit SiC or P1200), degreased,
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cleaned with acetone and dried with in air blower. Plasma nitrided (both LTPN and
HTPN) specimens were prepared following the procedure described in section 3.1.2.3.
Prior to loading, the shaft sections (space between the threads and the radiused corner
of the gauge section) were masked with an epoxy resin to avoid crevice corrosion when
the specimens are connected to the test vessel. The actual diameter of the gauge section
of each specimen was measured in 3 different positions with a calliper with a precision
of 0.0l mm. The average surface roughness (Ra) was 0.20-0.25 um for all the specimens,

determined with a portable surface roughness tester.

source material
(13 mm thick epoxy resin

\ . .
plate) | e s e (masking)
Ao
/// )7 / }/ / // + +
//, i /"’ i al
4 /, // // /, /, /, - — e e e e |— -
A AV .
L vz }

>
2 0

13 ,”1’ NS (’ hYd ,/ Y% o™
PR 4 \ \ S <

FIGURE 4.3: Schematic representation of the SSC specimens (position cut
from the source material, geometry and dimensions) used on the tensile
method. Dimensions in mm.

To investigate the effect of exposing the substrate material to the test solution, the sur-
faces of LTPN and HTPN specimens were impressed by a Vickers indenter (pre-damaged
specimens) with different loads (up to 50kg), as exemplified in Figure 4.4. By analysing
the SEM micrograph in Figure 4.4a, it was noticed that plastic deformation occurred
in the ductile substrate whereas brittle fracture was observed in the outer layer of the
nitrided case. The distribution of the impressions in the SSC tensile specimens is schemat-
ically illustrated in Figure 4.4b. The different morphology on the base of the impression
(Figure 4.4a) suggests that, for some of the indents, the bottom part was exposed to the

environment.
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Vickers
indenter

Plasma
nitrided layer

Tensile
specimen

(a) (b)

FIGURE 4.4: Pre-damaged specimens used on SSC tensile experiments: (a)
SEM of typical Vickers impression and (b) schematic representation of the
distribution of impressions

Loading

The SSC specimens were connected to acrylic test vessels as shown in Figure 4.5¢ and
illustrated in Figure 4.5a. Different stress levels (from 30 to 90% of the yield strength) were
set indirectly by tightening the straining nuts and adjusting the displacement of calibrated
proof rings (Figure 4.5b). Each frame had a well-defined linear elastic response to the
applied load and the stress was readily obtained from the corresponding displacement and
the actual cross sectional area. Once the target displacement was achieved (measured with
a dial gauge with a precision of 0.001 mm mounted to one end of the frame, Figure 4.5d),
the specimens were left for 10 minutes and the measurement was repeated to check for
load relaxation. If two consecutive readings differed by more than 1%, the process was

repeated until a stable value was obtained.
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slud
connector

calibrated

specimen )
proof ring

test vessel

straining
connector

FIGURE 4.5: Loading of tensile specimens: (a) tensile specimen connected
to the test vessel; (b) specimen connected to the calibrated proof ring; (c-d)
corresponding pictures

Test procedure

For each set of experiments, the test solution was prepared at (23 £ 2)°C in a 10 L glass
vessel by dissolving NaCl (165gL™!) in deionized water. After complete homogenisation,
COg gas was continuously purged through the mixture for 60 minutes and the pH adjusted
by adding sodium bicarbonate (NaHCO3). The solution was then transferred to a glass
vessel fitted with an oxygen analyser (Orbisphere Model 410), in which nitrogen was

continuously purged until the concentration of oxygen was below 5 parts per billion. The
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deaerated solution was then transferred to individual 600 mL vessels containing the loaded
tensile specimens. Before transferring, the vessels and the tubing were also deaerated by
back purging the system with nitrogen. As shown in Figure 4.6, the vessels were placed in
an acrylic box with nitrogen continuously circulating to prevent accumulation of leaked
HsS. After each vessel was filled, nitrogen gas was purged for 30 minutes at a constant
flow rate (2L per minute). The test gas (H2S with CO; as balance or pure HoS) was then
switched on! and flowed through the solution for 30 minutes for saturation. The gas flow
was reduced to a few bubbles per minute and the test effectively started at this point.

The temperature was continuously recorded during the test.

FIGURE 4.6: Picture of the SSC setup (tensile method)

'Hydrogen sulphide (H2S) gas is toxic and flammable (CAS Number 7783-06-4). It has a characteristic
rotten egg odour and can cause severe health effects (eyes, nose and throat irritation, loose of the sense
of smell, unconsciousness and death). Exposure limits are 5 ppm (8-hour time-weighted average (TWA))
and 10 ppm (15-minute TWA). Refer to http://www.hse.gov.uk for safety guidelines.
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During the experiment, the surface of the specimens were visually inspected and the
formation of visible cracks was recorded. The test terminated upon total failure (complete
separation) or after the time limit (720h) was reached. After whichever occurs first,
20mL of solution was collected from the vessel and the pH was measured. The HyS gas
was turned off and nitrogen purged for 30 minutes. The samples were then unloaded,
removed from the vessels, immediately cleaned with acetone, dried with air and stored in
a desiccator. The surface was examined with SEM and cross sections were prepared for
detailed analysis of the cracks. Cross sectional specimens were mounted, ground, polished
and etched.

The concentration of HyS after the test was determined for selected specimens by
iodometric titration (Equations 4.1 and 4.2). In this procedure, the concentration of H,S
was determined indirectly by the total volume of sodium thiosulphate (NayS,03) that
reacted with iodine (I,). A sample of 100 mL was collected from the test solution after
the end of the experiment and iodine (normality N; = 0.1 N) was added in excess (v; =
25mL) to the sample so that the H,S content could be calculated (Eq. 4.3), considering
the volume of sodium sulphate (v;) that reacted with iodine—drops of NayS,03 (Ny =
0.1 N) were added until the solution changed the colour, indicating that the reaction had

completed.

H,S + I, — 2HI + S (4.1)

Na28203 -+ 12 - Na28406 + 2 Nal (42)

U1 X NI — U X Nt
H,S] = 4.
[HoS] 100 mL (4.3)
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4.2.2 Four-point bend

Specimens

Blocks with rectangular cross section (13 x 15) mm and 125 mm long were cut from the
source material with a waterjet cutting machine and machined according to the final di-
mension (following ASTM G39 [125]): flat strips of rectangular cross section measuring
(5 x 15 x 115) mm (Figure 4.7), with the test surface coinciding with that used to ma-
chine the tensile specimens, i.e. same position across the thickness. Unmodified specimens
were ground with successively finer abrasive papers (up to 600 grit SiC or P1200), de-
greased, cleaned with acetone and dried with air. Plasma nitrided (LTPN only) specimens
were prepared following the procedure described in section 3.1.2.3. The average surface

roughness (Ra) was 0.20-0.25 pm for all specimens.

source material
(13 mm thick

plate) e _ | |
S, oy N
4 / 4 7 7,

Ol \ .
~ strain gauge

FIGURE 4.7: Schematic representation of the SSC specimens (position cut
from the source material, geometry and dimensions) used on the four-point
bend method. Dimensions in mm.

Loading

In a four-point bend configuration (Figure 4.8), the region between the inner rolls (4L/10)
is submitted to pure bending—the momentum M (x) being constant and the shear V(z)

being equal to zero. In this portion of the beam, the stress o, (2) is constant along the
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x—axis and varies with z so that below the neutral axis, or neutral plane, o, (z) > 0
(tension) and above the central axis o, (2) < 0 (compression). The maximum deflection
of the beam, 8,,.x (Equation 4.5)—obtained from its elastic curve (Equation 4.4), was used
to determine the thickness of the beam, ¢, based on the applied load (P), the modulus
of elasticity of the material (), the moment of inertia I with respect to the y axis and
the distance between the inner rolls (L). The calculations, assuming a plane state of
stress—considering that ¢ < L and that w < L (w being the width of the beam), are

detailed in Appendix B.

P 1, 1, 3L, 1, 7L, 21
S s S et B e 4.4
v@) = 3 {3x 3100 T3 ) T 0 (4.4)
L 33PL
Z) = S = — 45
Y (2) 1000ET (4:5)

The loading was carried out as follows: the four—point bend specimens were fitted in
stressing jigs (Figures 4.8a) and the target stress (from 30 to 90 % of the yield strength
of the material, o,) was indirectly obtained by adjusting the strain of the deflected beam.
The specimens were deflected by pressing the stressing bolt until the target strain (mea-
sured with a strain gauge attached in the middle of the sample) was achieved. Prior to
applying the strain gauges, the work surface was degreased with a detergent—based cleaner
and cleaned with a water—based alkaline solution (stabilizer) with a cotton bud and dried
with an air blower. The strain gauges were then aligned and fixed with adhesive in the
middle of the working surface. The readings were automatically obtained by a strain

indicator and recorder device (Figures 4.8b).
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! / stressing jig

H{: [T ]
ceramic l‘ol]s—/ 4L/10 3L/10 ‘og
L
y
N g, 5
s & < ,

\—straiu gauge

(a) (b)

FIGURE 4.8: Loading of four point bend specimens: (a) specimen fitted to
the stressing jig; (b) loading setup

The target strain (er) corresponding to each required stress was obtained from the
stress—strain curves of the unmodified material. Assuming a two—dimensional state of
stress with the directions of the principal stresses corresponding to the z and y axis (see
Figure 4.8a), the equivalent uniaxial strain e, was determined by

E

0=1""3 (ex +&y) (4.6)

where v = 0.272 [205] is the Poisson’s ratio, ¢, and ¢, are the readings from the
strain gauge (longitudinal and transversal strain, respectively) and the principal stress
in the longitudinal direction given by ¢ = ¢,FE. The deflection was adjusted so that
the difference between the equivalent uniaxial strain obtained experimentally was not

more than 10 % off the target strain. The readings were monitored for 10 minutes and
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the process repeated until stable readings were obtained, indicating that relaxation was

minimised.

Test procedure

The test solution (produced water with 165gL~" of NaCl dissolved in deionised water)
was prepared following the same procedure described in section 4.2.1. CO, gas was con-
tinuously purged through the mixture for 60 minutes and the pH adjusted to 4.5 £ 0.2 by
adding sodium bicarbonate (NaHCQ3). The solution was then purged with nitrogen to
reduce the level of oxygen to below 5 parts per billion. The deaerated solution was then
transferred to a glass vessel containing all the loaded specimens (Figure 4.9) and a second
deaeration stage was performed by purging the solution with nitrogen for 60 minutes at a
constant flow rate (1 L per minute). The test gas (HyS/CO2) was then switched on at 1
L per minute for 90 minutes for saturation and the flow was reduced to a few bubbles per

minute once the test started. The temperature was recorded throughout the experiment.

gas out

test gas in

water

solution / container

exhaust

n

trap

FIGURE 4.9: Schematic representation of the four point bend SSC setup
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After 720 hours of exposure to the test environment, the pH was measured and the test
gas switched off, followed by 60 minutes of nitrogen purge to reduce the concentration of
HsS and safely remove the specimens. After the test, all the samples were removed from
the vessels, immersed in acetone for 2 minutes to remove the strain gauges, unloaded and
dried with an air blower. The test surfaces were examined with SEM and cross sections

were prepared for detailed analysis of the cracks. Cross sectional specimens were mounted,

ground, polished and etched.

4.3 Results and discussion

In this section, the numbering scheme presented in Figure 4.10 is used to identify the
specimens used in the SSC experiments. Unless otherwise specified, the specimens have

smooth surfaces. Particular cases (i.e. pre-damaged surfaces, PD) are clearly identified.

Test method:

T Uniaxial tensile
B: Four-point bend

Test gas:

HC: H,S (CO, as balance)
HS: pure H,S

|

Sequential

—

L

-|'T

-| HC

90

- 1

Treatment condition:

Applied stress:

% of yield strength

L: Low-temperature plasma nitrided
H: High-temperature plasma, nitrided

| U: Unmodified

FIGURE 4.10: Numbering scheme used to identify the samples used in the
SSC experiments
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4.3.1 Uniaxial tensile
Unmodified material

Table 4.2 shows the loading data of unmodified specimens submitted to tensile SSC expe-
riments in produced water (165g L~ NaCl and pH 4.5 + 0.2) with pH,S = (3.4 £+ 0.1) kPa
and COs as balance. The data include the average diameter (d) of the specimens, applied
stress—measured as a percentage of the yield strength of the material (¢/oy)—and the
corresponding uniaxial loads. It also shows readings of the initial (before SSC) and final
deflections (after the SSC) and the parameters obtained after calibration of the loading
frames used for setting the stress level, i.e slope (a) of the curves obtained by plotting
displacement against load and their respective y-intercepts (b). The yield strength, oy,

used as reference (section 3.2.1.1) for all the specimens, was (773 £ 12) MPa.

TABLE 4.2: Loading data and final deflection of unmodified 17-4 PH
(H1150D) submitted to SSC tensile in produced water (165gL~! NaCl
and pH 4.5 +0.2) with mixed HoS (pH2S = (3.4 £0.1) kPa and CO2 as

balance).
Specimen d Applied Load Loading frame
1D (mm) stress (kN) Initial Final
(c/5y) f{LN*l b deflection deflection
(k) ) )
U-T-HC-30-1 6.32 £0.03 0.3 72+0.1 396.8 -617.2 2251 4+18 2228+ 18
U-T-HC-30-2 6.30 £ 0.02 0.3 7.3+0.1 397.7 -520.6 2373 £27 2352427
U-T-HC-50-1 6.30 £ 0.02 0.5 1224+0.1 145.3 -55.6  1711+21 1627420
U-T-HC-50-2  6.33 £0.03 0.5 12.0+0.1 153.2 -114.4 1735420 1710+ 19
U-T-HC-70-1 6.30 £0.04 0.7 17.0+0.3 123.6 -82.8 2015433 —
U-T-HC-70-2  6.32 £0.03 0.7 16.94+0.3 116.4 -73.1 1890 £ 33 —

U-T-HC-90-1 6.33 £0.04 0.9 21.7+04 121.6 -105.8 2532 £ 42 —
U-T-HC-90-2 6.30 £ 0.02 0.9 21.9+04 116.7 -126.0 2329+ 49 —

By comparing the initial and final deflections of the specimens loaded to 30 and 50%

of oy, the percentage variation of the deflection was ~ 2%, in average. This indicated that
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stress relaxation was not significant and that the load was nearly constant during the 720
hours of exposure. For the specimens loaded to 70 to 90% of oy, the final deflection was
not measured since partial or complete fracture occurred before the end of the experiment.

Time-to—failure by SSC of unmodified specimens—characterised by either the presence
of cracks on the surface after the end of the test or fracture (complete separation) of the

specimens—are presented in Figure 4.11.

1.0 |
o | U-T-HC-90-2 | |

* . U-T-HC-90-1 |
b 0.8 1 U-T-HC-T02 | i
] o | ]
w2 0 6 B | i
§ | |

7 U-T-HC-50-1/2 |
< 04} | i

<
u —% i U-T-HC-30-1/2 %0 failure !
% < 02| | data :
o i I i
0 L | L | L | L |
0 200 400 600 800

Time to failure by SSC (h)

FIGURE 4.11: Time-to—failure by SSC of unmodified 17-4 PH (H1150D)
submitted to SSC tensile in produced water (165gL~! NaCl and pH
4.5 4 0.2) with mixed H2S (pH2S = (3.4 £ 0.1) kPa and CO3 as balance).

The results (Figure 4.11) showed that unmodified specimens, except those stressed
to o/oy, = 0.3, failed by SSC. The average time for complete rupture of the specimens
loaded to 90% (U-T-HC-90-1/2) and 70% of oy, (U-T-HC-70-1/2) were 274 and 529 hours,
respectively. When loaded to 50% (U-T-HC-50-1/2), cracks were detected on the sur-
face of both specimens (by microscopic examination) after the end of the exposure pe-

riod—time-to—failure, in this case, was 720 h. Conversely, the specimens loaded to 30%
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(UT H C3 04 /2) resisted to SSC since no cracks were detected on their surfaces after
the end of the exposure period. Therefore, the threshold stress (oy,) at which SSC does
not occur for the tested conditions was within 0.3 o, < o, < 0.5 oy. This clearly poses
a limitation for the application of this material in environments containing H,S, since
failures occurred when the stress was far below the yield strength, even keeping the pH
and pH,S within the acceptable domains (i.e. pH > 4.5 and maximum pH,S of 3.4kPa
[16]). Recognizing this limitation, the maximum permitted stress was recently reviewed
[10, 17] and, according to that, it must not exceed the lowest value between (i) 50% of
the minimum specified yield strength of the material, i.e. 50% of 725 MPal44| and (ii)
380 MPa. Thus, the results from the present work provide additional data to support the

loading criteria.

FIGURE 4.12: Macroscopic view of the test surfaces of unmodified 17-4 PH
(H1150D) after the SSC tensile experiment in produced water (165gL~1
NaCl and pH 4.5 £ 0.2) with pH2S = (3.4 £ 0.1) kPa and COg3 as balance.

Figure 4.12 shows macroscopic views of the test surfaces after the SSC experiment,

indicating the positions (red circles) of cracks visually observed after the specimens were
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removed from the vessel. In all the specimens—except for UT H C3 04 /2—cracks were
concentrated near the middle of the gauge section. On the specimens UT H C7 01 /2 and
UT H C9 01 /2, secondary cracks were also observed in addition to the main cracks that

caused complete rupture of these samples—also located near the centre of the specimens.

shear plane

brittle fracture
secondary
cracking

FIGURE 4.13: Fractured surfaces of unmodified 17-4 PH (H1150D) after

the SSC tensile experiment in produced water (165gL~!' NaCl and pH

4.5 £0.2) with pHaS = (3.4 £0.1) kPa and COg as balance (sample U-T-
HC-70-2): (a) overview; (b) amplified view from the top.

A closer view of typical fracture surface is shown in Figure 4.13 (specimen U-T-HCY 0-
2). As indicated in Figure 4.13a, the fractured area comprises a flat surface perpendicular
to the applied tensile stress and a smaller region corresponding to fast overload fracture.
These two regions are separated by a shear plane inclined 45°—the direction of maximum
shear stress—with respect to the loading axis. The absence of deformation and the bright
appearance of the flat region confirmed the occurrence of brittle fracture. As can be seen

in Figure 4.13b, the brittle section accounts for ~ 60% of the cross sectional area. Similar
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features were observed in specimens loaded to 90 %, the brittle area being smaller in
this case (between 30 and 40%) due to greater overloading. The arrow in Figure 4.13b
indicates the crack initiation site.

Figure 4.14, taken from the brittle fracture sites (perpendicular to the applied stress)
provides additional evidence of brittle cracking. As can be seen, sulphide stress cracks
propagated in both intergranular (propagation path coincide with prior austenite grains,
Figure 4.14a) and transgranular manner (cracks propagate through prior-austenite grains,
as in Figure 4.14b), with no signs of plastic deformation. These cracking modes were also

observed in the crosss ectional micrographs.

AotV SpotMagn /.Det, WD 4 50pm
| 200K 7.1 /5008 SE 97 ‘

(b)

FIGURE 4.14: SEM micrographs taken from the brittle fracture sites in-
dicated in Figure 4.13 (specimen U-T-HC-70-2): (a) Intergranular and (b)
transgranular cracking.

Figures 4.15 and 4.16 show cross sections (SEM micrographs) of cracks that propagated
from the surfaces of unmodified specimens loaded to 50, 70 and 90 % of oy. Apparently,
the fracture mode was independent of the applied stress, since all cracks exhibit both
intergranular (IGS SC) and transgranular (TG-SSC) cracking. Detailed analysis for each

stress level is presented in the following paragraphs.
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Cracks formed on the specimens loaded to 50% of oy are shown in Figure 4.15. It
appears that the crack shown in Figure 4.15a initiated from a corosion pit, similar to what
occured in earlier observations [33|, whereas the crack presented in Figure 4.15b did not
require a surface defect to initiate. Figures 4.15¢ and 4.15d, taken from different positions
away from the surface, revealed further details about the failure. It showed that cracks, up
to 200 pm long, propagated in both transgranular and intergranular modes and, in some
parts, secondary cracks deviated from the main path and propagated simultaneously in
different directions (i.e. crack branching, Figure 4.15¢).

In tempered martensitic structures, brittle intergranular cracks can occur due to seg-
regation of impurities (e.g. phosphorous [52] and sulphur[79]) within the prior-austenite
grain boundaries, which reduces the cohesion of iron atoms. In agreement with this obser-
vation, 4.1 wt.% of sulphur was detected by EDS (spectrum 1 in Figure 4.15f, taken from
the specimen U-T-HC-50-2) near the crack (darker area). This quantity is above that
obtained away from the crack (spectrum 2, brighter area), which was similar to the back-
ground content of this element (maximum 0.03 wt.%) within the microstructure. Besides,
the presence of sulphur in the grain boundaries can indicate precipitation of iron sul-
phide, which can increase the rate of hydrogen permeation into the substrate, increasing

the probability of failure by intergranular SSC [79].
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FIGURE 4.15: SEM micrographs (cross sections) of (a-e) unmodified 17-

4 PH (H1150D)—loaded to 50% of oy—after the SSC tensile experi-

ment in produced water (165gL~" NaCl and pH 4.5+ 0.2) with pHaS =
(3.4 £0.1) kPa and COg as balance; (f) U-T-HC-70-2 (used for EDS).
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Tempered martensite can also undergo transgranular cracking when the segregation
of impurities at the grain boundaries (e.g. P, S) is low. It occurs in two different modes:
following the lath structure (interlath) or across the laths (translath), as indicated in
Figures 4.15e and 4.15f. Transgranular cracking involves low anodic dissolution and typ-
ically occurs in non-sensitized structures. The occurence of both IG-SSC and TG-SSC
has been reported in the literature for high—strength steels exposed to H,S, being pre-
dominantly intergranular [206] or mostly transgranular [14]|. For the 17-4 PH, specifically,
faliure analysis [66] has shown that, in fact, mixed cracking mode occurs in this mate-
rial—predominantly transgranular, as noted in some studies [14, 56].

The greater concentration of sulphur near the cracks (e.g. 4.1 wt.%, Figure 4.15f) sug-
gests that segregation of these species contributed to SSC. As reviewed in Chapter 2, the
classical SSC mechanism involves enhanced absorption of hydrogen promoted by preferen-
tial segregation of sulphur species along the grain boundaries—hydrogen adsorbed at the
surface is absorbed by the metal rather than recombine to form H, (known as recombina-
tion poisoning). This mechanism can explain crack advance through prior-austenite grain
boundaries and through lath contours of the martensitic structure, but is not sufficient
to describe transgranular propagation. It was assumed, therefore, that other forms of
hydrogen embrittlement took place concurrently, e.g. hydrogen-enhanced localized plas-
ticity (HELP) and adsorption-induced dislocation emission (AIDE)—a brief description
of each mechanism is provided in section 2.2.1.2. Besides, it is generally accepted that,
although cracking of high strength steels in HyS environments arise mostly out of hydro-
gen embrittlement mechanisms, it can also involves features of stress corrosion cracking
(SCC). Overall, the failures showed characteristics of both SSC (e.g. crack initiation from
a sooth surface) and SCC (e.g. branching and crack initiation from surface defects, i.e

corrosion pits). A fully comprehensive evaluation, however, is required to determine the
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exact mechanism. A list of recommendations for future investigations is presented in
Chapter 8.

Cross sections of specimens loaded to 70% of o, (Figures 4.16a and 4.16b) displayed
similar features as those observed in specimens loaded to 50%, e.g. crack branching (inten-
sified due to the higher stress) and mixed IG-SSC/TG-SSC cracking. These similarities
suggest that their mechanisms were equivalent. Secondary cracks, nucleated from the frac-
tured surface, was also observed (Figure 4.16¢). In this case, nucleation and propagation
(nearly perpendicular to the loading direction) occurred due to the uneven stress distri-
bution (notch effect) induced by the opening of the main crack that caused rupture of the
specimen. Figure 4.16d shows earlier stages of cracking, apparently propagating through
a prior—austenite grain and following martensite laths. For the specimens loaded to 90%
of o, (Figures 4.16e and 4.16f), crack opening was wider (up to 50 um) and crack pene-
tration was deeper (> 1 mm) due to the larger stress. Mixed intergranular/transgranular
cracking, branching and secondary cracking were also observed in these specimens.

The pH after the test (for all the loading conditions) was nearly constant (increased
less than 0.2 units compared to the initial pH, which lies within the specification limits, i.e.
4.5 £+ 0.2), suggesting low corrosion activity. This variation was reflected in the concentra-
tion of H,S, also verified at the end of the test by iodometric titration: the concentration
reduced from (78 + 1) mg L ™! (initial concentration) to (74 + 1) mgL~! (immediately be-

fore the test gas was switched off).
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FIGURE 4.16: Cross sections of unmodified 17-4 PH (H1150D)—loaded to

(a-d) 70% and (e-f) 90% of oy—after the SSC tensile experiment in pro-

duced water (165 g L~! NaCl and pH 4.5 & 0.2) with pH2S = (3.4 £ 0.1) kPa
and CO9 as balance.
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LTPN

Table 4.3 shows loading data of low—temperature plasma nitrided (LTPN) specimens sub-
mitted to tensile SSC experiments in produced water (165g L~ NaCl and pH 4.5 + 0.2)
with pHyS = (3.4 +0.1) kPa and COy as balance (L-T-HC-70 and L-T-HC-90 and one
pre-damaged specimen L-T-HC-90-PD) and with pure HsS (specimens L-T-HS-70 and L-
T-HS-90). Similarly to what occurred for the unmodified material, stress relaxation was
negligible since the final deflection measured after the end of 720 h was no greater than

1% for all the specimens. The assumption of constant stress was, therefore, validated.

TABLE 4.3: Loading data and final deflection of LTPN specimens submitted
to SSC tensile in produced water (165gL~! NaCl and pH 4.5 + 0.2) with
pHaS = (3.4 £0.1) kPa and CO3 as balance and pure HaS

Specimen d Applied Load Loading frame

1D (mm) stress (kN) Initial Final
(c/ay) ( mliLNfl) ( lr)n) deflection deflection

! ! ) )
L-T-HC-70-1 6.30 £ 0.02 0.7 16.94+0.2 122 -110 1952 4+ 28 1928 4+ 27
L-T-HC-70-2 6.34 £+ 0.02 0.7 17.1+0.2 118 -109  1912+26 1884 + 26
L-T-HC-70-3 6.32 £ 0.02 0.7 17.04+£0.2 121 -66 1992 +£27 1962 + 26
L-T-HC-90-1 6.30 £ 0.04 0.9 21.7+0.4 122 -106 2532+49 2506 + 49
L-T-HC-90-2 6.30 £ 0.04 0.9 21.7+04 116 -73 2451 +£49 2410 £48
L-T-HC-90-3 6.33+0.04 0.9 21.9+0.4 124 -83  2622+50 2630+ 50
L-T-HS-70-1 6.31 £+ 0.02 0.7 16.9+ 0.1 120 -66 1963+ 11 1974 £+ 11
L-T-HS-90-1 6.28 £ 0.02 0.9 21.6+£04 115 -73 2409 +41 2431 +41
L-T-HC-90-PD®  6.31 + 0.02 0.9 21.9+04 119 -124 2474+14 2727+ 15

a pre-damaged specimen (impressions with Vickers indenter).

As shown in Figure 4.17, none of the LTPN specimens (loaded to 70 and 90% of oy)
failed by SSC when exposed to produced water with pHyS = (3.4 £ 0.1) kPa and CO, as
balance. During the experiment, the samples were monitored by visual inspection and

no signs of crack initiation were identified on their surfaces—including the pre-damaged
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specimen. Similarly to the unmodified specimens, the pH level was maintained within
4.5+ 0.2 throughout the experiment and the concentration of HyS immediately before
the end of the test was (77 + 1) mg L™}, in this case closer to the initial value—indicative
of different corrosion activity compared to the unmodified material, although the concen-
tration on the bulk solution may not be representative of the local concentration at the

metal/electrolyte interface.

1.0 F
L L-T-HC-90-1 (2, 3) = .
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FIGURE 4.17: Time-to-failure by SSC of LTPN 17-4 PH (H1150D) sub-
mitted to SSC tensile in produced water (165gL~! NaCl and pH 4.5 + 0.2)
with pHaS = (3.4 £ 0.1) kPa and CO2 as balance

Figure 4.18 shows the appearance of selected specimens (L-T-HC-70-1, L-T-HC-90-1
and L-T-HC-90-PD) after being removed from the vessel, cleaned and dried. Preliminary
examination of the surface with optical microscope and SEM confirmed that cracks were
not formed. Elemental analysis (Figure 4.19) of the test surface for all specimens indicated
the presence of sulphur (varying from 4.6 to 9.7 wt.%), which suggests the formation of a

thin film of iron sulphide (FeS,) on the surface.
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FIGURE 4.18: Macroscopic view of the surfaces of LTPN 17-4 PH (H1150D)
specimens after being submitted to SSC tensile in produced water (165 g L~*
NaCl and pH 4.5 +0.2) with pHoS = (3.4 £ 0.1) kPa and COs4 as balance
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FIGURE 4.19: Typical elemental composition of the surfaces of the samples
L-T-HC-70-1, L-T-HC-90-1 and L-T-HC-90-PD after SSC: (a) SEM image;
(b) EDS spectrum.

Cross sectional SEM micrographs (typical images are shown in Figure 4.20) provided
additional evidence of the absence of SSC cracks perpendicular to the loading direction.
For the specimens loaded to 70% of oy, the morphology of the nitrided layer (Figure

4.20a) preserved the main features identified before the SSC experiment (see Figure 3.10a
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in Chapter 3), with the prior-austenite grain boundaries preferentially attacked after etch-
ing (see an amplified view in Figure 4.20b). Similar features were identified in the speci-
mens loaded to 90% of oy (Figure 4.20c). A distinct phenomenon, i.e. delamination-like
effect, was observed in the outer section of some specimens. As shown in Figure 4.20d,
spalling occurred near the surface. A closer examination of SEM images obtained before
and after the SSC experiments, including not etched specimens (Figure 4.20e) confirmed
that this effect was also noticeable before the experiment (Figure 4.20f). A possible cause
for the superficial spalling is the compressive residual stress within the compound layer,
associated with the high concentration of nitrogen near the surface. Since these defects
were only present in cross section images—they were not identified when examining the
top of the surfaces—it can be assumed that they occurred due to stress redistribution

during sample preparation (grinding and cutting).
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FIGURE 4.20: Cross sections of LTPN 17-4 PH (H1150D) specimens loaded

to (a-b) 70% of oy and (c-f) 90% of oy after being submitted to SSC ten-

sile in produced water (165gL~' NaCl and pH 4.5+ 0.2) with pHyS =
(3.4 £0.1) kPa and CO3 as balance.
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The pre-damaged specimen (L-T-HC-90-PD, Figure 4.21), in which the substrate was
exposed to the electrolyte—by either on the bottom of the Vickers impressions or through
the brittle cracks surrounding the top of the indent—also resisted to SSC. In this case,
the pH of the bulk solution increased from 4.5 (beginning of the test) to 4.8 (after 720
hours of immersion), but the complex reactions taking place near the surface and the

buffer effect of CO, made it difficult to determine the causes for that increase.

FIGURE 4.21: Top view of pre-damaged LTPN 17-4 PH (H1150D) speci-

men loaded to 90% of oy after being submitted to SSC tensile in produced

water (165gL~1 NaCl and pH 4.5 + 0.2) with pHyS = (3.4 & 0.1) kPa and
COg as balance: (a) overview and (b) amplified view.

For the LTPN specimens loaded to 70 and 90% of o, and exposed to pure HyS (L-
T-HS-70-1 and L-T-HS-70-2), no cracks were observed on their surfaces after the end of
the experiment. The general appearance of the specimens after being removed from the
test vessels were similar to that when exposed to mixed H,S/CO, (Figure 4.18). It also
appears that a film of iron sulphide was formed on the surface of both specimens, since the
EDS measurements indicated the presence of more than 2 wt.% of sulphur—the spectrum

was similar to that in Figure 4.19.
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A closer examination of the surfaces with SEM revealed superficial damage on the
specimen loaded to 90%. Figure 4.22a shows localised attack that occurred near the
centre of the gauge section and the amplified view (Figure 4.22b) indicates that the outer
section of the plasma nitrided layer was dissolved. In spite of that, no cracks nucleated

from this location. The pH, as in the pre-damaged specimens, increased from 4.5 to 4.8.

L-T-HS-90-1

“ AccV  SpotMagn WD pe———onq 200pm AccV SpotMagn WD p————————— 50 um /
200KV 65 100x 10.7 250KV 65 500x -~ 100

FIGURE 4.22: Top view (a-b) of the surfaces of LTPN 17-4 PH (H1150D)

specimens after being submitted to tensile SSC in produced water (165 g L~*

NaCl and pH 4.5+ 0.2) saturated with pure HyS: (a) overview and (b)
amplified view.

HTPN

Loading data for the HT'PN specimens are shown in Table 4.4. Similar to the unmodified
and LTPN, stress relaxation—estimated by the percentage difference between the initial
and final deflection of the loading ring—was negligible and the load was therefore approx-

imately constant throughout the experiment.
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TABLE 4.4: Loading data and final deflection of HTPN specimens submit-
ted to SSC tensile in produced water (165gL~1 NaCl and pH 4.5 £ 0.2)
with pHaS = (3.4 £ 0.1) kPa and CO2 as balance.

Specimen d Applied Load Loading frame

1D (mm) stress (kN) Initial Final
(c/5y) I?N‘l ( b deflection deflection

(hm ) (um) (um) (um)
H-T-HC-70-1 6.29 + 0.02 0.7 16.8 £0.2 118 -91 1896 £26 1883 + 26
H-T-HC-70-2 6.27 + 0.02 0.7 16.7 £ 0.2 123 -114 1948 £28 2111+ 30
H-T-HC-90-1 6.32 +0.03 0.9 21.8+04 123 -93  2B854+46 2587 + 46
H-T-HC-90-2 6.34 +0.03 0.9 22.0+04 120 -106 2524 +£46 2667 + 48
H-T-HC-90-PD®  6.32 4+ 0.02 0.9 22.0+04 117 -253 2304 +£17 2406+ 18

& pre-damaged specimen (impressions with Vickers indenter).

Time-to-failure of HTPN specimens loaded to 70% and 90% of oy, Figure 4.23, shows
that failure by SSC did not occur. No signs of cracking was identified by examination
of the test surfaces with SEM after 720 h of exposure, although significant amount of
corrosion deposits was observed on the surface of the pre-damaged specimen H-T-HC-90-
PD and to a lesser extent (only dispersed deposits) on the specimens H-T-HC-70-1/2 and
H-T-HC-90-1/2.

Figure 4.24a shows typical cross section of HTPN specimens (H-T-HC-90-1, with sim-
ilar morphology was observed for H-T-HC-70-1/2) after the SSC experiment, confirming
the absence of cracks. Contrary to what was observed on LTPN specimens, no delam-
ination (spalling) was observed on the top of the nitrided layer, possibly due to the
lower compressive residual stress, associated with the lower nitrogen content near the
surface (section 3.2.2.2). By examining the top surface with SEM (Figure 4.24b), only
dispersed scales—presumably FeCO3, due to the high concentration of oxygen obtained
by EDS—were identified. Elemental analysis also revealed that the surface was covered
by a thin film of iron sulphide (FeS,), since the sulphur content was about 12 wt.%. The

final pH of the bulk solution was 4.8.
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FIGURE 4.23: Time-to—failure by SSC of HTPN 17-4 PH (H1150D) sub-
mitted to SSC tensile in produced water (165gL~! NaCl and pH 4.5 £ 0.2)
with pHaS = (3.4 £ 0.1) kPa and CO3 as balance
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FIGURE 4.24: SEM micrographs of HTPN 17-4 PH (H1150D) specimens

loaded to 90% of oy after being submitted to SSC tensile in produced water

(165g L~ NaCl and pH 4.5 4+ 0.2) with pHaS = (3.4 + 0.1) kPa and CO,
as balance: (a) cross section; (b) top view.

For the pre-damaged specimen (H-T-HC-90-PD), it was noticed that the surface was
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covered with corrosion scale after two weeks of immersion. This was identified by visually
inspecting the specimen inside the transparent acrylic vessel. Figure 4.25 shows the SEM
micrograph (after 720 h of immersion) of the top surface near one of the Vickers im-
pressions, confirming deposition and thereby intense corrosion activity on these regions.
Due to the poor corrosion resistance of the plasma nitrided layer obtained at elevated
temperature, attributed to the precipitation of chromium nitride (section 3.2.2.4), the
galvanic effect formed between unmodified substrate (cathode) and the nitrided layer
(anode) was a major driving force for the increased corrosion. This occurred because, as
with the pre-damaged LTPN specimen, the substrate was exposed to the electrolyte either

on the bottom of the impression or through the brittle cracks formed on the nitrided layer.

R R R S
i H-T-HC-90-PD

FIGURE 4.25: SEM micrograph (top view) of pre-damaged HTPN 17-4

PH (H1150D) specimen loaded to 90% of oy after being submitted to SSC

tensile in produced water (165gL~! NaCl and pH 4.5 £ 0.2) with pHoS —
(3.4 £0.1) kPa and CO3 as balance.

The corrosion scale covered great part of the surface exposed to the environment,
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including regions away from the impressions, as shown in Figure 4.26b. Elemental com-
position—obtained by EDS (Figure 4.26)—indicated that about 3.6 wt.% of sulphur was
present in areas not covered by the corrosion scales, which suggests the formation of FeS,.

EDS alone, however, was not sufficient to determine the nature of the corrosion scales.
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FIGURE 4.26: Typical elemental composition of the surface of the pre-
damaged HTPN specimen (H-T-HC-90-PD): (a) SEM image; (b) EDS spec-
trum.

4.3.2 Four-point bend

Table 4.5 shows selected loading data of unmodified and LTPN specimens used in the
four-point bend experiment (two repeats for each condition). The target stresses, o /oy,
were the same as those used on SSC tensile (from 30 to 90 % of the yield strength), but
actual stresses were larger for higher stress levels (i.e 0 /oy, = 0.8 and 1.0 rather than 0.7
and 0.9), due to the difficulty to obtain stable readings from strain gauges (longitudinal
strain, ey, and transversal strain, e,) by manually adjusting the load to reach the target
strain. These actual stress levels, although some not being the same as those used in the

uniaxial tensile experiment, were maintained and provided supplementary information to
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evaluate the effect of stress on SSC. As mentioned earlier, the SSC resistance of HTPN

was not evaluated with the four-point bend method.

TABLE 4.5: Loading data of unmodified and LTPN 17-4 PH (H1150D)
specimens used in four-point bend SSC in produced water (165 gL~ NaCl
and pH 4.5 £ 0.2) with pHsS = (3.4 £ 0.1) kPa and CO2 as balance.

Target Target Longitudinal Transversal Equivalent Actual

Specimen
D stress  strain strain strain uniaxial strain  stress
(0/ay)  (ner) (nex) (ney) (new) (0'/ay)
U-B-HC-30-1 0.3 1177 1251 -366 1243 0.3
U-B-HC-50-1 0.5 2021 2135 -666 2110 0.5
U-B-HC-70-1 0.7 2853 3112 -927 3088 0.8
U-B-HC-90-1 0.9 3950 4029 -1247 3985 1.0
L-B-HC-50-1 0.5 2021 2082 -608 2070 0.5
L-B-HC-70-1 0.7 2853 2988 -885 2967 0.8
L-B-HC-90-1 0.9 3950 3988 -1212 3951 1.0

Figure 4.27 shows photo macrographs of representative test surfaces after the end of
the experiment (720 h of immersion). For the unmodified material loaded to ¢’/oy = 1.0
and 0.8, cracks up to 7mm wide were observed in the pure bending section, i.e. region
between the inner rolls (indicated by circles 1,3,4,5,6) and beneath the inner rolls (circles
2 and 7). The latter was formed possibly due to the friction between the ceramic roll
and the test surface. It was noticed that some of the cracks extended towards the edge of
the specimens and this can be attributed to the anticlastic bending effect, i.e. transversal
contraction of the beam [207]. No cracks were detected on the surface of unmodified

specimens loaded to o/0y, = 0.3 and 0.5. Likewise, no cracks were observed in plasma
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nitrided specimens after detailed examination (optical microscope and SEM) of the test

surfaces.

outer roll inner roll 15 mm

FIGURE 4.27: Macroscopic view of unmodified and LTPN 17-4 PH

(H1150D) specimens after being submitted to four—point bend SSC in pro-

duced water (165 g L~! NaCl and pH 4.5 & 0.2) with pH2S = (3.4 & 0.1) kPa
and CO4 as balance.

Figure 4.28 shows cross sectional micrographs of typical cracks formed on the surface
of unmodified specimens. Crack propagation, as shown in Figure 4.28a (specimen loaded

to 90% of oy), was mixed intergranular and transgranular (interlath and translath). As
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in the uniaxial tensile method, crack branching was also observed. Figure 4.28b (opti-
cal micrograph) shows a 1 mme eep crack that apparently initiated from a corrosion pit

(specimen loaded to 70% of ay).

U-B-HC-90-1 F—— 20m

(a) | (b)

FIGURE 4.28: Cross sections of unmodified 17-4 PH (H1150D) after being

submitted to four-point bend SSC in produced water (165gL~" NaCl and

pH 4.5 +£0.2) with pHaS = (3.4 £ 0.1) kPa and COg as balance: (a) U-B-
HC-90-1 (SEM); (b) U-B-HC-70-1 (optical microscope).

Overall, the results from the four—point bend are comparable to those of tensile SSC,
except that the samples loaded to 50% of oy did not fail in the bending method. Besides,
the uneven stress distribution across the thickness—the tensile stress is maximum at the
test surface and gradually reduces towards the center line—can explain why the bending
specimens did not fracture completely as occurred on SSC specimens loaded to or above
70% of oy. Time-to-failure was not possible to determine, since all the specimens were

removed from the vessel only after the 720 hours of immersion was completed.



4.3. Results and discussion 125

4.3.3 Environmental factors affecting SSC susceptibility
Sodium chloride

As discussed in section 2.2.3.3, NaCl can reduce the stability of the passive film in
high—chromium stainless steels exposed to H,S environments [149|, causing localised at-
tack and subsequent cracking. This was observed on unmodified specimens—some cracks
apparently initiated from corrosion pits—but localised attack was not evident in plasma
nitrided specimens, except for LTPN loaded to 90% of o, and exposed to HyS-saturated
solution. In this case, the high content of NaCl (165gL~!) may have accumulated near
these sites and prevented complete repassivation—passivity on these conditions is related

to the stability of the film of iron sulphide [41]| deposited on the surface.

4.3.3.1 Environment pH and partial pressure of H,S

At the pH tested (4.5 £+ 0.2), HyS,, is stable at (23 £ 2)°C, according to potential /pH

aq
diagrams at room temperature [92]. Therefore, a direct reduction of HyS,, to form Hy,
and HS™ may have occured near the surface [208] in addition to hydrogen—ion dissociation
reactions. This is expected for acidic and nearly-—neutral environments. Section 2.2.3.2
presents examples of the effect of pH on SSC demonstrating that lower pH increases SSC
susceptibility. The initial pH was not varied in this work and therefore its effect was not
evaluated.

When the partial pressure of H,S was increased from 3.4kPa to ~ 100kPa (pure
H,S) to further investigate the response of LTPN specimens exposed to more severe en-
vironment, localised attack was observed and, therefore, considering that cracking could
potentially nucleate from these sites, it is reasonable to conclude that the tendency to SSC

increased with increasing the concentration of H,S, in agreement with the observations

presented in section 2.2.3.2.
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Gas mixture

In environments containing H,S, iron sulphide can precipitate on the metal surface [41]
and COy—used as balance gas—tends to form CryO3 [157] and FeCOj3 scales [43]. In
mixed H,S/CO, systems, the kinetics of scale formation dictates the predominant species
[156]. These scales are known to have significant influence on the corrosion resistance, but
no evidence of their influence on SSC was observed in this chapter. When CO, was used as
balance gas, no deposits of FeCO3 were identified on the surface. In fact, studies [209] have
shown that the temperature should be greater than 60 °C to result in supersaturation and
precipitation of CO® and Fe?". Besides, in mixed H,S /CO,, iron sulphide is preferentially
precipitated [156]. Although FeS, was detected on the surface of specimens after 720 h of
exposure, no direct correlation between the formation of these deposits and susceptibility
to SSC was observed. In pure H,S, however, the localised corrosion observed on LTPN
specimens could have been caused by insufficient coverage of the film on specific sites. In
chapter 5, electrochemical investigations with mixed and pure gases are performed as an

attempt to determine the role of each gas on the corrosion process.

Loading

In unmodified specimens, the effect of the load on SSC was clear: SSC susceptibil-
ity—quantified by the time to failure—increased with increasing the stress level. The
results provided additional data supporting the maximum stress criteria adopted by cur-
rent standard. For the modified conditions (both LTPN and HTPN), it was not possible
to determine a threshold stress since none of these failed by SSC for the tested conditions.
Compressive residual stresses, however, had a positive effect on SSC since it prevented

cracking due to the reduced net tensile stress, as discussed in section 7.2.2.
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4.4 Summary

This chapter demonstrated, by using constant—load standard test methods (uniaxial ten-
sile and four-point bend), that the unmodified 17-4 PH (H1150D) is susceptible to SSC in
typical produced water (165gL~" of NaCl and pH 4.5 + 0.2) with pH,S = (3.4 £+ 0.1) kPa
and COg as balance gas at (23 4 2) °C and ambient pressure. For elevated applied stresses
(70 and 90% of o), unmodified specimens ruptured in less than 720 h and cracks were
detected on the surface of the specimens loaded to 50%, the threshold stress for SSC to
occur being therefore within 30-50% of its actual yield strength. After modifying the
surface by plasma nitriding at both low and high temperature, failure by SSC did not
occur for the same conditions. Likewise, no signs of failure by SSC were detected on the
surface of LTPN specimens in pure H,S, except for localised corrosion when the material
was loaded to 90% of oy. In mixed HyS/CO,, HTPN exhibited lower corrosion resistance
compared to LTPN, evidenced by the presence of corrosion scales on the surface—more
pronounced on pre-damaged specimens.

Detailed discussion on the causes for the superior resistance to SSC after plasma
nitriding, particularly for LTPN specimens, is presented in Chapter 7. In summary, the
increased resistance to SSC was attributed to three main factors, further discussed in
subsequent chapters: (i) localised corrosion and surface defects can be potential sites for
crack initiation; (ii) plasma nitrided layer acted as a barrier that presumably reduced
hydrogen uptake by the substrate; (iii) the compressive residual stress induced by the

plasma nitrided treatment prevented crack nucleation and propagation.
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Chapter 5

(GGeneral and localised corrosion

This chapter presents the results of the general and localised corrosion resistance of the
unmodified and plasma nitrided 17-4PH (H1150D). The complete set of experiments car-
ried out in this work is summarised in Figure 5.1, highlighting the topics covered in this

specific chapter.

Heat treatment Plasma nitriding treatment
at low (LTPN) and high

(solution annealing and
precipitation hardening) | Unmodified ]__[ Plasma I (HTPN) temperatures

. . material nitriding o
Mechanlqal properties T T Characterisation of the
and microstructure plasma nitrided layers
Susceptibility to SSC SSC

FIGURE 5.1: Schematic diagram summarising the topics covered in this
chapter (highlighted in grey) within the complete experimental context of
this work.
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5.1 Experimental design

5.1.1 Objective of the corrosion experiments

Previous chapter demonstrated that the 17-4 PH at the H1150D condition is highly sus-
ceptible to SSC and that plasma nitriding at low temperature can effectively prevent SSC
for the tested conditions. The resistance to general and localised corrosion was identified
as one of the factors influencing the SSC susceptibility and electrochemical techniques
were used to further investigate it, exposing the material to the same environments used

on the SSC tests.

5.1.2 Selection of the test parameters

The material was exposed to the same test solution (simulated produced water with
165g L~ NaCl and pH 4.5 4+ 0.2) and gas mixture (pHyS = (3.4 £ 0.1) kPa with CO, as
balance and pure HyS) used in SSC experiments. The temperature and pressure were
also maintained, i.e. (23 +2)°C and atmospheric pressure. Additional measurements
with COs—saturated solution were used as an attempt to determine the role of CO5 on
the corrosion process. Moreover, an additional investigation into low-temperature plasma

nitrided specimens was carried out, to further understand the corrosion mechanisms.

5.1.3 Selection of the test method

One of the elctrochemical methods selected to evaluate the corrosion resistance was the
cyclic potentiodynamic polarisation technique. This is one of the most used techniques to
characterise localised corrosion response of metals in aqueous solutions [210]. It consists
of measuring the current density in response to applied potentials varying from slightly

below the open circuit potential (OCP) until a predetermined current density is reached.
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In a given electrolyte, OCP is continuously measured and the electrochemical readings
are taken after a steady-state condition is established.

Figure 5.2 shows a typical potentiodynamic scan of stainless steels susceptible to lo-
calised (pitting) corrosion identifying the main regions and points of interest. In this case,
the horizontal axis is the logarithm of the current density and the vertical axis is the po-
tential. From A to B, the material is polarised cathodically until the corrosion potential
Ecorr 18 reached (point B)—at this point the rate of the cathodic reaction (e.g. hydrogen
ions being consumed at the surface to form hydrogen gas: 2H" + 2e” — H,) equals the
rate of the anodic reaction (e.g. oxidation of iron to form ferrous ion: Fe — Fe*" + 2¢).
The interception between the anodic and cathodic curves (it requires extrapolation, as
shown in the experimental procedures section), corresponds to the corrosion current den-
Sity, Zcorr, Which can be used to estimate the corrosion rate of the metal.

From B to C (Figure 5.2), the material undergo anodic dissolution (general corrosion)
and the corrosion rate increases until it reaches the passivating potential E,, (point C),
corresponding to the critical current i,,. From this point, a further increase in potential
does not affect the current density and therefore the corrosion rate is negligible. This
effect—typical in stainless steels—is due to the formation of passive film of chromium
oxide that acts as a barrier for the corrosion species.

Passivation (from point C to point D in Figure 5.2) is compromised when the protective
film is locally damaged and the substrate material is exposed to the electrolyte, resulting
in pitting corrosion. Rapid dissolution, i.e. rapid increase on the corrosion current density,
occurs from the onset of pitting at £, the pitting corrosion potential (point D), until the
pre determined limiting (or vertix) current density (point E) is reached. Before continu-
ous growth, metastable pitting can occur due to repeated nucleation and repassivation of

small pits [211]. This effect is reflected on fluctuations of the potential and current density
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near E,. Once the vertix current is achived, the scan can be reverted—starting from E,
forming an hysteresis loop closing at F—and it can be used to obtain information about
the repassivation behaviour. When the reverse sweep intersects the forward scan (point
F, referred as re-passivation potential, E,,, or protection potential, E,,), re-passivation
occurs. This potential is often used as a design parameter, assuming that stable passi-
vation will occur if the potential is kept below this point. But there are controversies in
adopting E,, a protective criteria, as indicated in the literature [212], since repassivation
is associated with many conditions necessary to maintain an aggressive electrolyte inside
the pits, which are linked with, for example, pit geometry and scan rate. Therefore, the
reverse scan is not performed in some studies.

Potentiodynamic polarisation is an accelerated test and has limitations, mostly related
with the proper determination of film breakdown. Despite that, the electrochemical pa-
rameters obtained from the polarisation sweep are good indicators of localised corrosion
tendency (quantified by critical potentials) for particular metal /environment systems and
therefore this technique was considered appropriate for the purpose of this work.

A second method selected to further investigate the corrosion of low-temperature
plasma nitrided specimens is the electrochemical impedance spectroscopy (EIS), or AC
(alternating current) impedance. This is a technique that determines the response from
an electrochemical system to small amplitude sinusoidal perturbations on the potential
and it is based on the relationship between current and voltage—approximated as linear
(pseudo linear) due to the small amplitude of the signal, typically from 5-10mV. It is
sensible, non-destructive technique that can be used to provide information about com-
plex systems, such as coated metals [213]. This was found to be particularly useful in
this work because when the material is exposed to HoS—COy—NaCl systems, different cor-

rosion products can be formed resulting in additional corroding interfaces. Equivalent
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FIGURE 5.2: Schematic representation of typical cyclic potentiodynamic
scan of stainless steels susceptible to pitting corrosion.
electrical circuits are often used as a tool to interpret the data, provided that adequate
correspondence is made between the elements in the circuit and the physical system being
investigated.

Analogously to the Ohm’s law for an ideal resistor, the impedance Z(w)—which mea-
sures the effective resistance of the element considering the effects of applied alternating
current—can be expressed by the ratio between the time—dependent potential E(¢) with
amplitude Ey and the corresponding time-dependent current i(¢) with amplitude iy, in
which w = 27 f is the radial frequency of the signal (f being the frequency) and ¢ is the

phase shift between E(t) and i(t) [214]:

_ Eysin (wt)
g sin (wt + @)
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Due to the complexity of the response to an alternating signal, it is convenient to

express the impedance as [214]:

Z(w)=2Z"(w)+jZ” (w) (5.2)

where 7’ (w) is the real part, Z”7 (w) is the imaginary part (following standard ter-
minology [215]) and j is the imaginary number (j* = —1). These quantities are plotted
using a rectangular coordinate system (complex plane) in which the impedance for each
frequency is represented by a vector oriented with an angle ¥ with the real axis, the
so-called Nyquist plot, schematically represented in Figure 5.3a—the arrow indicates the
direction of increasing frequency. In this example, which represents the corrosion of a
surface exposed to an electrolyte, a single impedance arc was formed in the Nyquist plot,
indicating that only one corroding interface is involved, i.e. the system has only one time
constant. The equivalent electric circuit that can represent this system is shown in Figure
5.3c. It consists of a resistor Ry representing the resistance of the electrolyte, a capacitor
C'a1 with capacitance C and impedance Z(w) = —1/jwC representing the capacitance at
the electrolyte/metal interface (double-layer capacitance) and the charge-transfer resis-
tance of the metal, R; (assuming that mass transfer is negligible). By associating these
elements, the impedance of the system can be obtained.

The Nyquist plot (Figure 5.3a) do not display the frequency dependency for each
impedance and therefore Bode plots (log |Z| and ¢ versus log f) are used to complement
the analysis. From these plots it is possible to determine the frequency domains that are
being dominated by resistive or capacitive behaviours. At high frequencies (considering
the hypothetical plot shown in Figures 5.3b and 5.3c), the current flows through the

capacitor Cy; and the impedance is dominated by Rs (w — 00, ¢ — 0 and |Z| = Rg). At
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FIGURE 5.3: Schematic representation of typical (a) Nyquist plot, (b and
d) Bode plots and (c) equivalent electrical circuit used to analyse electro-
chemical impedance spectroscopy data.

low frequencies, current flows through R, and R; and the capacitance is real and equal to
|Z| = Rs + Ry (w — 0, » — 0). A capacitive behaviour is observed in the intermediate
frequency range, characterised by a slope of log |Z|/log f = - 1 (assuming that it is purely
capacitive) and a phase shift approaching 4+ 90°.

The polarisation resistance, that characterises the resistance of the metal, can then
be determined from the difference between the impedance at low frequency Z (w — 0) =
Rs + Ry and at high frequency Zs (w — oo0) = Rg. Large semicircles represent larger
polarisation resistance and therefore higher corrosion resistance (lower i., and thereby
lower corrosion rate). In coated samples, other elements may be considered and multiple

semi circles can be seen. More details about fitting the experimental data to equivalent
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electrical circuits is shown in the results section.

5.1.4 Overview of the experiments

Table 5.1 shows an overview of the experiments conducted in this chapter, with all the
parameters—as detailed in section 5.1.2—being the same as those used to evaluate SSC.
Potentiodynamic polarisation scans were carried out on unmodified and plasma-nitrided
specimens (low-temperature plasma nitrided, LTPN, and high-temperature plasma ni-
trided, HTPN) immersed in mixed HsS/COs (pHaS = (3.4 £ 0.1) kPa with CO, as ba-
lance), pure HyS—except for the HTPN—and pure CO,. Electrochemical impedance
spectroscopy was carried out on LTPN specimens for different times of exposure to mixed

H,S/CO4 with the same partial pressures used in the polarisation experiments.

TABLE 5.1: Overview of the experiments conducted to evaluate the corro-
sion resistance of the unmodified and plasma nitrided (LTPN and HTPN)
17-4 PH (H1150D).

Potentiodynamic Impedance
Condition polarisation spectroscopy

H,S/CO, CO,  HsS H,S/CO,

Unmodified (H1150D) v v v -
LTPN v v v v
HTPN v v - -
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5.2 Experimental procedures

5.2.1 Potentiodynamic Polarisation
Specimens

Coupons with (15 x 15 x 5) mm were cut from a (500 x 800 x 13) mm plate, as illustrated
in Figure 5.4, so that the test surface coincided with that used on the SSC experiments.
Unmodified specimens were ground with successively finer abrasive papers (up to 600
grit SiC or P1200), degreased, cleaned with acetone and dried with air. Plasma nitrided
(both LTPN and HTPN) specimens were prepared following the procedure described in
section 3.1.2.3. The surfaces of the working electrodes were covered with an epoxy resin
and 1cm? was left uncoated on the test face. A copper wire was spot welded to one side
of each electrode and fitted in a plastic or glass tube. Careful was taken when applying
the resin to avoid crevice corrosion—specimens were left for 24 hours with the test face

upwards for complete settlement of the paint.

Experimental procedure

All the corrosion measurements were performed by using a Gill AC potentiostat (ACM
Instruments) connected to a three-electrode electrochemical cell (2L glass vessel) con-
taining one working (specimen), one counter (platinum-plated niobium electrode) and
one reference (standard calomel — SCE) electrode, as illustrated in Figure 5.5a. The
working electrode was connected to the vessel via a salt bridge filled with 1M potassium
chloride solution and closed in one end with agar. For the impedance spectroscopy mea-
surements, due to the low current (below 1pA ) and high frequency signals, a Faraday

cage was designed to reduce the power-line noise. To avoid leaking, thread sealant was
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FIGURE 5.4: Corrosion coupons used on electrochemical experiments: (a)
schematic; (b) picture of typical electrode; (c¢) cut positions from the source
material. Dimensions in mm.

applied in all threaded joints and HyS-resistant rubber seals were fitted in the lid and
pressed into the top of the vessel. Prior to each test, the glass cell was degreased.

In both potentiodynamic scans and EIS, the test solution (165gL~' of NaCl in
deionised water) was prepared following the same procedure described in section 4.2.1.
CO, gas was continuously purged through the mixture for 60 minutes and the pH ad-
justed to 4.5+ 0.2 by adding sodium bicarbonate (NaHCOj3). The test vessel was then
sealed and a leak test was performed. The solution was de-aerated with nitrogen for 90
minutes at a constant flow rate (specify) and the test gas (HsS, COy or mixed HyS/COy)
was switched on at 1L min for 60 minutes (saturation stage) and the flow was reduced to

a few bubbles per minute.
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FIGURE 5.5: Schematic diagram of the setup used on the electrochemical
measurements. The Faraday cage is not represented.

In the potentiodynamic test, the open circuit potential was continuously measured dur-
ing the de-aeration stage with Ny and during the 20 hours of exposure to the test gas—this
time frame was selected for being sufficiently long to achieve a nearly steady—state con-
dition. After stabilisation, the forward scan (positive direction of the potential) started
from —50mV offset relative to the open circuit potential and progressed at 0.16 mV s™?
(typical scan rate recommended for cyclic potendiodynamic measurements [216]) until the

current density reached 5 x 1072 mA cm™2.

Additional readings were taken with larger
limiting currents (1 x 107'mA em™2 and 1 mA cm™2).

The corrosion rate was determined from the potentiodynamic sweeps by using the
polarisation resistance technique. Due to the semi-log linearity between the applied po-
tential and the rate of reaction (expressed by the current density through the working
electrode), the slopes of the curves E (potential) versus i (current density) were used

to approximate the corrosion kinetics, following the mixed—potential theory. It was as-

sumed that the corrosion is activation—controlled (mass transport is negligible) by either
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cathodic or anodic charge transfers in the vicinity of the corrosion potential. The slope
of the curves near the linear portion (£20mV from the corrosion potential), assuming a

corroding condition, is given by [217]:

@ _ 5aﬂb (53)

di i—0 (23) (icorr) (5b + Ba)

where 7 is the charge transfer overpotential (difference between the polarisation po-
tential £ and the corrosion potential E..), S, and [, are the Tafel slopes (anodic and
cathodic portion, respectively) and i.o, is the corrosion current. The left side of Equa-
tion 5.3 represents the polarisation resistance, Ry, following the Ohm’s law. R, 3, and
B, were determined experimentally from the polarisation curves, as illustrated in Fig-
ure 5.6—at least one decade of current was considered for determining the Tafel slopes.
Since ieor—current density at the equilibrium (open circuit) potential—cannot be directly

measured, it was estimated by using Equation 5.3.

S|

corr

Potential
Ui =E‘ E(;orr (mVSCE )

Current density (log scale) Current density
(a) (b)

FIGURE 5.6: Schematic representation of the procedure used to obtain: (a)
Tafel slopes 3, and . and (b) polarisation resistance R,.
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The corrosion rate, CR (in mm per year) was then estimated by using Equation 5.4
[218], based on Faraday’s law, which states that the electrochemical dissolution of one
gram equivalent weight of metal involves the charge transfer of one Faraday (= 96,487
Coulombs). In this equation, K; is a constant (3.27 x 107> mmgpA~'cm™! per year)
that represents the mass loss per unit of current and unit of area considering one year of
charge transfer, p is the density in gecm™ and EW is the equivalent weight of the alloy,
calculated as follows: EW = 1/(>_nf/W), n being the valence, f the mass fraction
and W the atomic weight of each element (only elements with more than 1 percent in
mass were considered, following standard practice [218]: Cr, Ni, Cu and Fe). The use of
penetration rate may not be adequate for materials that exhibit a passive behaviour due
to localised corrosion, although this is an useful parameter recommended by ASTM G102

[218] for most engineering alloys that makes the results from different work comparable.

OR = K, EW (5.4)
p

In EIS experiments, the amplitude of the AC signal was set to 10 mV rms with respect
to the open circuit potential and the frequency spectrum applied to the cell varied from
10kHz to 1mHz. These values were selected based on screening tests with different
amplitudes (from 5 to 15mV), frequencies (from 0.1 mHz to 100 kHz) and on the guidelines
from technical reports [219, 220]. The readings were taken at different times of exposure
(from 5 to 21 hours). The open circuit potential was continuously measured during the
intervals of the EIS scans, which lasted &~ 4 hours when the number of readings per test

was set to 50.
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5.3 Results and discussion

In this section, the numbering scheme presented in Figure 5.7 is used to identify the
specimens used in the electrochemical experiments. Particular cases (i.e. alternative

limiting currents) are clearly identified.

Test gas:
Test method: HC: H,S (CO, as balance)
P: Potentiodynamic polarisation HS: pure H,S
S: Impedance spectroscopy CO: pure CO,

Sequential

(LFPFHC F{1]

Treatment condition:

L: Low-temperature plasma nitrided
H: High-temperature plasma nitrided
U': Unmodified

FIGURE 5.7: Numbering scheme used to identify the samples used in the
electrochemical experiments

The following sections present the results from potentiodynamic scans in each tested

environment. A summary of the electrochemical data is shown in Table 5.2 (section 5.3.4).
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5.3.1 Potentiodynamic polarisation (H>S/CO5)
Unmodified specimens

Figure 5.8 shows the variations of the open circuit potential with immersion time when
the unmodified material (specimen U-P-HC-3) was exposed for 21 hours to simulated
produced water with pHsS = (3.4 £+ 0.1) kPa and CO, as balance. During the deaeration
stage with Ny, the open circuit potential continuously dropped towards less noble poten-
tial, implying lower corrosion resitance associated with the reduction of the concentration
of oxygen. This decay, also observed in studies investigating the effects of oxygen on the
passivity of Fe-Cr alloys [221], suggests that the loss of the protective characteristics of
the chromium oxide film with decreasing the concentration of oxygen could be due to a
change in the film composition and it does not involve film breakdown. After the deara-
tion was completed, the HoS gas was turned on (immersion time = 0), and the potential
increased abruptaly towards more positive potential, suggesting that a passive layer of
iron sulphide was instantly formed (as previously observed [222]) and affected the poten-
tial at the metal/solution interface. After reaching a peak at —475mV in 30 minutes of
immersion, the potential decreased monotonically in two stages: a rapid drop of 50 mV
in 45 minutes followed by a slow decrease towards a potential plateau (quasi-equilibrium
condition) of —545mV. The reduction on the potential suggests that the film of iron
sulphide is unstable and not sufficient to maintain a passive condition, possibly due to
poor surface coverage.

The polarisation scan (specimen U-P-HC-3), taken after 21 hours of immersion is
shown in Figure 5.9. Three distinct regions can be identified by analysing the data: an
active region (from F.,, to point A), a passive zone (from A to B) and breakdown of
the protective film (from B, the pitting potential E,, until the maximum current was

reached). In the active stage, the corrosion rate (expressed by the current density) first
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FIGURE 5.8: Variations of the open circuit potential with immersion time

(up to 21 hours) for the unmodified 17-4 PH (H1150D) immersed in pro-

duced water (165 g L~! NaCl and pH 4.5 & 0.2) with pH2S = (3.4 £ 0.1) kPa

and COq as balance. Specimen U-P-HC-3.

increased linearly with increasing the potential and reached a maximum at the inflection
point (A) separating the active from the passive state (from ~ —510mV to ~ —375mV),
in which the current did not change notably with increasing the voltage. Breakdown
of the passive film occurred when the potential reached ~ —510mV (inflection point
B), corresponding to the onset of pitting corrosion. By further increasing the potential,
the current density—and thereby the corrosion rate—increased linearly until the reverse
current density (5 x 1072 mA cm~?2) was reached and the scan terminated. This behaviour
can also be an indicative of crevice corrosion, observed in selected electrodes—especially
when the limiting current was increased.

Additional readings were taken with larger limiting current density (1 x 107 mA cm~2),
resulting in polarisation curves with similar shape as in Figure 5.9, except for the extended
dissolution after film breakdown until the new limit was reached. Reverse scan, performed
on selected specimens (Figure 5.13b), resulted in positive hysteresis loops (current density

of the reverse scan is higher than that of the forward scan for every anodic potential until
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it repassivates—interception of the reverse scan with the forward scan), which is indicative
of pitting corrosion. The polarisation resistance and the Tafel slopes were determined as

described in the experimental procedures, section 5.2.1.
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FIGURE 5.9: Potentiodynamic polarisation scan of unmodified 17-4 PH

(H1150D) taken after 21 hours of immersion in produced water (165gL~!

NaCl and pH 4.5 + 0.2) with pHsS = (3.4 £ 0.1) kPa and CO3 as balance.
Specimen U-P-HC-3.

After the polarisation sweep (with limiting current density of 5 x 1072 mA cm~2), shal-
low circular pits (5 to 100 pm wide) were observed near the centre of the working electrodes
(specimens U-P-HC-1,2 and 3). These pits were presumably generated by a film breaking
mechanism due to accumulation of chloride ions on their bases, which inhibited further
repassivation and allowed them to grown. Although being difficult to provide support-
ing evidence for that mechanism since the specimens were immediately cleaned after the
tests (comprehensive investigation requires in situ observations), this assumption seems

reasonable because NaCl deposits were identified in deeper pits (e.g. in pure CO,, Figure
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5.18a), even after cleaning. As discussed in the next paragraphs, it seems that deposits
of FeS, contributed to nucleation and growth of some of the pits.

Figure 5.10a shows typical circular pits with approximately 40 pm. A closer look at the
bottom of the pit (Figure 5.10b) implied that the chromium oxide film was removed and
features from the corroding substrate were revealed: grain boundaries and nearly-parallel
laths of martensite.

When the limiting current was increased to 1 x 107! mA cm™2, the morphology of
the pits changed and crevice corrosion was observed at the resin/metal interface of some
specimens. Perforated pits (Figure 5.10c), typical of stainless steels, were formed at the
centre of the specimen U-P-HC-1 by the following mechanism [223]: (i) at an early stage,
passive film breaks and pit grows with a hemispherical shape; (ii) repassivation occurs
near the mouth of the pit (opening at the top surface) where the concentration of Fe'"
is low whereas further dissolution occurs on the side walls; (iii) preferential dissolution
on the sides then develops an undercut (the width of the pit is larger than the mouth)
while the cover (on the top of the pit) remains partially passivated, giving this porous
appearance—the top film can break when a critical size is achieved and the bottom of the
pit is covered with salt, which acts as a barrier for the diffusion of corrosion species. In
this case, the barrier was enhanced by the accumulation of FeS, on the centre of the pit,
as the sulphur content was elevated on this position (16 wt.%, obtained by EDS, Figure
5.10e). This effect was experimentally verified in recent studies [224]. For those pits with
an annular shape (Figure 5.10d), a deposit of FeS, possibly acted as an initiation site—in
this case, the sulphur content on the centre of the pit was 14 wt.%, according to the EDS

spectrum in Figure 5.10f. This observation agrees with previous findings [225, 226].
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FIGURE 5.10: SEM micrographs (top view) of the unmodified 17-4 PH

(H1150D) after the potentiodynamic scans taken following 21 hours of im-

mersion in produced water with pHsS = (3.4 + 0.1) kPa and COz as balance:

(a-b) specimen U-P-HC-3 (limiting current density of 5 x 1072 mA cm™2)

and (c-d) specimens U-P-HC-1 and 2 (limiting current 1 x 107! mA cm~2);
(e) EDS spectrum of U-P-HC-1; (f) EDS spectrum of U-P-HC-2.
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HTPN and LTPN specimens

The open circuit potentials of low and high-temperature plasma nitrided specimens (L-P-
HC-1 and H-P-HC-1), immersed for 21 hours in simulated produced water with pHsS =
(3.4 +0.1) kPa and CO, as balance, are shown in Figure 5.11. Similar to the unmodified
condition, the potential of both HTPN and LTPN continuously decreased during deaer-
ation and increased shortly after the test gas was turned on (time = 0). In both cases,
the potential was nearly constant after approximately 2 hours of immersion and reached
stable values of —675mV (HTPN) and —585mV (LTPN) after 21 hours of exposure. The
potential of the HTPN condition shifted towards less noble potential, suggesting lower
corrosion resistance compared to the LTPN. Comparing these potentials with that of the
unmodified material (—475mV), both plasma nitrided electrodes seemed to be less ther-
modynamically stable, thereby more susceptible to corrosion—both had less noble OCP,

HTPN having the lowest stability.
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FIGURE 5.11: Variations of the open circuit potential with immersion time

for the high (HTPN, specimen L-P-HC-1) and low-temperature plasma ni-

trided (LTPN, specimen L-P-HC-1) 17-4 PH (H1150D) exposed to produced
water with pHoS = (3.4 £ 0.1) kPa and CO4 as balance for 21 hours.
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FIGURE 5.12: Potentiodynamic polarisation scans of high (HTPN, spec-

imen H-P-HC-1) and low—temperature plasma nitrided (LTPN, specimen

L-P-HC-1) 17-4 PH (H1150D) taken after 21 hours of immersion in pro-
duced water with pHaS = (3.4 £ 0.1) kPa and CO; as balance.

The shapes of the potentiodynamic curves, shown in Figure 5.12 (specimens L-P-HC-
1 and H-P-HC-1), indicated different responses when the material was plasma nitrided
at high and low temperature: HTPN specimens did undergo anodic dissolution with no
passivation whereas LTPN showed a passive behaviour. The absence of passive region
on the HTPN condition suggested that a protective film was not formed at the surface
after the plasma nitrided treatment and therefore general dissolution occurred—rather
than localised corrosion—until the limiting current (5 x 1072 mA cm ™2, Figure 5.12) was
reached. Besides, when the scan was reverted, it followed nearly the same path of the
forward scan, i.e. the current densities in both directions nearly coincided for any anodic
potential, implying absence of localised attack as no hysteresis loop was formed.

For the LTPN condition, anodic dissolution reached a maximum at —450mV (point
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A in Figure 5.12). From this point, the current decreased with increasing the potential,
resulting in a passive state from —450mV to —300 mV (point B). The short passive region
can be due to the formation of a weak film (presumably iron sulphide or a nitrogen-
rich layer near the surface) not capable of sustaining the protective characteristics (with
increasing the potential) due to the small thickness and low surface coverage. By further
increasing the potential to beyond the pitting potential (point B), anodic dissolution
occurred at a rate similar to that of the unmodified material.

Based upon the results from the potentiodynamic scans, the LTPN condition is less
susceptible to pitting corrosion compared to the unmodified material due to its higher
pitting potential (£, = —300mV, Figure 5.12) compared with —375mV of the unmodified
material (Figure 5.9). Besides, when the reverse scan—performed on selected specimens
(see typical curves shown in Figure 5.13)—is included in the analysis, the repassivation
potential of the LTPN specimens (E,, = —350mV, Figure 5.13a) is higher than that
of the unmodified material (< —450mV, Figure 5.13b). The point A indicated in both

graphs corresponds to the reverse current.
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FIGURE 5.13: Reverse potentiodynamic polarisation scans of (a) LTPN
and (b) unmodified 17-4 PH (H1150D) taken after 21 hours of immersion
in produced water with pHaS = (3.4 +0.1) kPa and CO4 as balance.
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Even though the corrosion potential, E,.,,, of the LTPN material was less noble than
that of the unmodified (suggesting lower corrosion resistance), the corrosion current was
lower on the LTPN electrodes (icor = 0.9 x 107 mA cm™2, 4 times lower than the un-
modified, see Table 5.2). The passivating current (ipass, point A in Figures 5.9 and 5.12),
however, was slightly higher on the unmodified material and the same occurred for their
corresponding passivating potentials ip.s (Table 5.2). This makes it difficult to define the
material with superior corrosion characteristics (LTPN or unmodified), although the best
resistance to pitting corrosion seems to be a positive aspect in favour of the LTPN, as lo-
calized attack could be potential site for crack initiation. To clarify this, the morphologies
of the surfaces were examined.

Figure 5.14 shows the SEM images (top view) of the exposed surfaces of the working
electrodes after 21 h of immersion in the test environment. All the images agree with the
potentiodynamic polarisation results, as described in the next paragraphs.

Typical micrograph from HTPN specimens (Figure 5.14a) shows that general corrosion
occurred on the surface, as no pits were identified. EDS analysis revealed different sulphur
contents in the darker (1.6 wt.%) and brighter (0.6 wt.%) areas, indicating poor surface
coverage of FeSy,—insufficient to provide passivation, in agreement with the potentiody-
namic scans. By analysing the size and distribution of the darker areas, it appears that
iron sulphide formed preferentially along prior austenite grain boundaries, approximately
20 pm wide.

As predicted in the potentiodynamic scans, localized corrosion ocurred on the centre
of LTPN electrodes, as shown in Figure 5.14b. A closer look with higher magnification
(Figure 5.14c) showed a darker area (1-2pm wide) covered with FeS,—the concentration
of sulphur in this region was about 2 wt.% (determined by EDS). The bright circular areas,

visible at higher resolution, correspond to iron nitride (y’~Fey4N), typical morphology when



152 Chapter 5. General and localised corrosion

plasma nitriding is performed using the active screen method [227]. This agrees with the
XRD data from LTPN (section 3.2.2.4).

To induce pit growth in LTPN and analyse its morphology, the limiting current density
was increased to 1 x 1071 mA cm =2 for selected specimens and resultant images are shown
in Figure 5.14d-f. Typical pit (50 pm—wide) formed at the centre of the working electrode
is shown in Figure 5.14d. The image indicates that the outer section of the compound layer
(v-FesN and e-Fey 3N) was locally dissolved, exposing its underlying portions. At the
bottom of the pit—more clearly seen in Figure 5.14e, a wider localised attack—there were
signs of intergranular corrosion. Brittle cracks were also observed on the top layer, next
to some of the pits (Figure 5.14f). Overall, these images suggest that the compound layer
is more resistant to corrosion than the unmodified material, since the areas of localised
attack were shallower (less than 10 um) than typical hemispherical pits (Figure 5.10b).

Examination of the bottom of the pits on LTPN specimens at higher resolution (Fig-
ure 5.15), provided additional evidence of the superior resistance of the compound layer
compared to the unmodified material. The structure on the bottom of the pit (Figure
5.15a) is typical of mixed y'—Fey,N and e-Fes 3N, confirming that only the outer part of
the compound layer—predominantly y'—FeyN, according to the XRD analysis (section
3.2.2.4)—was dissolved. Figure 5.15b shows an amplified view of the bottom of the pit,

indicating the occurrence of brittle transgranular cracking.
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FIGURE 5.14: SEM micrographs of high (HTPN) and low—temperature

plasma nitrided (LTPN) 17-4 PH (H1150D) after the potentiodynamic scans

taken following 21 hours of immersion in produced water with pHsS =

(3.4 £0.1) kPa and COg as balance: (a) HTPN; (b-c) LTPN; (d-f) LTPN
with increased limiting current density (1 x 107! mA cm™—2).
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FicURE 5.15: SEM micrographs of low—temperature plasma nitrided
(LTPN) 17-4 PH (H1150D) after the potentiodynamic scans taken follow-
ing 21 hours of immersion in produced water with pHaS = (3.4 £ 0.1) kPa
and COs as balance and limiting current density of 1 x 107! mA cm™2: (a)
outer layer and bottom of the pit; (b) brittle crack on the bottom of the

pit.

5.3.2 Potentiodynamic polarisation (CO;)
Unmodified specimens

Representative open-circuit potential of unmodified specimens (U-P-CO-1) immersed in
produced water with 165g L~ NaCl and pH 4.5 &+ 0.2 saturated with pure CO, is shown
in Figure 5.16. Similar to what occurred with mixed HyS/COs, the potential went up
quickly when the deaeration was finished and the test gas started to flow in the vessel. In
the time frame evaluated (21 h of immersion), the potential reached (—433 & 21) mV. The
potential gradually increased during the immersion period, indicating corrosion inhibition
due to growth of corrosion scales—mainly ferrous carbonate FeCOs, which may have
formed due to the high concentration of CO,. But, at room temperature, the formation
of a dense film FeCOj is not favoured (see section 4.3.3.1) and therefore disperse deposits

may have contributed to the potential increase.



5.3. Results and discussion 155

-200 — T T T T
|
-300 .N2! A
/Eh L (]()2 -
% 400 |
= g
& |
o -500 K | 4
QO
©)
-600 .
[
_700 ; 1 1 1 1
0 ) 10 15 20

Immersion time (h)

FIGURE 5.16: Variations of the open circuit potential with immersion time
of unmodified 17-4 PH (H1150D) specimen exposed to produced water sat-
urated with CO3 for 21 hours.

-100
metastable <
pitting
-200

-300 |

Potential (mV vs. SCE)

-400 |

_500 PR | PRI | PR | Lol Lol

Current density (mA cm'2)

FIGURE 5.17: Potentiodynamic polarisation scans of unmodified 17-4 PH
(H1150D) taken after 21 hours of immersion in produced water saturated

with COgq

The potentiodynamic scan (Figure 5.17), obtained after 21 h of immersion, indicates
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a passivating behaviour. From the inflection point A (= —410mV), the rate of increase
of the current density reduced significantly and reached a fully passive condition at =
—200mV. From this point, further increase of the potential resulted in metastable pit-
ting, subsequent breakdown of the protective film (point B, pitting potential E,) and
rapid dissolution until the limiting current was reached (5 x 1072mA cm™2). The passive
behaviour was due to the film of chromium oxide (CryO3).

After the potentiodynamic scans, examination of the surfaces with SEM revealed a
few dark spots (less than 1pum wide) on the surface. To allow pits to further grow so
that their morphology could be analysed, additional scans were performed with larger
limiting current (1 x 107 mA em™2, Figure 5.22). Typical pit formed at the centre of
the working electrode—with an hemispherical shape, 150 pm wide—is shown in Figure
5.18a, in which corrosion scale and deposits of NaCl can also be identified. Figure 5.18b
shows an augmented view of the bottom of the pit, in which intergranular and interlath

corrosion can be seen.
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FIGURE 5.18: SEM micrographs of unmodified 17-4 PH (H1150D) after the

potentiodynamic scans taken following 21 hours of immersion in produced

water saturated with COg: (a) typical corrosion pit; (b) amplified view of
the bottom of typical pit
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HTPN and LTPN specimens

The open circuit potentials of plasma nitrided specimens (L-P-CO-1 and H-P-CO-1) in
pure COy are shown in Figure 5.19. After deaeration with N, the potential of both HTPN
and LTPN increased when the test gas was turned on (time = 0) and followed different
paths with increasing the immersion time. For the HTPN condition, the potential first
increased abruptly and, after reaching a peak of —630 mV), decreased monotonically until
a plateau of (—664 +5) mV was established after 5 hours of exposure. For the LTPN,
the potential increased from—640mV to —590 mV in the first 90 minutes and continue to
rise linearly at a low rate (= 0.8 mV per hour) until it reached (=576 = 3) mV at the end
of the 21 hours of exposure. As in mixed HyS/CO,, the potential in pure COy was less
noble for the HTPN compared to both LTPN and unmodified conditions.
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FIGURE 5.19: Variations of the open circuit potential with immersion time
for the high (HTPN) and low-temperature plasma nitrided (LTPN) 17-4
PH (H1150D) exposed to produced water with pure COy for 21 hours.

The potentiodynamic scans presented in Figure 5.20 show that, for the limiting current

of 5 x 1072 mA cm™2, none of the plasma nitrided specimens had passivating behaviour
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in pure CO,. The more noble corrosion potential and the lower corrosion current of the

LTPN specimens confirmed its superior corrosion resistance compared with the HTPN.
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FIGURE 5.20: Potentiodynamic polarisation scans of high (HTPN) and
low-temperature plasma nitrided (LTPN) 17-4 PH (H1150D) taken after
21 hours of immersion in produced water with pure COs.

Examination of the surfaces of the HTPN and LTPN after immersion (Figures 5.21a-b)
confirmed that no pits were formed in pure CO, for both conditions (with the maximum
current set to 5 x 1072 mA cm™2). For the HTPN condition, corrosion scales—as exempli-
fied in Figure 5.21a—were identified on the surface. These deposits (randomly distributed
on the surface of the working electrodes) were characterised as FeCO3, since the EDS spec-
trum showed increased amount of oxygen (21 wt.%) compared to that of the uncovered
surface (5 wt.%). Similar morphology was observed on the LTPN specimens: Figure 5.21b

shows an overview of the surface at lower magnification.
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FIGURE 5.21: SEM micrographs of HTPN and LTPN 17-4 PH (H1150D)
after the potentiodynamic scans taken following 21 hours of immersion

in produced Water with pure COq:

(a) HTPN (limiting current density

5x 1072 mA cm~2; (b) LTPN (5 >< 1072 mA cm~2; (c) LTPN with increased
limiting current density (1 x 107! mA ecm™2); (d-f) LTPN with increased
limiting current density (1 mA cm™2)

L-P-CO-1
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2 and above) and the scan

The maximum current was increased (1 x 107! mA cm™
repeated to analyse pit tendency of LTPN specimens. The material passivated when the
current density was ipass — 2 X 10~ mA cm~? and breakdown of the passive film occurred
when the potential reached E, = (=120 £20)mV (Figure 5.22a). For this condition,
two types of localised attack were observed: (i) shallow pits (limiting current set to
1 x 107'mA cm™2, Figure 5.21c), in which only the outer portion of the compound layer
was dissolved, as in mixed H,S/CO, and (ii) round, hemispherical pits (limiting current
set to 1 mA cm™2), up to 200 pm-wide (Figure 5.21d). In the latter case, the nitrided layer
was completely dissolved and the bottom of the pit revealed the martensitic structure of

the substrate (Figure 5.21f). Brittle cracks (Figure 5.21¢ and 5.21e) and delamination-like

defect (Figure 5.21d) were also observed.
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FIGURE 5.22: Representative reverse potentiodynamic polarisation scans

of (a) low-temperature plasma nitrided (LTPN) and (b) unmodified 17-4

PH (H1150D) taken after 21 hours of immersion in produced water with
pure COq
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5.3.3 Potentiodynamic polarisation (H3S)
Unmodified and LTPN specimens

Open circuit potential of unmodified and LTPN specimens exposed to HyS—saturated pro-
duced water is shown in Figure 5.23. The shape of the curves and the potentials obtained
for unmodified specimens in pure HsS were similar to those when the material was ex-
posed to mixed HyS/COs (see Figure 5.8). This suggests that, for both gas mixtures,
the corrosion scales were not sufficiently stable to provide passivity since the potential
dropped after reaching a peak value. LTPN specimens followed a different trend after
deaeration: the potential dropped and increased rapidly, reaching a peak of —600mV,
after which a sudden drop of about 20mV occurred before the potential started to grow
towards a stable plateau (after about 10 hours of immersion) of (—381 4+ 7)mV. This
potential rise suggests that the corrosion deposits (iron sulphide) are providing further
protection against corrosion and a passive state could be formed due to the larger surface

coverage owing to the high concentration of HsS.
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FIGURE 5.23: Variations of the open circuit potential with immersion time
for the LTPN and unmodified 17-4 PH (H1150D) exposed to produced water
with pure HsS for 21 hours.
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The potentiodynamic scans (Figure 5.24) showed that the unmodified material had a
short passive region (from point C to D). After the onset of pitting (—420mV), anodic
dissolution occurred at a faster rate: approximately one decade of current density per
100mV of potential increase. For the LTPN specimens (Figure 5.24), anodic dissolution
occurred at different rates (it increased after passing point A) and passivation started

ahead of point B.
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FIGURE 5.24: Potentiodynamic polarisation scans of low—temperature
plasma nitrided (LTPN) and unmodified 17-4 PH (H1150D) taken after
21 hours of immersion in produced water with pure HsS.

The SEM micrographs shown in Figure 5.25 provide further insights into the corro-
sion behaviour of both conditions. Figure 5.25a shows typical round pit located near
the centre of the unmodified electrode, confirming that the material was susceptible to
localised attack due to the chromium-rich film formed on the surface—iron sulphide was

not identified on the surface by EDS for this condition. When the scan was forced to
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run until a higher limiting current (1 x 107! mA cm~2), however, deposits of FeS, near
the centre of the electrode (Figure 5.25b) were identified—the concentration of sulphur
on these darker regions were nearly 30 wt.%, obtained by EDS (Figure 5.25¢). These
deposits precipitated near corrosion pits (about 100 pm wide) since the limit of solubility
of iron sulphide in the electrolyte was exceeded due to the enhanced corrosion activity.
The LTPN electrodes, after the scan shown in Figure 5.24 was completed, were almost
deposit—free, having only few dark circular spots (Figure 5.25¢) indexed by EDS as FeS, (S
content of 0.5 wt.%). These are presumably deposits formed on the early stages of pitting
and they would be expected to grow, as in the unmodified specimens, if dissolution had
continued—that was not the case since the scan (Figure 5.24) was interrupted shortly after
pitting potential was reached (point E). To investigate pit growth, the maximum current
density was set to 1 x 107* mA cm~? and intense precipitation of FeS, around regions of
localised attack were identified (Figure 5.25d). The concentration of sulphur was nearly
30 wt.% on these regions (Figure 5.25f). EDS spectrums, obtained in different parts of
the surface away from these locations, showed lower sulphur content (from 1 to 5 at.%),
suggesting that a thin film of iron sulphide covered the surface of the electrode—this
agrees with earlier observations [228], in which iron sulphide was formed by an inner,

uniform thin layer and an outer layer composed by deposits.
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FiGURE 5.25: SEM micrographs of unmodified and LTPN 17-4 PH

(H1150D) after the potentiodynamic scans taken following 21 hours of im-

mersion in produced water with pure HoS: (a) unmodified (limiting current

density 5 x 1072 mA cm~2; (b) unmodified (1 x 107! mA cm~2); (c) LTPN

(5x1072mA cm™2); (d) LTPN (1 x 10"'mA cm™2); (e) EDS spectrum
from (b); (f) EDS spectrum from (d).
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FIGURE 5.26: Representative reverse potentiodynamic polarisation scans

of (a) low-temperature plasma nitrided (LTPN) and (b) unmodified 17-4

PH (H1150D) taken after 21 hours of immersion in produced water with
pure HaS.

Figure 5.26 presents typical reverse scans of unmodified and LTPN specimens. The
large positive hysteresis loop on the unmodified material (Figure 5.26b) indicates that this
condition is highly susceptible to pitting—the path followed by the reverse scan suggests
that passivation would occur at a potential below FE..., and, in this case, pitting can
occur even when the material is freely corroding at the corrosion potential. Conversely,

repassivation of LTPN occurred above Eo, (Figure 5.26a).

5.3.4 Potentiodynamic polarisation (Summary and discussion)

The electrochemical data, extrapolation parameters and corrosion rates obtained from
the potentiodynamic polarisation scans taken after 21 h of immersion in produced water
(165 g L' NaCl and pH 4.5) with mixed HyS/COs, pure H,S and pure CO, are presented
in Tables 5.2 and 5.3. The uncertainties were quantified by the standard deviation, con-

sidering at least three repeats for each condition. The results, discussed in detail in
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the previous sections, showed that the resistance to general corrosion—quantified by the
corrosion rate (Table 5.3)—in mixed H,S/CO, increased (compared to the unmodified
material) after plasma nitriding at low temperature (LTPN) and decreased after plasma
nitriding at high temperature (LTPN). LTPN also exhibited superior resistance to pit-
ting corrosion compared to the unmodified material, attributed to the greater corrosion
resistance of the compound layer. In spite of both pitting E, and the repassivating E,,
potentials being similar to that of the unmodified condition, SEM images indicated that
only shallow pits were formed on the surface rather than typical hemispherical pits ob-
served in unmodified specimens. By evaluating the corrosion response in pure HsS and
pure COs, as an attempt to understand the role of each gas on the corrosion process, the
following was observed: LTPN had superior resistance (general and localised corrosion)
in HyS while the unmodified material performed best in CO5, HTPN having the lowest
resistance in the latter. In the following paragraphs, the results obtained for each test gas

are further discussed.

Pure H,S

As briefly reviewed in Chapter 2, when H,S in the gas state is mixed with H5O, it dissolves
into aqueous HyS, i.e. HySy 5, HoS(aq), Ki,s = cn,s/pHaS being the solubility con-
stant (reported to be from 0.097 to 0.103mol L' bar~! in distilled water at 25°C [229])
and cp,s is the concentration of HyS. Addition of NaCl slightly decrease the solubility
[230]). Similar expressions are obtained for solubility constants on each subsequent dis-

ot K, + - - K e
sociation step (HyS(aq) H" + HS and HS H™ +S™). As noted by [231],

these sulphur species are stable at high pH levels (pH>6) whereas dissolved H,S is stable
at lower pH. Since the pH in all the electrochemical measurements in this work was kept

within 4.5 4= 0.2, HyS(,q) was predominant.
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TABLE 5.3: Extrapolation parameters, polarisation resistances and corro-

sion rates obtained from the potentiodynamic scans after 21 h immersion

in produced water (165gL~! NaCl and pH 4.5 4+ 0.2) with different gas
mixtures at (23 £ 2) °C and atmospheric pressure

. B Be R, CR

Test gas  Condition mV /decade mV/decade k) cm? mmyear
UN 4443 3242 20.0£4.0 (4.31 £0.91) x 1073
H,S/CO, HTPN 209+1 37+£3 41+£1.0 (1.82 +0.40) x 1073
LTPN 31£7 33+t4 72.0+13.0  (0.91+£0.43) x 1073
UN 52+ 12 29+ 2 150.0 +£90.0  (0.75 £ 0.44) x 1073
COq HTPN 31+£3 43£5 0.8+ 0.5 (1.20 £ 0.60) x 1071
LTPN 31+£3 42+ 2 7.0+1.7 (12.41 + 3.45) x 1073
. UN 42+4 3242 A8+3  (2.35+£1.34) x 1073
2 LTPN 34+£8 23+9 220 £ 150 (0.34 +£0.11) x 1073

In HyS-H5O systems, complex reactions take place at the metal surface simultaneously,

as briefly reviewed in Chapter 2, the net reaction being Fe + H,S 20 FeS + 2H. In
addition to the anodic dissolution of iron (Fe — Fe*" + 2¢) and adsorption of corro-
sion species, precipitation of iron sulphide occurs when its limit of solubility is exceeded,
resulting in corrosion inhibition if the immersion time in the electrolyte is sufficiently
long—more than 2 h, as noted by some studies[102]. Among various structures of iron
sulphide, metastable mackinawite (tetragonal FeS; ., x varying from 0 to 0.11) has been
reported as the first corrosion product to form at 25 °C [229] and subsequently transformed
into more stable forms, such as pyrite FeS,; and cubic FeS. The latter can be excluded,
since it has been shown that it cannot be formed in the presence of NaCl [229], and there-
fore all the corrosion deposits in pure HyS were characterised as pyrite (FeSs, confirmed by
EDS). Its corrosion inhibition effect was clearly observed in the LTPN condition (the open
circuit potential shifted to more noble potential during immersion), in which corrosion
scales accumulated near sites of localised attack (Fe2+ being more intensely released from

the surface) after the potentiodynamic scans rather than form a uniform thin film on the
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surface of the electrode. Similar effects occurred on the surface of the unmodified speci-
mens, but corrosion inhibition was not observed. This could be because the unmodified
is more susceptible to pitting, which favoured the kinetics of growth of the FeS film and
regions not covered by FeS became anodic to the larger and more frequent FeS deposits,
resulting in higher dissolution. This can explain the higher corrosion rate observed in the

unmodified specimens (Table 5.3).

Pure CO,

K co,

Similarly to HyS, CO; dissolves in water (COqygy COs(aq)) and an iron carbonate
scale can be formed if the limits of solubility of CO* and Fe*" are exceeded (supersat-
uration). This layer can become a barrier for the corrosion species and slow down the
corrosion process or can be porous and increase the susceptibility to localised attack. In
this study, none of these cases occured as only few deposits of FeCO5 were identified. This
is in agreement with previous studies [209]|, which have shown that FeCOj3 has low ad-
herence to the surface when the temperature is lower than 60 °C, since supersaturation of
CO” and Fe" is not achieved on these temperatures. Besides, the pH used in this work
(4.5 £0.2) increases the solubility of iron carbonate, thus supersaturation and thereby
the scaling tendency are decreased—previous study [232| indicated the tendency of the
formation of a compact and protective film only when the pH of the environment was
larger than 6. Furthermore, saturation of iron carbonate is also decreased by increasing
the ionic strength of the environment, which is high due to the high NaCl content used
in this work.

According to the potentiodynamic scans and SEM micrographs, localised corrosion

occurred in both unmodified and LTPN electrodes while general corrosion was dominant
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on HTPN. The latter had the lowest corrosion resistance—as expected due to the for-
mation of CrN—and corroded at a rate one to a few orders of magnitude faster than
LTPN and unmodified specimens. Due to the high chromium content, pitting occurred
by a film breaking mechanism (chromium oxide) in the unmodified condition and a pas-
sivity—like behaviour of the LTPN was due to the higher corrosion resistance of the outer
nitrogen-rich layer compared with the underlying layers of the nitrided case. The un-
modified material has lower corrosion rate, higher pitting potential and lower passivating
current, indicating that this condition has superior resistance to both localised and general

corrosion in pure COs.

Mixed CO5/H>S

When both HyS and CO, are present in solution, it is expected that both iron carbonate
and iron sulphide scales precipitate on the surface and that different Hy,S/CO» ratio would
result in different proportions of FeCO3/FeS. Studies with carbon steels [156] exposed to
these environments confirmed that both scales compete and that the partial pressure of
Hs,S is an important aspect controlling the precipitation. According to their findings, with
small amounts of HsS (about 1kPa), both scales are formed whereas the precipitation
of iron sulphide predominates when the concentration of HsS increases. But, as the
precipitation of FeCOs is not favoured in the conditions evaluated in this work, as indicated
in previous section, iron sulphide would therefore be the predominant corrosion scale in
mixed HyS/CO,. To support this, previous studies [233] have demonstrated that when
the ratio of partial pressures (pCOs/pH3S) is less than 500 (it is approximately 28 in the
present work), the formation of iron sulphide predominates. The sulphur content on the
surface, however, was lower than 2 wt.% in specific regions and this could be because HS™

and S, species could had interacted with the growing film and promoted the formation
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of soluble corrosion products, thereby preventing the development of an effective barrier
for general corrosion, in agreement with previous observations [158|.

Contrary to previous studies [222, 234, 235|, which showed that the addition of HsS
to CO, reduced the corrosion rate of steels in acidic conditions when the immersion time
was longer than 2 hours 235, the unmodified material had lower corrosion resistance
in mixed HyS/CO5 compared to pure CO,. This confirms that a protective film of iron
sulphide was not sustained for the conditions tested in this work. Similarly, there was
no evidence of formation of a protective film on the surface of LTPN specimens—apart
from isolated deposits with higher sulphur content compared to the uncovered areas.
Despite the absence of an uniform film, iron sulphide appeared to have covered the porous
structure of the outer compound layer (y'~FesN) and slowed the corrosion process—both
general and localised corrosion resistance increased in mixed gas. As in pure HsS and in
pure CO,, HTPN had the lowest corrosion resistance due to the presence of CrN in its

structure.

5.3.5 Electrochemical impedance spectroscopy

As discussed earlier, electrochemical impedance spectroscopy analysis was used only to
evaluate the LTPN condition. In the first part of this section, major trends of the exper-
imental data were analysed. In the second part, an equivalent electric circuit was used to

describe the system and the the physical interpretation of each parameter was discussed.

5.3.5.1 Experimental data

Figure 5.27 shows the Nyquist plots, i.e the negative of the imaginary impedance Z"(w)
against the real impedance Z’(w), obtained for LTPN specimens immersed in produced

water with pHyS = (3.4 £ 0.1) kPa and CO, as balance. Electrochemical readings were
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taken for different immersion times, from 5 to 21 h. Overall, except for the increase in
the first hours (from 5 to 9 h), the size of the impedance arcs decreased with increasing
the immersion time and reached a stable size after 17 h. From 9 h to 17 h, the magnitude
of the electrochemical impedance of the system—represented by a vector from the origin
to the impedance arc (|Z(w)| = {(Z’)2 + (Z")2] 1/2)—15 reducing for the entire frequency
spectra (more visible at lower frequencies) as the immersion time increases. This indicates
that the polarisation resistance of the system—determined by the difference between the
- Z (W)

impedance at high and low frequency, i.e. R, = |Z (w) —is reducing

wW—00 | w—0 |

and thereby the corrosion rate is increasing, possibly due to the dissolution of the thin film
of iron sulphide initially formed on the surface. Quantitatively, however, the variations
of impedance with the immersion time were negligible, as detailed in the next section.
This is reflected on the minor variation of the cell potential: from —573 (9 h) to —577mV
(21 h), which agrees with the readings of the open circuit potential in the same period
(Figure 5.8). In pure Ny, the impedance was slightly higher than that in mixed gas and
the impedance arc was longer (almost completing a semi-circle). The partial arcs (not
extended to the low frequency spectra) obtained for the mixed gas is typical of metallic

surfaces forming porous films (in this case iron sulphide) with high capacitance.
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FIGURE 5.27: Nyquist plots of low—temperature plasma nitrided (LTPN)

specimens taken after deaeration with Ny and at different times of immer-

sion (up to 21 hours) in produced water with pHoS = (3.4 & 0.1) kPa and
COq as balance. Insert: amplified view at high frequency.

A closer look at the shapes of the arcs (see insert in Figure 5.27) indicates that they are
formed by two semicircles. This suggests that there are two rate—determining paths for
the corrosion process, i.e. two different interfaces corroding simultaneously. A discussion
about these interfaces is presented in the next section.

The corresponding Bode (phase) plots (phase angle ¢ against frequency) are shown
in Figure 5.28a. The overlapping of two waves confirms that there are two major elec-
trochemical interfaces. In mixed Hy/COg, phase angle dropped for all immersion times
(about 20 degrees) when the frequency reached about 107! Hz, which shows a deviation
from a fully capacitive behaviour—characterised by a plateau near 90°, which would in-
dicate high corrosion resistance (e.g. passivity due to a compact, non-porous film on the
surface). The non-ideal response (deviation from ideal capacitor) suggests that the resis-

tance to minor faults on the surface (e.g. superficial defects or narrow pores exposed to
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the electrolyte) became detectable on the low—frequency range. The shape of the curve
in pure Ny followed a similar trend from high to intermediate frequencies, with the phase
angle shifted (about 2°) towards 90 degrees, indicating higher corrosion resistance. On the
lower side of the frequency spectra, however, the phase angle dropped (from just above
1072 to 1mHz to near 0° and it suggests the presence of larger or more frequent pores at
the surface (implying lower corrosion resistance).

The features observed in the Bode (phase) plots can also be identified in the Bode
(magnitude) plots (module of impedance |Z| against frequency) shown in Figure 5.28b.
At high frequency, characteristics of the electrolyte were revealed: for all the specimens,
the impedance of the electrolyte was about 2 Q cm?—this confirms the high ionic strength
of the electrolyte due to the high concentration of NaCl. From frequencies below 10? Hz,
a straight line with slope A|Z|/Af ~ -1 indicates capacitive behaviour (slope equal to
1) and the slope became higher (> -1) when the frequency was lower than 10~! Hz,
confirming the deviation from a fully capacitive behaviour at low frequencies. In pure N,
the impedance deviated from a straight line in the low frequency side of the graph (below
~1072Hz), also an indicator of deviation from purely capacitive behaviour due to the

formation of a porous structure or flaws on the surface. This effect was less pronounced

in mixed HyS/CO,.
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5.3.5.2 Equivalent circuit

A useful approach to help interpret the EIS data is to fit it to an equivalent electrical
circuit which best represents the processes taking place in the electrochemical cell being
investigated. Although useful, this needs to be used with caution because there are many
possible circuits that can describe the system. The complexity increases when many
reactions are taking place, such as the formation and grown of passive films and corrosion
products (the kinetics of formation of iron sulphide deposits involves its solubility in
the test environment and the rate that this is being formed at the surface). A fully
comprehensive investigation of this is not part of the scope of this project. Rather, the
circuit was used to assist the understanding of the main features of the corroding interfaces
to evaluate the corrosion resistance of the plasma nitrided layer when exposed to the test
environment.

A possible circuit that can be used to fit the experimental data is shown in Figure 5.29.
This is typical circuit used to describe metallic substrates protected by non-conductive
porous coatings [213| or by conductive passive films [158, 210]. The corroding interfaces
in contact with the electrolyte were modelled as a two—layer system: the top section repre-
sents the outer portion of the compound layer (predominantly y’~Fe,N, 3-5 pm deep) and
the inner portion represents the substrate, i.e. the underlying portions of the compound
layer. The pores of the y'-Fey,N structure or flaws on its surface are modelled as nar-
row channels connecting the electrolyte with the underlying v'~Fe,N /e-Fey 3N structure.
In Figure 5.29, Ry is the ohmic resistance of the electrolyte (between the reference and
working electrode), R, is the resistance of the outer layer, which measures the resistance
to the passage of the electrolyte through the microscopic channels (pores) and Ry is the
charge—transfer resistance at the interface electrolyte/inner layer. Q. and @ (double layer

capacitance) represent the capacitances of the outer and inner layer, respectively.
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FIGURE 5.29: (a) Equivalent electric circuit used to model the experimental
data; (b) schematic representation of the corroding interfaces (cross section)

As the semicircles on the complex plane (Figure 5.27) are flattened, i.e. depressed semi-
circular arcs, constant—phase elements (CPE) were used to represent non—ideal capacitors.
This behaviour, as discussed earlier, is due to inhomogeneities on the surface and complex

reactions taking place near the interface (e.g. adsorption). In this case, the impedance is

given by [210]

(5.5)

in which w is the angular frequency (w = 27 f, where f is the frequency), j is the imaginary
unit (j = /—1) and ( is a parameter related to the depression angle (rotation of the semi
circle with respect to the real axis) which varies from 0.5 to 1. When ¢ = 1, the element
acts as an ideal capacitor with capacitance equal to ). The impedance of an ohmic

resistor when a sinusoidal voltage is applied is its resistance, R, and the impedance of a
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capacitor is given by

ZC (w) = %I_Ig ZCPE (w) = J(,U_C (56)

By arranging the elements as indicated in the circuit (Figure 5.29) and using equations

5.7 and 5.6, the total impedance of the system is given by

R+ Ry + (jw)* R.R.Q;
(W) |Qe ()% R.RiQ; + Re + Ry | + (jw) RiQy + 1

Z (jw) = Ry + (5.7)

5.3.5.3 Fitting results

The parameters obtained after fitting the experimental data to the equivalent circuit
shown in Figure 5.29 are summarised in Figure 5.30 and Table 5.4. Selected Bode (mag-
nitude and phase) plots exemplify the fitting results (Figure 5.32). The low x? (Table 5.4),
used to determine the goodness of fit, indicates that the selected circuit is adequate to
describe the experimental data—ideally, x* — 0 [236]. Besides, the Kramers-Kronig (K-
K) transform [237, 238] was used to verify the consistency of the experimental data—this
model connects real and imaginary parts of the impedance and evaluate causality, lin-
earity, stability and finiteness—and the resulting impedance curve was similar to that

obtained experimentally, as shown in Figure 5.32. The following relations were used:

7' (w) = 7' (o0) + (3) /0 T o) m Wl W) g, (5.8)

T 2 — w?
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77 (W) = — (2—“’) /Ooo 2@ =2 W), (5.9)

T 2 — w?

in which Z’(w) and Z” (w) are the real and imaginary parts of the impedance (respectively),
w is the frequency and z is the variable of integration.

Figure 5.30 show the variations of Rs, R., Ry and R, with immersion time. The
ohmic resistance of the electrolyte, Ry = (2.2 + 0.1) Q - cm?, remained constant during the
exposure and its small value is due to the high conductivity of the electrolyte (high content
of NaCl). The polarisation resistance, R,,, dropped from (4.5 £ 0.5) x 10*Q - cm? (pure
Ny) when the electrode was immersed in the test gas, reaching (3.8 £0.4) x 10 Q - cm?
after 5 hours. It continued to decrease after reaching a peak (9 hours) and, in 21 hours
of exposure, R, was about 11 % lower, i.e. (3.440.4) x 10*Q - cm? compared to the
first reading in the mixed gas. This indicates that, overall, the material is becoming less
corrosion resistance with increasing the immersion time in HyS/CO,. To investigate the
possible mechanisms involved in this process, the variations of their components (R, and

Ry) are discussed in the next paragraphs.
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FIGURE 5.30: Electrochemical data (polarisation resistance, Rp; ohmic

resistance of the outer layer, R.; ohmic resistance of the inner layer, Ry;

and electrolyte resistance, Rg) of low—temperature plasma nitrided (LTPN)

specimens taken after deaeration with No and at different times of immer-

sion (up to 21 hours) in produced water (165gL~! NaCl and pH 4.5) with
mixed HaS (3.5kPa) and COz (as balance)

By analysing the results from Figure 5.30, it is evident that the polarisation resis-
tance was dominated by the resistance of the outer layer (R.) in pure Ny and that the
charge—transfer resistance of underlying interface of the compound layer (R;) became the
main contributor in HyS/COo—R; accounting for about 70 % of R,. This suggest that,
when HyS was present in solution, iron sulphide preferentially deposited on the bottom of
these pores—as indicated by EDS, see Figure 5.31—and slowed down the corrosion pro-
cess taking place locally. As a result, the charge—transfer resistance of the inner interface,
i.e. bottom of the pores, increased. With increasing immersion time, however, it seemed
that these deposits partially dissolved resulting in reduction of R; until a nearly steady
condition was reached (between 17 and 21 hours), R; being (2.4 +0.3) x 10*Q - cm? at

the end of this period.
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In the potentiodynamic experiments, it was noticed that the outer part of the com-
pound layer formed on LTPN specimens was dissolved after the scan was completed
whereas the inner portion was still present in the structure, as can be seen in Figure 5.15.
This is in agreement with the EIS results obtained in this section, which suggest that the

inner layer is more resistant to corrosion.
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FiGURE 5.31: EDS scan of dark spots on the surface of selected LTPN

specimen after EIS readings; 21 hours of immersion in produced water with

mixed HyS/CO; (as balance). SEM included for reference (after potentio-
dynamic scan).

The capacitance of the outer layer (Q.), often used as a measure of water permeability
into coatings [213], increased with increasing the immersion time in HyS/CO, (Table
5.4). This implies that the top layer is becoming more permeable after longer exposure,
although it cannot be used to indicate its degradation since R. remained nearly constant
during the period. For the double-layer capacitance (@), no clear trend was observed

due to the highly scattered data (Table 5.4).
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TABLE 5.4: Parameters obtained after fitting the experimental data to
the selected equivalent circuit: LTPN specimen deaerated in pure N5 and
immersed (up to 21 hours) in produced water with mixed H2S/COq (as

balance)
Immersion time Q. Q
Gas Ce ' G X’

(h) 10% pF cm? 10? pF cm?
N, - 46+01 093 11.9+£6.3 0.99 0.031
) 74402 091 1054+3.7 090 0.017
9 82£0.2 090 86£32 0.89 0.012
H,S/CO, 13 8.7+£0.2 090 95£39 089 0.013
17 94+£02 090 11.5+£46 091 0.012
21 99+02 090 131+54 092 0.013

5.4 Summary

The results from the electrochemical measurements showed that LTPN can be successfully
applied to the 17-4 PH (H1150D) to obtain superior corrosion resistance in mixed Hy /CO»
compared to the unmodified and HTPN materials. These results were attributed to the
formation of a compound layer of mixed y’—Fe ;N /e—Fey 3N, the inner section being more
corrosion resistant. Moreover, deposits of FeS, in the porous structure of the compound
layer contributed to slow down the corrosion process. In pure gases, different responses
were observed: unmodified material exhibited greater resistance in pure CO, and LTPN
had superior performance in pure H,S. In the latter, enhanced corrosion resistance was
provided by the formation of FeS, on the surface. HTPN had the lowest corrosion re-
sistance in all the environments, attributed to the presence of chromium nitrides in its

structure.
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Chapter 6

Residual stress and hydrogen

permeation

This chapter presents experimental and theoretical analysis on the role of the residual
stress and hydrogen permeation (barrier effect) on the sulphide stress cracking (SSC) re-
sistance of the plasma nitride layer observed in Chapter 4. The macro residual stress was
determined for the low—temperature plasma nitrided (LTPN) condition and an attempt
was made to determine the barrier effect of the plasma nitrided layer experimentally by
using the hydrogen collection technique. This chapter also presents additional background
information and discussions on hydrogen transport in different structures of the plasma
ntrided layer to support the analysis of the barrier effect. The complete set of experiments
carried out in this work is summarised in Figure 6.1, highlighting the topics covered in

this specific chapter.
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Heat treatment Plasma nitriding treatment
at low (LTPN) and high

(solution annealing and
precipitation hardening) Unmodified Plasma (HTPN) temperatures
material nitriding

Mechaniqal properties T T Characterisation of the
and microstructure plasma nitrided layers
Susceptibility to SSC SSC

FIGURE 6.1: Schematic diagram summarising the topics covered in this
chapter (highlighted in grey) within the complete experimental context of
this work.

6.1 Residual stress

6.1.1 Background

Compressive residual stress can develop during plasma nitriding process, due to the fol-
lowing main factors [30]: (i) lattice expansion caused by nitrogen in solid solution, (ii)
volume misfit between precipitates (carbides and nitrides) and the matrix, (iii) thermal
stress and (iv) stress relaxation. This is of great interest to the industry since the high
compressive residual stress can provide increased wear resistance [18] and fatigue strength
[239] of mechanical components. The treatment parameters (e.g. time, temperature and
gas mixture) and alloying elements—in general, the larger the amount of nitride—forming
elements, such as chromium, aluminium and titanium, the higher the residual stress—are
the main factors controlling the state of residual stress. If compound layers with mixed
ge-Fey 3 and y'—FeyN nitrides are formed, tensile (outer layer) and compressive (inner

layer) stresses can arise [239]. In the diffusion zone, the residual stress is compressive and
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it varies according to the concentration of nitrogen—the greater the concentration, the
greater the stress, limited by the maximum solubility of nitrogen in the microstructural
phase. It is expected, therefore, that this compressive state of stress will prevent crack
initiation and propagation at the surface (compound layer) and subsurface (diffusion zone
and substrate) since it can surpass or reduce the net tensile stress.

Figure 6.2 illustrates the macro residual stress developed in a plasma nitrided metal
and shows a schematic representation of the structure of the substrate/nitrided interface.
The latter, although being simplified, is convenient to demonstrate that the compressive
stress is generated when the unexpanded lattice of the substrate restricts lattice expansion,
caused by nitrogen in solid solution. Previous studies [240-244] have shown that peak

compressive residual stress on nitrided steels can range from -500 MPa to above -2 GPa.

@

nitrided
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lattice)
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FIGURE 6.2: Schematic representation of the macro residual stress devel-
oped in a plasma nitrided metal and the structure of the substrate /nitrided
interface.

Some studies have shown that there is a correlation between micro hardness and
residual stress profiles of plasma nitrided steels [241, 245, 246]. Overall, as illustrated in
Figure 6.3, the compressive residual stress increases with increasing the microhardness.

It was noticed, for example, that abrupt decrease of the microhardness was accompanied
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by an abrupt decrease of the residual stress. Some authors [245] demonstrated that the
position of maximum compressive residual stress could be determined by deriving the

microhardness profile with respect to depth.
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FIGURE 6.3: Schematic representation of the correlation between micro
hardness and residual stress profiles on plasma nitrided steels.

Different methods have been used to quantify the residual stress of plasma nitrided
materials, such as X-ray diffraction (XRD) [240, 246, 247|, hole drilling [245]|, micro
slit milling [240] and stress differential technique [242]. The XRD method [248] is a
non—destructive technique that measures the strain of crystal lattices orientated along
known directions relative to the surface and, assuming a linear elastic behaviour, the
stress associated with the deformed lattice can be determined. To construct the residual
stress depth profile, material must be successively removed from the surface, generally by
electropolishing—corrections are often necessary to compensate for changes on the state of

stress caused by the material removal process. Hole drilling [249] is a destructive technique



6.1. Residual stress 189

that measures the strain that corresponds to stress relaxation after a hole is machined on
the surface. Micro slit milling [240] uses a similar principle, but instead of a strain gauge,
it uses a scanning electron microscope (SEM) to measure the displacement of a milled
slit (obtained by focused ion beam milling) after stress relaxation. The displacement is
then associated with the residual stress. Similar methods, e.g. micro ring core [243], use
focused ion beam milling in conjunction with imaging (SEM). In the stress differential
technique [242], stress—strain curves of plasma nitrided and unmodified specimens are
compared and the shift of stress in the plastic region is used to estimate the residual
stress.

In many industrial applications it is common practice to induce compressive residual
stress on the surface of components (e.g. by shot peening [250-253|) to prevent stress
corrosion cracking (SCC). After an extensive search in the literature, it was noticed that
there are no publications about the use of the apparent beneficial effects of the compressive
stress developed in plasma nitrided steels to specifically overcome SCC or sulphide stress
cracking (SSC). Despite that, there are recent publications [254-257| investigating the
fatigue behaviour of nitrided structures and their main findings are summarised in the
next paragraph. Although these studies were conducted with different loading conditions
(cyclic loading) than those used on SSC experiments (constant loading), they are useful
in illustrating the fracture mode of the nitrided layer.

Studies conducted to investigate the fatigue behaviour of plasma nitrided steel with
tempered martensitic structure [254] showed that the nitrided layer—composed by a com-
pound layer with mixed e-Fey 3N / v'~FesN nitrides and diffusion zone—was very sen-
sitive to brittle fracture. By applying constant amplitude loading (about 80% of the

yield strength of the material), numerous cracks nucleated on the surface and complete
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fracture occurred after less than 1000 cycles. The authors attributed this detrimental ef-
fect—plasma nitrided showed lower resistant compared with the unmodified material—to
the relaxation of the compressive residual stress on nitrided specimens, although the
reason for this phenomenon was not clarified. When specimens of the plasma nitrided
material were submitted to standard uniaxial tensile test until rupture, cracking with spi-
ral pattern was observed on the surface due to the brittle characteristic of the compound
layer. SEM micrographs revealed that cracks initiated from pores on the nitrided struc-
ture. It was also noticed that the thin nitrided layer did not affect significantly the tensile
strength compared with the unmodified material (about 2% increase after nitriding), but
the ductility was compromised (reduced by approximately 60% after nitriding).

Similar studies [255, 257] have shown that fatigue crack growth limits of a high strength
alloy steel improved after plasma nitriding under constant amplitude loading. The com-
pressive residual stress (up to -1 GPa) was considered the main contributor to the in-
crease of the fatigue life. SEM images [255] revealed that fracture occurred predominantly
by transgranular cracking for specimens plasma nitrided at relatively low temperatures
whereas transgranular cracking dominated when nitriding was performed at elevated tem-

peratures (600 °C).

6.1.2 Experimental
Selection of the test method

Since it was out of the scope of this project to perform a fully comprehensive investiga-
tion of the compressive residual stress developed by plasma nitriding, a simple technique
(curvature method) was used to quantify it, although it was recognised that the meth-
ods described in section 6.1.1 would provide more reliable and detailed results. Those

techniques, specially XRD, are therefore recommended for future investigations (Chapter
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8). Macro residual stress was experimentally determined only on specimens treated by
low—temperature plasma nitriding (LTPN) and, by using correlations of the residual stress
with hardness profiles, the compressive stress on specimens treated by high—temperature
plasma nitriding (HTPN) was evaluated by comparison.

Due to lattice expansion, nitrided layers on thin strips or discs are stretched and cause
the substrate to bend and, by measuring the curvature, it is possible to determnine the
corresponding residual stresses. The classic Stoney equation [258], originally developed
to quantify the stress generated during metallic film deposition, was used to determine
the compressive residual stress on plasma nitrided specimens. To account for biaxial

deformation, the Poisson’s ratio was included [259] and the formula became

Eitk

" Gty (1 — 1) (6.1)

ON

where oy is the compressive residual stress in the nitrided layer with thickness ¢ty and
Ey, t, and v are the elastic modulus, thickness and Poisson’s coefficient of the substrate,
respectively, and « is the curvature (reciprocate of the radius of curvature p, Figure 6.4).
The main following assumptions were considered: (i) the plasma nitrided layer and the
substrate have uniform thickness; (ii) the plasma nitrided layer is thin compared with the
substrate and with the radius of curvature; (iii) both materials (film and substrate) are

homogeneous, isotropic and deformation occurs within their elastic limits.

Procedure

A disc with 90 mm diameter and 12mm thick was cut from the source material with a
water-jet cutting machine and submitted to low—temperature plasma nitriding (420 °C for

10 h in 25 vol.% Ny + 75 vol.% Hs using the active screen method) following the same
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nitrided layer
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FIGURE 6.4: Schematic representation of bending the LTPN disc.

procedures used for SSC and corrosion specimens (section 3.1.2.3). After nitriding, the
thickness of the disc was reduced to approximately 1 mm by wire—cut electrical discharge
machining (EDM) and polishing,.

The deflection of the disc (§ = p[1 — cos (R/p)], R being the radius of the disc) was
measured from images (lateral view) taken from six different orientations. By using CAD
software, the curvature was geometrically determined, as illustrated in Figure 6.4, and
Eq. 6.1 was used to determine the residual stress.

The stress differential technique [242| was also used to estimate the residual stress
in LTPN. A standard monotonic tension test method was used to deform round tension
specimens (gauge diameter of 4 mm and gauge length of 20 mm, manually grinded to 600
grit SiC or P1200) until complete rupture. The shift of stress (Ac) in the plastic region
of LTPN with respect to unmodified material, was used to estimate the average residual

stress on by [242]

on =~ Ao— (6.2)
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where S and Sy are the cross sectional areas of the substrate and plasma nitrided
layer, respectively. The images taken after rupture were used to analyse the behaviour of

the nitrided case under overloading conditions.

6.1.3 Results and discussion

The macro compressive residual stress on LTPN specimens, determined by the curva-
ture method, was -(1.0 £ 0.1) GPa. This value suppresses the maximum tensile stress of
(773 £ 12) MPa applied in the SSC experiments and may have prevented crack nucleation
and propagation. Assuming that SSC occurs by the mechanism described in section 7.2.1,
there is no driving force (tensile stress) for decohesion of the iron lattice—that would occur
due to the repulsive effect of hydrogen—and thereby cracking is prevented.

The average residual stress estimated by the stress differential approach was approxi-
mately -1.6 GPa. The stress strain curves are shown in Figure 6.5. The yield strength after
plasma nitriding was approximately 3% greater (=~ 800 MPa) compared to the substrate
(773 MPa). It can also be noticed a small reduction in ductility after plasma nitriding
(18% compared with 22% in the unmodified material). These results showed that the me-

chanical response of surface-modified specimens is dominated by the substrate material.
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FIGURE 6.5: (a) Stress-strain curve of unmodified and LTPN and (b) am-
plified view.

Figure 6.6 shows SEM images of the surface of plasma nitrided specimens after rup-
ture. The brittle behaviour of the nitrided layer can be clearly noticed. Along the surface,
numerous cracks were formed perpendicular to the applied stress and this indicates that
the outer layer was not capable of sustaining the substantial plastic deformation of the
substrate. It is also observed that the nitrided layer re accommodated in the circum-
ferential direction due to the different mechanical responses to transversal deformation
(Poisson’s effect). As a result, it seems that fracture also occurred following the direction
of maximum shear stress of the ductile substrate, i.e 45° with respect to the axial direc-
tion, since the nitrided layer still attached to the core. In fact, a pattern with fractures
at 45° can be seen along the surface (Figure 6.6a and 6.6b). These results demonstrate
the brittle nature of the plasma nitrided layer and further analysis are recommended in
Chapter 8 to identify maximum overloading conditions that can be sustained without

cracking.
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FIGURE 6.6: SEM images of LTPN specimens after being ruptured in the
tensile test (a) overview of the surface and (b) view of the fractured surface.

The residual stress on HTPN material was not quantified, but it is possible to infer
that its magnitude was lower than that of LTPN by comparing their nitrogen composition
(Figure 3.12) and microhardness (Figure 3.13) profiles—considering that these quantities
are correlated, as observed earlier [241, 245, 246]. Comparing with LTPN, the micro-
hardness was about 40% lower and the nitrogen composition was more than 20% lower
near the surface. Since no cracking was observed on HTPN specimens during the SSC
experiments, it is also possible to conclude that the compressive residual stress, even being
smaller than that of LTPN, was able to neutralise or reduce the net tensile stress to a

level sufficiently low to avoid cracking.
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6.2 Hydrogen permeation

6.2.1 Literature review and background

There has been very little research on the entry and transport of hydrogen in martensitic
stainless steel modified by plasma nitriding. Therefore, in addition to martensitic struc-
tures, this section briefly reviews studies conducted on the hydrogen permeation of pure
iron, carbon steel and austenitic stainless steel after being modified by different nitriding
techniques. Correspondences with martensitic structures are made where appropriate.
In most cases referenced in this section, hydrogen permeation measurements were per-
formed with standard or modified versions of Devanathan—Stachurski (D-S) electrochem-
ical cells [260], schematically illustrated in Figure 6.7. The basic configuration comprises
two electrochemical cells separated by a metallic membrane, made from the material be-
ing investigated. In one cell (entry side), hydrogen—generated by cathodic polarisation
at a constant current density—is adsorbed at the surface, absorbed into the metal and
diffuses through the membrane. On the opposite surface (exit side), hydrogen is oxidised
and the recorded anodic current is used to determine the flux of hydrogen through the

membrane by using Faraday’s law.

. reference counter
gas inlet electrode electrode
- | ] .
N\ J
charging cell sample oxidation cell

(cathodic) (anodic)

FIGURE 6.7: Schematic representation of a Devanathan—Stachurski (D-S)
electrochemical cell.
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In hydrogen permeation studies, the barrier effect of the nitrided layer is generally
quantified by the diffusion coefficient of hydrogen in the substrate material, mass flow
rate of hydrogen (permeation rate) and hydrogen trapping. These concepts are therefore
briefly reviewed in the next paragraphs.

In simple terms, diffusion coefficient may be defined as the ability of a solute (in this
case hydrogen) to move (random atomic motion) between two points in a solid (in this
case the nitrided layer) when a concentration gradient of hydrogen is maintained between
these points. In analogy with energy transport during heat transfer, the diffusion coeffi-
cient—related to the mass transport in solids—is equivalent to the thermal conductivity.
Considering the simple case of diffusion in one direction (e.g. along x axis), Fick’s first law
of diffusion (Eq. 6.3) states that the diffusion coefficient (or diffusivity) D is the constant
of proportionality between the mass flow rate of hydrogen per unit area perpendicular to
mass transport direction, i.e. hydrogen flux J (kgm~2s!) and the concentration gradient
of hydrogen C'/0x (kgm ™2 m™'). The units of D are therefore m?s~!. Assuming that the
diffusion coefficient is independent of the concentration, a constant gradient of concentra-
tion and thereby a constant flux is obtained when a steady—state condition is achieved.
Permeability is often expressed by the anodic current density (A cm™2), analogous to the
hydrogen flux.

oC

J - (6.3)

At the transient condition, the concentration profile is time-dependent and Eq. 6.3
can be derived to determine the rate of change of concentration with time at any position.

The resultant partial differential equation (Eq. 6.4) represents the Fick’s second law of
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diffusion, assuming that diffusivity is constant and that diffusion is one-dimensional [261].

oC 02C
ot = Por

(6.4)

Fick’s first and second laws of diffusion assumes that mass transport occurs in a
continuous and isotropic medium. This approach is valid for hydrogen diffusing through
interstitial sites, but it does not account for hydrogen that gets trapped to inhomogeneities

such as surface deffects, grain boundaries, dislocations and vacancies. If hydrogen trapping

is considered, Eq. 6.4 become [262]

dCun  OChy - 0CHL
o ot P

(6.5)

where Cyy 1, is the instant concentration of hydrogen diffusing through interstitial lattice
sites and Chyy, is the concentration of trapped hydrogen. If spatial distribution of traps
and trap occupancy are known, they can be substituted in Eq. 6.5 and the effective
permeability and diffusivity can be determined. Examples of formulations can be found
elsewhere [263]. Traps are generally classified as reversible or irreversible, according to
their binding energies. Due to the low energy of reversible traps (-Fj, < 30kJmol™!),
hydrogen can be released and become additional source of diffusible hydrogen in the
matrix. Conversely, hydrogen remains trapped if the binding energy is sufficiently large
(-E,, > 50kJmol™! [264]). A recent review on hydrogen embrittlement of steels [265]
presented a summary of published binding energies and pointed that classifying traps by
their energy levels fails to account for variations of the environment (e.g. temperature)

and time. Evidence of reversible and irreversible trapping in permeation studies can be
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obtained by analysing the build up and decay transients of hydrogen flux, as exemplified
later in this section.

Since nitrided materials comprise different structures (compound layer, diffusion zone
and unmodified substrate), different diffusion coefficients and trap intensities are expected
in each section. A practical challenge that arises due to the small thickness of the com-
pound layer (10 pm or less, in average) is to machine thin membranes containing only the
compound layer. One strategy that has been adopted by many authors [21, 23, 26, 27|
consists of measuring the hydrogen flux for membranes (from 40 pm up to 1 mm thick)
containing different combinations of the nitrided structure and substrate and deducing
each diffusion coefficient from effective diffusivities. For example, if a membrane contains
the compound layer and the diffusion zone, the effective diffusion coefficient D. .4 can be
determined. If the diffusion coefficient of the diffusion zone D4 can be obtained by using
a membrane containing this phase only, this value can be used in conjunction with D, 4
to obtain the diffusivity of the compound layer D., assuming that these quantities can
be related by Leiq/Deia = Leia/Dera + La/Dq [21]. This relation assumes continuity
at the interfaces of the layers; L. q, L. and Lgq being their respective thicknesses. The

concentration profiles can then be then evaluated at the steady state condition by [21]

o DeCocF D.(Coe—Ca)F  Dg(Cq—Cs)F  DCsF
7 = = = =
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(6.6)

where i>° is the steady state current density (or permeation rate); F' is the Faraday
constant; D.g is the effective diffusivity of the membrane comprising the compound layer,
the diffusion zone and the substrate; Cy ., Cq and Cs are the concentrations of hydrogen
in the entry side and on each interface, as illustrated in Figure 6.8, a typical concentration

profile obtained by this approach.
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FIGURE 6.8: Schematic representation of typical steady-state concentra-

tion profile in nitrided iron. C, D and L refer to concentration, diffusivity

and thickness, respectively. Subscripts: ¢ (compound); d (diffusion), s (sub-
strate) and eff (effective). Adapted from [21].

One of the first reports about the reduction of hydrogen absorption in nitrided steels
[266] was published in the late 1970s. This study showed that the nitrided layer with
approximately 100 pm effectively reduced the absorption of hydrogen—quantified by vac-
uum extraction and mass spectroscopy techniques—when it was exposed to an aggres-
sive environment containing H,S and NaCl. A decade later, a report on the hydrogen
permeation in nitrided steels—obtained by ion implantation—using the electrochemical
method (D-S cell) [267], showed that a thin layer (100nm) of iron nitride (e-FeyN) ef-
fectively acted as a barrier for the entry and transport of hydrogen into the substrate
material. The lower permeability was attributed to the lower solubility of hydrogen in the
nitrogen—containing layer and partially to hydrogen trapping. The diffusion coefficient
decreased from 3.3 x 107" cm?s™! (unmodified material) to 4.5 x 1073 cm?s™! (nitrided

material).
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Subsequent studies conducted with iron [21, 23, 25, 27, 28], low—alloy high—strength
pipeline steel [22], high strength alloy steels [24, 29|, austenitic stainless steel [26] and
structural steels [268-271] provided additional evidence of the barrier effect of the ni-

trided layer. Some of these results are summarised in Table 6.1.

TABLE 6.1: Typical structures and diffusion coefficients of different parts
of nitrided cases obtained for different materials

Diffusion
Nitriding Compound
Material coefficient (m2s'1) Ref.
method layer (thickness)
Substrate Nitrided layer
Low carbon  Nitrogen ion
eFeoN (100nm)  De=3.3 x 1071 Deg=4.5x 10712 [267]
steel implantation
Deg=1.5x 1079
Plasma
Iron . v'~FeyN (10 um) D=73x10"" D.=4.1x 10712 [21]
nitriding
Dg=6.1 x 10710
Plasma e-Fey 3N + v-Fe,N D.=1.9 x 10712
Iron Dy=8.0 x 107° [27]
nitriding (10 pm) Dq=T7.2 x 10710
LAHSS® Nitrogen ion ) Dg=5.6 x 10712
Not specified D¢=1.5 x 10710 [22]
(API-5L-X65) implantation D¢ g=5.3 x 10716
LAHSS Plasma e-Fey sN + y'-FeyN
23N TR D 10X 1070 D49 x 1071 [24)
(AISI 4140) nitriding (7-8 pum)
LAHSS Plasma
Y-FeN (8pm)  Dy=2.8 x 10710 Deg=6.5 x 10711 [29]
(AISI 4340) nitriding
ASS®) Plasma Not specified D17 % 10-16 Dg=2.1 x 1016 126]
s—1.7x 10~
1 nitriding .Opm c+d=8.7x 10~
AISI 316 itridi 8 D 8.7 x 10716

(@ high-strength low—alloy steel; (P austenitic stainless steel; subscripts: ¢ = compound layer, d = diffusion layer, s =

substrate, and eff = effective (compound + diffusion + substrate)
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Overall (Table 6.1), the nitrided layer has lower diffusion coefficient than that of the
unmodified substrate, with D.g being lower than Dy in most of the cases. For the materials
investigated, except for austenitic substrate, the reduction of the mobility of hydrogen was
more pronounced in the compound layer, with D. being at least one order of magnitude
lower than Dg. The lower diffusivity after nitriding was attributed to surface and barrier
effects.

The surface effect is associated with the reduction of the entry of hydrogen into the
compound layer. As noticed in some studies |21, 23|, hydrogen uptake—estimated by
comparing the initial concentration of hydrogen on the surface of separated membranes
containing plasma nitrided and unmodified structures—reduced about 18 times after ni-
triding. This reduction was reflected in the hydrogen permeation profiles, in which the
permeation rate for the nitrided membrane remained nearly constant with increasing
charging time—as opposed to the increase observed for the unmodified membrane. This
behaviour was explained [21]| in terms of the surface characteristics of each membrane:
considering that the nitrided material has superior tribological properties, the disintegra-
tion (i.e. increase of the actual working surface and decrease of actual cathodic current
density) of the compound layer due to prolonged charging would be lower than that of
the unmodified material and therefore the entry of hydrogen will rise at a lower rate with
increasing the time. No evidence of surface deterioration was provided in this case and
the physical cause of the reduced hydrogen absorption still unclear.

The barrier effect corresponds to the reduced mobility of hydrogen in different struc-
tures (compound layer, diffusion zone and substrate), evaluated by their diffusion co-
efficients. In general, D. < Dgq < Ds. The lower diffusivity in compound layers was
mainly attributed to the accumulation of hydrogen in e-Fey 3 and y'—FeyN structures due

to their higher hydrogen solubility. In practice, hydrogen trapping to compound layers
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have been estimated from permeation studies by analysing hydrogen extraction [25] or
successive charging transients [29]. In the latter, it was observed that the greater diffusion
coefficient determined from the second charging transient could indicate that irreversible
trapping sites were filled during the first charging and lattice diffusion therefore increased
when hydrogen started to be generated again in the entry side of the membrane. Traps
seemed to be predominantly located in the compound layer, since the diffusion coeffi-
cients—determined from the first charging transient—of membranes containing compound
and diffusion zones were smaller that those in which the compound layer was removed.
An alternative approach to quantify hydrogen trapping in each part of the nitrided
layer [28] involves analysing hydrogen desorption (i.e. hydrogen decay or hydrogen extrac-
tion) transients from membranes containing the compound layer and the diffusion zone.
Considering that diffusible hydrogen will follow the Fick’s law of diffusion, the amount of
trapped hydrogen can be deduced by subtracting the theoretical desorption rate of dif-
fusible hydrogen from the total desorption rate determined experimentally in both sides
of the membrane. On the exit side of the membrane with thickness x = L, the desorption

rate of diffusible hydrogen, Juq (kgm™2s™!), can be described as [28, 272]

o0

2L (2n 4 1)* L2
Jua(x=L) = Joo [l - ———=- "exp | - (6.7)
(*Die-at) 75 AD(csart

where J, is the steady state flux of hydrogen at the beginning of desorption (¢t = 0) and
Dc1q) is the effective diffusion coefficient obtained for the whole membrane comprising
the compound layer and the diffusion zone. The amount of trapped hydrogen at x = L,

Qu: (molm™2), can then be estimated by

Quule = L) = /O (it ) (6.8)



204 Chapter 6. Residual stress and hydrogen permeation

where Jy is the flux of hydrogen obtained experimentally. By following similar pro-
cedure for the entry side of the membrane, the total amount of trapped hydrogen can
be determined. A different approach was used to quantify the trapping in the diffusion
zone, assuming that the diffusion path was longer than the actual thickness of a mem-
brane containing the diffusion section only [27]. By comparing the results from the single
layer and two-layer membranes, the authors [28| concluded that trapping was greater in
the compound layer, in agreement with previous observations. Figure 6.9 illustrates the

desorption profiles on the exit side of the nitrided membrane.

8%~

Hydrogen desorption rate

¢ Qu

Time (log scale)

FIGURE 6.9: Schematic representation of the hydrogen desorption profile
used to quantify hydrogen trapping.

A similar approach was used to evaluate the transport of hydrogen in austenitic struc-
ture [26] and, despite the greater diffusivity on the nitrided membrane compared to the
unmodified material, the nitrided layer reduced the hydrogen uptake by the substrate.
The steady—state concentration profiles (Figure 6.10) illustrate that the concentration of
diffusible hydrogen (Cyq) in the substrate is lower and trapped hydrogen (Cyy) is greater

when the material is nitrided.
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FIGURE 6.10: Schematic representation of hydrogen composition profiles
obtained for an austenitic stailess steel: (a) unmodified and (b) nitrided.
Adapted from [26].

6.2.2 Experimental
Selection of the test method

Based on the review presented in the previous section, electrochemical methods using
Devanathan-Stachurski cells seemed to adequately quantify the barrier effect of plasma
nitrided layers. But, unfortunately, this equipment was not available in any research
group involved in this project and it was not viable to construct a new set—up.

The hydrogen collection technique [140], a tool developed to monitor the hydrogen flux
for corrosion management in the oil and gas industry, was selected for this project. This is
a non—destructive technique used to quantify the hydrogen that diffuses through the walls
of components (e.g. tubing and vessels) transporting or storing fluids containing sources of

hydrogen (e.g. HyS). As schematically illustrated in Figure 6.11, a probe is magnetically
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attached to the external surface and, assuming that diffusible hydrogen that crossed the
steel wall will recombine to form H, at the exit surface, the hydrogen content can be
determined—H, present in the air stream conducted by the capillary tubing is detected
by an amperometric sensor. The hydrogen collection technique was used successfully in

hydrogen permeation studies of carbon steels and structural steels [141, 273].

external

probe tubing (wall)

pump detector

T

exhaust

display
(H flux)

H source
H recombination
internal

FIGURE 6.11: Schematic representation of the hydrogen collection method.

Apparatus and test procedure

To perform hydrogen permeation measurements, an acrylic vessel with capacity for 1L of
solution (Figure 6.12) was designed. Unmodified and LTPN discs with 90 mm diameter
and 0.5-1 mm thick were prepared as described in section 6.1.2. The discs were assembled

on the side of the vessel, keeping the nitrided face in contact with the test solution.
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FIGURE 6.12: Schematic illustration of the acrylic vessel used designed for
the hydrogen permeation tests.

The vessel was filled with the test solution (i.e. simulated produced water with
165g L~ NaCl and the pH adjusted to (4.540.2)). All the measurements were con-
ducted at (23 £ 2) °C and atmospheric pressure. After sealing the vessel, the solution was

de aerated by purging with N, for 3 hours and then the test gas (pure H,S) was flowed

1 1

in at 2L min™" and reduced to 50 mL min™" after saturation. lodometric titration was
performed after 1 hour of exposure to determine the concentration of HyS and confirm
that a saturation condition was reached (approximately 2gL~!). The probe was attached
to the exit side of each sample and the flux was continuously measured by a commercial
kit (Hydrosteel 6000) which quantifies hydrogen by the collection method.

The first experiment was conducted in H,S—saturated environment with unmodified
and low—temperature plasma nitrided (LTPN) specimens and flux readings were recorded
for 14 days. After the end of the experiment, the test gas was turned off and the solution
was purged with N, for 60 minutes before removing the samples. The samples were

cleaned with acetone immediately after being removed, dried with air and their surfaces

examined using optical and SEM microscopes.
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6.2.3 Results and discussion

The concentration of HyS, measured after 1 hour of exposure, was 1.67gL~!. The hy-
drogen flux readings in both unmodified and LTPN specimens remained stable during all
the test period. The absolute value of the flux 1-2 x 10~ molm~2s~! was equivalent to
that of the background reading in the laboratory atmosphere, suggesting that hydrogen
did not reach the exit side of the discs (0.5 and 1 mm thick) during 14 days of exposure.
The experiment was therefore interrupted and the possible reasons for these unexpected
results are discussed later in this section.

Figure 6.13 shows photomacrographs of unmodified and LTPN specimens after hy-
drogen permeation measurements. Many corrosion pits, revealed by the dark deposits of
iron sulphide (FeS,), can be seen on the surface of the unmodified specimens. The plasma
nitrided sample was apparently more resistant to localised corrosion since fewer pits were
observed. The darker colour on the centre of the LTPN specimen compared with some

regions on the edges suggests that most of the surface was covered with iron sulphide.

Unmodified LTPN

(a) (b)

FIGURE 6.13: Photomacrographs of (a) unmodified and (b) LTPN speci-
mens after 14 days of exposure to pure H,S.
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Figure 6.14 shows the morphology of the surface of LTPN specimens. The images re-
vealed that the film of iron sulphide had a crystalline structure with grains approximately
1 mm wide. A dendritic-like pattern was observed and this may be associated with the
fast growth of iron sulphide presumably due to the high concentration of H,S. There are
no reports of this type of growth in the literature and its origins and mechanisms still
unclear. Besides, this phenomenon was not observed in the SSC experiments in which

samples were exposed to pure H,S for 30 days.
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FIGURE 6.14: SEM micrograph (top view) of the LTPN sample: (a) film
of iron sulphide; (b) amplified view.

Cause analysis for invariant flux

A root cause analysis (RCA) process was used to identify potential reasons for the invari-
ant flux through the plates during the hydrogen permeation experiments. As shown in
the cause and effect diagram in Figure 6.15, the causes were grouped as being related to
the equipment, to the experimental procedure, to the material and to phenomenological

aspects.
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FIGURE 6.15: Root cause analysis to identify the reasons for the invariant
flux obtained by the hydrogen collection method.

None of the aspects related to the equipment (i.e. calibration issues and poor design
of the permeation vessel) seemed to be the cause, since the permeation kit was sent to
the supplier for calibration after preliminary measurements and the vessel was considered
adequate—it passed the leak test when the solution was saturated with H,S.

Incorrect flux readings and insufficient time for flux rise were identified as possible
causes related to the experimental procedure. The frequency of reading (continuous during
the first 90 minutes and intermittent afterwards) was considered appropriate. Moreover,
it seemed that any hydrogen emanating from the exit surface would be collected by the
capillary, since the metallic probes were correctly attached to the discs (as in Figure 6.11).
To verify the time frame, Fick’s law of diffusion was used to estimate the flux transients
for both unmodified and plasma nitrided conditions.

By solving Eq. 6.4 numerically for a disc made of the unmodified 17-4 PH and assuming

that the concentration of hydrogen is constant on the entry side (0.1 mol L™!) and zero at
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the exit side (i.e. all hydrogen leaving the surface immediately combines to form hydrogen
gas) and that the diffusion coefficient of the unmodified material is 2.8 x 1073 m? s71[66],
it is estimated that steady—flux J. on the exit side of the disc (L = 0.5mm) would
be achieved after 3-4 days, as shown in Figure 6.16a. The corresponding concentration

profiles (transient and steady states) are shown in Figure 6.16b.
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FIGURE 6.16: Results from the numerical solution of Fick’s law for un-
modified and LTPN conditions: (a) hydrogen flux at the exit side and (b)
concentration profile.

For discs comprising the plasma nitrided layer (LTPN) and the substrate material,
the time to achieve steady—state flux would be longer (about 5-6 days), as shown in
Figure 6.16a. The expected delay is due to the smaller diffusivity of the nitrided layer,
as discussed earlier. The numerical solution of Eq. 6.4 for the composite disc (nitride
layer and substrate), considered the following assumptions: (i) the thickness of the disc
was L = 0.5 mm with a 20 pm thick plasma nitrided layer (compound and diffusion zone)
facing the test solution; (ii) the concentration on the entry side of the disc was constant
and equal to that considered for the unmodified disc (ii) the diffusion coefficient of the

plasma nitrided layer (D..q) was estimated to be approximately one order of magnitude
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lower than that of the substrate material; (iv) at the nitride layer/substrate interface,
the ratio of the concentrations of hydrogen in the nitrided layer and substrate is constant
(cera/cs = k), k > 1 since the solubility of hydrogen in e-Fes 3 and y'-Fey;N structures
is greater than that in martensite (substrate); (v) continuity of hydrogen flux at the
interface, i.e. dcciq/0x = Jcs/Ox; (Vi) to enable direct comparison with unmodified flux,
the flux in the nitrided specimen was quantified with respect to the steady—flux J, of the
unmodified disc; (vii) absence of hydrogen traps.

In spite of all simplified assumptions, the results shown in Figure 6.16 are sufficient
to confirm that hydrogen build—up would occur for both specimens during the first days
of exposure and a steady flux would be achieved in less than one week for both condi-
tions. These estimates confirmed that the time frame (14 days) was adequate. Besides,
the estimates showed that, for the conditions considered, plasma nitriding reduced the
steady—flux of hydrogen, indicating that hydrogen uptake by the substrate can be reduced
after the surface modification. Hydrogen trapping, which was not considered in these sim-
ulations, would further reduce the flux. Trapping effect is further discussed at the end of
this section.

The causes related to the material were attributed to the hydrogen diffusivity and size
and shape of the specimens. The diffusivity of 2.8 x 1071 m? s71[66] for the unmodified
material and 1 to 2 orders of magnitude lower than that for the nitrided layer (Table
6.1) are sufficiently high to allow establishment of steady state flux after a few days of
exposure to HyS and therefore this does not seem to be an issue, as discussed earlier. The
size and shape of the specimens also seemed to be adequate: the diameter was defined
based on the diameter of the probe and the thickness was sufficiently small compared to

the diameter and therefore the flux through the edges was negligible.
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Hydrogen absorption, transport and trapping were identified as the main phenomeno-
logical aspects that could have caused the unexpected results. Hydrogen absorption
seemed not to be the case because there was evidence—particularly for the unmodified
material that showed hydrogen embrittlement features—of hydrogen uptake from the SSC
experiments. Even though iron sulphide has been deposited on the surface and may have
reduced the rate of absorption of hydrogen in both unmodified and nitrided specimens,
hydrogen uptake was not avoided.

The transport and trapping of hydrogen may explain the reduction of hydrogen uptake
by the substrate when the material was plasma nitrided, but cannot justify the invariant
flux for the conditions tested. Even if hydrogen is hypothetically accumulated in the
compound layer and its entry into the substrate is avoided, this condition would not
occur for the unmodified specimen. The same applies for hydrogen trapping: they can
reduce the hydrogen flux but not eliminate it.

In conclusion, there were no clear evidence to explain what could have caused the
invariant flux, although it is speculated that issues could have arisen from a combination
of phenomenological aspects and the method used to detect hydrogen in the exit side
of the discs. Since the sensor of the hydrogen permeation kit detects hydrogen gas, the
desorption and recombination mechanisms of atomic hydrogen released from the surface
needs to be further investigated. These concepts, along with hydrogen transport and

trapping, are therefore revisited in more detail in the next section.

Comments on hydrogen transport, trapping and desorption

As discusser earlier, once hydrogen is absorbed into the bulk of the material, part of

it diffuses through interstitial positions (diffusible hydrogen) and part of it migrates to



214 Chapter 6. Residual stress and hydrogen permeation

trapping sites. It is therefore expected that the mobility of hydrogen will be reduced after
plasma nitriding since some of the interstitial positions are already occupied by nitrogen.

In y'—FeyN structures (Figure 6.17a), nitrogen occupies only one of the four octahedral
interstices of the f.c.c. lattice to minimise strain induced by repulsive forces between
nitrogen atoms [274]—the solubility of nitrogen in this structure is therefore limited to 20
at.% at room temperature. However, when the material was plasma nitrided at 420-500 °C,
a supersaturated condition was achieved (see section 3.2.2.2) and the nitrogen content near
the surface reached more than 50 at%. This suggests, at least for the low-temperature
plasma nitriding condition in which CrN was not formed—that nitrogen is occupying all
the four octahedral interstitial positions (this alone will result in a concentration of 50
at%) and some tetrahedral interstices. The latter is less likely since they involve higher
strain energy, based on the simple argument that the size of tetrahedral interstices in
face centred cubic (f.c.c.) structures—estimated by assuming a hard sphere model—are
smaller than that of octahedral sites. The same analysis is valid for hydrogen, which also
preferentially follows octahedral sites. In this scenario (i.e. y'—Fe,N supersaturated with
nitrogen), hydrogen will diffuse following less efficient pathways (tetrahedral sites) and
the diffusivity is expected to be reduced.

Similarly, nitrogen in the e-FesN structure (Figure 6.17b) occupies only one third of
the octahedral interstices of the hexagonal close packed (h.c.p.) structure [275] and the
nitrogen solubility is therefore 25 at.%. If all the octahedral sites were filled during the

nitriding process, the concentration would rise to 50 at.%, as in y’~FesN.
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FIGURE 6.17: Crystal structure of (a) y'-FesN and (b) e-FesN. Lattice
parameters from [274| and [276].

Once hydrogen reaches the diffusion zone, composed of expanded martensite (o'y)
with a body-centred tetragonal (b.c.t.) lattice, hydrogen is expected to diffuse prefer-
entially through tetrahedral sites, as in b.c.c. structures [277]. In this case, nitrogen is
occupying octahedral interstices and the increase of hydrogen mobility in o’y compared to
v~Fe,N and e-Fey 3N is mostly due to the lower solubility of hydrogen in this structure,
which increases its effective diffusivity. When hydrogen reaches the substrate material,
its diffusion further increases due to the absence of nitrogen. It is important to note that
the austenite phase (retained and reverted) in the substrate (about 10% in volume) and
in the diffusion zone—in this case with nitrogen in solid solution—can interfere with the
kinetics of hydrogen transport due to its higher solubility. It is expected that hydrogen
will accumulate in the larger octahedral interstices of the f.c.c. structure and the effective
diffusivity will be reduced.

As discussed earlier, the main effect of hydrogen trapping is to increase hydrogen
solubility and thereby decrease its diffusivity. Experimentally, traps can be quantified by

hydrogen permeation experiments using electrochemical techniques, as shown earlier in
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this section, or by thermal desorption analysis. In the latter, different theoretical models
are used to evaluate the experimental parameters. One example is the classical model
[263| that assumes local equilibrium between diffusible and trapped hydrogen.

To perform a comprehensive investigation on trapping in the different structures of the
nitrided layer and substrate, it is essential to know the types of traps and their respective
binding and de-trapping energies. Trap density and occupancy are also required for the
analysis. These quantities are not available in this work since the flux transients were
not obtained on the hydrogen permeation studies and therefore the analysis is limited
to list the types of traps that are present in the structure and analyse qualitatively how
each type have contributed to the barrier effect of the plasma nitrided layer. Table
6.2 shows examples of trap sites present in the material investigated and their binding
energies are estimated from data obtained from the literature. Considering the energy
criteria for classification (reversible traps if -Fj, < 30kJmol™! and irreversible if -E, >
50kJmol™!), major sources of irreversible traps in the substrate and in the diffusion
zone appears to be reverted plus retained austenite (Yret/rev)/martensite (o) interfaces
and non metallic inclusions (e.g. MnS). Another source that seems to be relevant for
17-4 PH are the prior austenite grain boundaries (compound layer, diffusion zone and
substrate), classified as intermediate traps. Sub structures of the martensite phase (e.g.
lath countours) are believed to have similar effect. Dislocations, classified as irreversible
traps, also appear to affect the hydrogen mobility in the nitrided layer: the high stress
levels in the structure supersaturated with nitrogen—induced by lattice strain to beyond
the elastic limit of the material—can induce plastic deformation [278]. A notable source
of traps in the compound layer seems to be nitrogen atoms. Despite being reversible,
they may contribute to reduce the hydrogen flux since the lattices are supersaturated

with nitrogen and hydrogen is expected to be attracted and accumulate near these sites.
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TABLE 6.2: List of traps binding energy

Estimated binding energy
Trap site Reference

-Ep, (kJmol?)

Prior austenite 1549 Obtained by thermal desorption mass spectroscopy [279]
grain boundaries for iron (o)
) Obtained by hydrogen permeation (electrochemical
Yret/rev/ ¢ interfaces 52
technique) [280] for duplex stainless steel
Obtained by thermal desorption[281] for
Microvoids 48
4340 alloy steel (quenched and tempered)
Obtained by hydrogen permeation (electrochemical
Dislocation 60
technique) [282] for iron (o)
Obtained by thermal desorption[281] for
MnS interfaces 72
4340 alloy steel (quenched and tempered)
Obtained by magnetic relaxation technique [283] for
Nitrogen atom 13

iron (o)

Regarding hydrogen desorption in permeation studies using the electrochemical tech-
nique, it is common practice [139] to add a thin film of palladium on the oxidation (exit)
side of the cell to optimise hydrogen extraction. Ideally, hydrogen atoms should instantly
oxidise (H — H' + ¢) when they reach the exit side of the sample so that the current
can be correctly associated with the hydrogen flux. But, in practice, partial oxidation
can occur if hydrogen atoms recombine to form H,. If palladium films—sufficiently thin
to avoid interfering with hydrogen transport near the surface—are applied to the surface,
hydrogen oxidation is accelerated and this problem can be minimised [284]|. Conversely,
when the hydrogen collection technique is used, H atoms leaving the surface to the at-
mosphere combine to form H,. Flux issues, therefore, are mainly related to inefficiencies

associated with the collection of the air stream containing the hydrogen molecules.
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6.3 Summary and conclusions

This chapter showed that plasma nitriding induced compressive residual stress near the
surface. This was verified experimentally for the low—temperature plasma nitrided condi-
tion. It also presented the unexpected results from the hydrogen permeation experiments
by using the hydrogen collection method. The reasons for the invariant flux obtained
during 14 days of exposure to H,S were investigated and are likely to be related to the
equipment, procedure, material and phenomenon aspects. Discussions on absorption,
transport, trapping and desorption of hydrogen in nitrided structures—based on previ-

ously published data—helped clarify the barrier effect of the nitrided layer.
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Chapter 7

(General discussions and conclusions

A summary of individual topics covered in this work was presented at the end of each chap-
ter. For a more comprehensive analysis, this chapter provides further general discussions
on the correlations between corrosion resistance, residual stress, hydrogen permeation and
sulphide stress cracking (SSC) susceptibility of the 17-4 PH (H1150D), especially after

being plasma nitrided. The main findings are presented at the end of the chapter.

7.1 General discussions

7.2 SSC susceptibility

The results shown in Chapter 4 indicated that LTPN can be successfully used to increase
the resistance to SSC of the 17-4 PH (H1150D), without compromising its corrosion
resistance. In this section, the possible reasons for the lower susceptibility are further

discussed.
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7.2.1 Crack initiation and propagation (unmodified material)

For unmodified specimens (smooth surfaces), sulphide stress cracks started even in the
absence of surface deffects (e.g pitting or pre—existing flaws). A feasible explanation for
this, based on ealier observations [101], is the formation of cleavage planes perpendicular
to the loading axis, induced by the Poisson’s effect—compressive stresses are then induced,
perpendicular to the loading axis. According to this theory, hydrogen ions preferentially
accumulate near the expanded structure and induce a repulsive effect on the iron lattice
resulting in decohesion and thereby cracking. When prior-austenite grains or martensite
laths were favourably oriented, i.e. nearly perpendicular to the loading axis (as in Figures
4.15b, 4.16a and 4.28a), it seems reasonable to assume that decohesion preferentially
occurred in these positions. Since hydrogen presumably segregated and diffused following
these paths, intergranular or transgranular (interlath) embrittlement occurred when a
sufficiently high tensile stress was applied.

When a corrosion pit or a flaw is present on the surface, the stress intensity can make
it evolve into a stress corrosion crack due to the synergystic effects of enhanced corrosion
activity—the pH is lower inside corrosion pits—and loading. In this case, the crack can
start from the bottom of the pit, as apparently occurred in some specimens (e.g. Figure
4.15a) or from the mouth of the pit, in agreement with recent observations 285, 286]. In
uniaxial tensile SSC, major cracks propagated (mode I opening) until complete rupture,
provided that the loading was sufficiently high (at least 70% of oy). In four—point bend,
crack propagation was limited to a few millimetres since the the tensile stress gradually
reduced towards the neutral line and became compressive after that point. Figure 7.1

illustrates crack initiation and propagation in SSC tensile experiment.
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FIGURE 7.1: Schematic representation of SSC crack initiation and propa-
gation in uniaxial tensile method.

7.2.2 The role of the plasma nitrided layer

Three hypothesis are being considered as possible causes for improved SSC resistance of
the plasma nitried specimens compared to the unmodified material, observed in Chapter
4: (i) reduction of hydrogen uptake by the substrate material (barrier effect), discussed in
Chapter 6; (ii) increased resistance to localised corrosion (Chapter 5) and (iii) the com-
pressive residual stress induced by plasma nitriding (Chapter 6). Each aspect is discussed
in the following sections. Even though these effects are being considered separately, they

occur simultaneously and a synergistic effect is expected.

7.2.2.1 Hydrogen uptake

Hydrogen absorption into the substrate material is a key factor in the mechanism of SSC.

The barrier effect of the nitrided layer, that presumably reduced the hydrogen uptake
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according to many observations [268, 271|, may have played an important role in pre-
venting cracking. The idea is that hydrogen accumulated at interstitial positions and
at irreversible and reversible traps (e.g. prior austenite grain boundaries, dislocations,
interfaces between phases and particles) diffuses slowly through the nitride layer. If hy-
drogen uptake is minimised, the chances of the occurrence of brittle cracking are reduced.
Detailed analysis of hydrogen transport in plasma nitrided structures was presented in

Chapter 6.

7.2.2.2 Localised corrosion

Even though SSC does not require a surface defect to start, corrosion pits or flaws can
be potential sites for crack initiation. Since plasma nitriding had superior corrosion re-
sistance compared to the unmodified material when the treatment was preformed at low
temperature (LTPN) (Chapter 5), greater resistance to SSC was anticipated for this con-
dition, justifying the results obtained in Chapter 4. By using the same criteria, it was
therefore expected that plasma nitrided specimens treated at high temperature (HTPN)
would result in poor resistance to SSC due to their low corrosion resistance—attributed
to the presence of CrN. But HTPN specimens did not fail by SSC and this clearly in-
dicates that corrosion resistance must not be used as the only basis to determine SSC

susceptibility. Details were presented in Chapter 5.

7.2.2.3 Compressive residual stress

In plasma nitrided specimens, the stress state near the surface was affected by the com-
pressive residual stress induced by the nitriding treatment. The previously described
mechanism of crack initiation for the unmodified material (section 7.2.1) may not be ap-

plied in this case because the net tensile stress is lowered—the macro compressive residual
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stress within the nitrided case was estimated to be &~ 1 GPa. Even if a pit is formed or a
flaw is present on the surface, a crack may not propagate since the stress field may not be
sufficient to allow cracks to grow. Compressive residual stress is therefore an important
factor in determining the SSC susceptibility. Even when the substrate material was inten-
tionally exposed to the electrolyte (pre-damaged surfaces), plasma nitrided specimens still
resisted cracking. Compressive residual stress therefore reduced the net tensile stress and
prevented crack initiation and propagation. This topic was covered in detail in Chapter

6.

7.2.2.4 Proposed mechanism of protection against SSC

Since compressive residual stress, localised corrosion and hydrogen uptake occur simul-
taneously, their individual contributions to SSC resistance were not evaluated. However,
it can be rationalised that the compressive stress and barrier effect had major roles in
preventing SSC. This assumption was based on the results from the SSC experiments
(Chapter 4), in which high-temperature plasma nitrided (HTPN) specimens also resisted
SSC in spite of their poor corrosion resistance compared to the low-temperature plasma
nitrided (LTPN) condition (Chapter 5). But it was not clear to which proportions the
stress state and the reduced hydrogen uptake have contributed to lowering the susceptibil-
ity. Considering that hydrogen uptake can be reduced but not avoided when the material
is plasma nitrided, as discussed in Chapter 6, it is reasonable to assume that protection
against SSC was mostly provided by the compressive stress.

The proposed mechanism for the protection provided by nitride layers against SSC
is shown in Figure 7.2. As in the unmodified material, this model assumes that sulphur
is adsorbed at the surface (Fe + HS,qs + Haqs — Fe + S + 2 H,.) and preferentially

segregates at the grain boundaries. As in the classical recombination poisoning theory for
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the SSC mechanism, a fraction of the hydrogen that would otherwise recombine to form
H, is absorbed into the nitrided structure. Intense trapping is therefore expected near the
surface (compound layer) due to the accumulation of hydrogen in the grain boundaries,
enhanced by the high concentration of nitrogen. Since the compressive residual stress in
the nitrided layer suppresses the magnitude of the applied tensile stress, the driving force
for crack propagation is eliminated—for SSC to occur, as discussed in Chapter 2, the
three following conditions must be satisfied: (i) the material is susceptible to SSC; (ii) the
environment contains H,S and (iii) the material is submitted to tensile stress (residual
or applied). The same applies in the event of pitting corrosion, in which cracks will be

impeded rather than preferentially initiated from the locally damaged area.
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FIGURE 7.2: Proposed mechanism of protection against SSC after plasma
nitriding: (a) SSC prevented by the compressive residual stress; (b) barrier
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7.3 Conclusions

The following conclusions summarise the main findings from the present work. All the
experiments were conducted at (23 4+ 2)°C and ambient pressure and specimens were
exposed to the same environment, i.e. typical produced water with 165g L~! of NaCl and

pH 4.5 4+ 0.2, with different gas mixtures:

e The microstructure of the unmodified 17-4 PH, heat treated to the H1150D condition
(annealed at 1040 °C followed by two consecutive precipitation hardening at 620 °C
and cooled to below 32 °C after each stage), comprised a matrix of low-carbon (lath)
martensite (formed after annealing and preserved after precipitation hardening) with
(9.6 + 0.4) % in volume of reverted austenite (mostly formed during the precipitation

hardening cycles) and traces of d-ferrite.

e Unmodified 17-4 PH (H1150D) is highly susceptible to SSC in typical produced
water with pHyS = (3.4 £ 0.1) kPa and CO, as balance gas. The threshold stress
for SSC to occur lies within 30 and 50% of its actual yield strength, in agree-
ment with earlier observations. Failure by SSC occurred on both intergranular and
transgranular modes (interlath and translath), with features of both SSC and SCC

mechanisms.

e Plasma nitriding at both low temperature (420°C) and high (conventional) tem-
perature (500°C) for 10 h in 25 vol.% Ny + 75 vol.% Hy using the active screen
method resulted in the formation of uniform compound layers comprising mixed
v —FesN and e-Fey 3N phases, varying from 10 pm to 15pm. At high temperature,
precipitation of CryN occurred. Underneath the compound layer, both structures

comprised a diffusion zone (martensite with interstitial nitrogen, o’y).
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e Low—temperature plasma nitriding (LTPN) reduced the susceptibility of the 17-4
PH (H1150D) to SSC in typical produced water saturated with both mixed pH,S
= (3.4 £ 0.1) kPa and CO, (as balance gas) and pure H,S using constant—load test
methods (i.e. four-point bend and uniaxial tensile) with stress levels up to 100%
of the yield strength. In mixed H,S/CO,, no cracks were identified on the surface
after 720 hour of exposure. In a more aggressive condition (pure H,S), localised
corrosion was identified when specimens were loaded to 90 % of the yield strength,
although cracking was not observed. The increased resistance to SSC was due to
simultaneous occurrence of (i) barrier effect (reduction of hydrogen uptake due to
the reduced mobility caused by hydrogen trapping to nitrogen atoms, dislocations
and prior—austenite grain boundaries); (ii) compressive macro residual stress of -1.0
to -1.6 GPa induced by the plasma nitrided treatment and (iii) superior resistance
to localised corrosion since the nitriding temperature (420 °C) was sufficiently low
to avoid precipitation of chromium nitride. The high—-temperature plasma nitrided
(HTPN) specimens also resisted to SSC but exhibited poor corrosion resistance
due to the precipitation of chromium nitride. When the substrate was intentionally
exposed to the electrolyte, the susceptibility of the LTPN condition was not affected,
whereas general corrosion was observed on HTPN specimens since the nitrided layer

became anodic with respect to the unmodified substrate.

e LTPN resulted in superior corrosion resistance (i.e. it exhibited passivation be-
haviour and had lower corrosion rate, estimated by potentiodynamic polarisation
technique) compared to that of HTPN (conventional) condition due to the forma-
tion of a nitrogen-rich layer without precipitation of chromium nitride. Compared
to the unmodified material, LTPN also resulted in lower corrosion rate and superior

resistance to localised attack in mixed HyS/COs. In LTPN specimens, corrosion



228

Chapter 7. General discussions and conclusions

resistance was provided by the inner section of the mixed y'~Fey,N/e—Fes 3N com-
pound layer—as observed by SEM and EIS results—and deposits of iron sulphide.
Complementary experiments with pure HyS and pure CO, revealed that the un-
modified condition was more corrosion resistant in pure CO, (lower corrosion rate
and higher resistance to pitting corrosion) whereas LTPN performed better in pure
H,S (lower corrosion rate and greater pitting and repassivating potentials), owing to
the formation of a dense film of iron sulphide). The results also showed that when
both gases were mixed, the effect of HyS predominated and iron sulphide was the
major corrosion scale—iron carbonate was not formed, even in pure COs, since its
formation was not favoured for the conditions tested (temperature and HsS/CO,

ratio).

It was estimated that a macro compressive residual stress of -1.0 to -1.6 GPa was
induced near the surface of the 17-4 PH (H1150D) after being plasma nitrided at
low temperature (420°C for 10 h). The residual stress was not determined exper-
imentally for high-temperature plasma nitriding, although it was inferred—based
on the nitrogen concentration profile—that its magnitude would be smaller due to

the lower nitrogen content.

Hydrogen flux build—was not observed for the unmodified and low—temperature
plasma nitrided 17-4 PH (H1150D) when exposed to HyS—saturated produced water
for 14 days using the hydrogen collection technique. A systematic investigation
on the causes for the invariant flux on the detection side of the sample suggested
that they were linked to a combination of aspects associated with the equipment,

hydrogen transport, trapping and desorption.

e The barrier effect of the plasma nitrided layer—Ilisted as one of the possible causes of
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the increased resistance to SSC observed in Chapter 4—was considered to be related
to hydrogen trapping in the compound layer (e.g. nitrogen atoms, intensified by the
supersaturation condition near the surface, dislocations and prior—austenite grain
boundaries) and in the diffusion section (e.g. prior-austenite grain boundaries,
martensite lath contours, austenite/martensite interfaces). Hydrogen presumably
accumulated in the octahedral interstitial positions of the retained and reverted
austenite (diffusion zone and substrate) due to its higher solubility in the f.c.c.
structure. These observations were based on analysis of previously published data on
hydrogen permeation in plasma nitrided structures using electrochemical techniques
and supported by further theoretical discussions. Overall, the hydrogen diffusivity
in the nitrided layer is lower in the compound layer (up to 3 orders of magnitude
compared with the unmodified material) and the mobility gradually increases toward

the substrate.
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Chapter 8

Perspectives and future work

The promising results obtaining in this work, demonstrating that the resistance of the
17-4 PH to sulphide stress cracking can be increased by applying low-temperature plasma
nitriding, are of technological interest for the oil and gas industry, particularly subsea
systems. In environments with that complexity, real components are subject to severe
conditions (temperature and pressure) and are exposed to high levels of HyS, chloride and
CO,. Because of the variety of environments to which components can be exposed during
its lifetime, further research is required to understand how the modified surface would
respond to a wider range of parameters. In this chapter, I am listing further research
that can be performed attempting to further understand the SSC phenomena of plasma

nitrided 17-4 PH, starting with an overview of the technological implications.

8.0.1 Technological implications

The susceptibility to SSC in this work was quantified in terms of time—to—failure when
the material was submitted to a test solution simulating a specific oilfield environment.
For the particular context used as reference in this work, i.e. oilfield components (e.g.
tubing hanger and valve stems) applied on subsurface installations, the 17-4 PH (H1150D)

is known to be highly susceptible to SSC and this was confirmed in Chapter 4. The
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results also suggested that there is potential to increase the limits of application of this
material by applying plasma nitriding at low temperature, with positive impact expected
on maintenance and capital costs. Current standards, however, do not accept surface
modification as a means of prevention against SSC and this may be because there is a
concern that general and localised corrosion resistance would be negatively affected after
the surface modification, increasing the tendency to SSC. The results from Chapters 4,
in fact, showed that specimens plasma nitrided at high temperature (HTPN) passed the
SSC test in spite of their poor corrosion resistance (Chapter 5). When the substrate
was exposed, intense dissolution occurred due to the galvanic effect between the nitrided
layer and the substrate, posing a risk for the integrity of any component exposed to these
conditions. For specimens treated at low temperature (LTPN), however, the corrosion
resistance was equivalent or superior to the unmodified material.

Although promising results were obtained for LTPN condition, the following aspects
must be considered for qualification purposes. This list is not exhaustive, but it is sufficient
to exemplify major discrepancies between actual and simulated environments. Recom-
mendations for future work to address some of these limitations are presented in the next

section.

e Although standard tensile tests recommend exposure time of 720 h, this may not

be representative of the life time of the component.

e Although constant load tests seemed more adequate for comparison purposes (it has
been historically used for qualification), real components are subject to intermittent

loading rather than constant load used in the laboratory scale.

e Laboratory tests were performed in nearly stagnant conditions, but in practice hy-

drocarbon fluids in contact with internal components are continuously flowing. This
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can result in chemical variations near the surface. The constant flow of the test gas
during the experiments were sufficient to maintain saturated condition but may not

reflect real environments.

e In offshore systems, the hydrostatic pressure at the seabed level, in which wellhead
equipment is installed, can exceed 60 MPa for deep—water operations. Many SSC
experiments, including the present work, are conducted at ambient pressure for

practical reasons, although this does not represent real environmental conditions.

8.1 Future work

Despite not being approved as a method to prevent SSC, presumably due to the concern
with the corrosion resistance, LTPN can be successfully applied to enhance the resistance
to SSC and maintain equivalent or superior corrosion resistance compared to the unmod-
ified material. Prospective increase on the limits of application for the 17-4 PH in sour
environments after being plasma nitrided, however, require further study to gain addi-
tional understanding on the mechanisms involved and to make proper correspondences
between laboratory tests and service conditions of real components. The following are

recommended for future work:

¢ Expose the material to different environments. In this work, the experiments
were conducted in one specific solution, representative of oil production environ-
ment. Analysis can be extended to typical environments found in gas production

systems (e.g. condensed water with lower levels of sodium chloride).

e Tests in high-pressure and high-temperature conditions. Although in this
work the susceptibility to SSC was evaluated at the temperature of highest suscep-

tibility of the unmodified material, which is within typical operating temperature
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range of wellhead components, further investigations on the behaviour of plasma

nitrided layers to different temperature ranges seem adequate.

Analyse the effect of geometry. Successful application of plasma nitriding needs
to ensure uniform treatment in the whole area of the component. Active screen
plasma nitriding technology is most adequate technique to attend this requirement
and specific investigations on uniformity for more complex geometries are recom-
mended, since uneven or not well covered regions could potentially become prefer-

ential sites for localised corrosion and crack initiation.

Test different loading plans. During their life time, components may undergo
different levels of loading. Further examination under different loading plans would

confirm the integrity of the layer during service.

Test different materials. Different corrosion-resistant alloys (e.g. supermarten-

sitic and duplex stainless steels) can be evaluated.

Use alternative test methods: Test methods such as slow strain rate and the
newly developed ripple slow strain rate tests can be used to provide further insights
on the mechanisms of failure of plasma nitrided layers. Fit-to-purpose tests can

anticipate service conditions.

Simultaneous plasma nitriding and precipitation-hardening. Plasma ni-
triding can be carried out simultaneously with the precipitation hardening cycle. In
this case the precipitation hardening temperature and the plasma temperature must
be optimised to provide the desired structure and avoid unwanted microstructural

changes of the substrate.
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e Detailed quantification of the residual stress. Residual stress played an im-
portant role on the SSC susceptibility and further investigation on the residual
stress distribution across the layer (rather than the macro residual stress) would be

appropriate. Different techniques can be used, for example X-ray diffraction.

e Hydrogen permeation. Key theoretical aspects of the hydrogen transport and
trapping on plasma nitrided structures were covered in this work. It is there-
fore recommended further experimental work using electrochemical method (De-

vanathan—Stachurski cell) to quantify the barrier effect.

e Further research on the SSC mechanisms. Further research can be performed
to provide supporting evidence for the mechanisms of SSC, such as in-situ measure-

ments.

e Evaluate the formation of iron sulphide. Examine the grow of iron sulphide

film for different proportions of H,S/COs,.

e Erosion-corrosion. Further investigation on the tribo corrosion process (erosion-
corrosion and cavitation corroison). Some components, such as drilling tools can be
degraded by the synergistic effect of erosion by solid particles and electrochemical
degradation. There are some studies [287| showing that the 17-4 PH changed from
passive to active corrosion under erosion-corrosion conditions. This can be evaluated
for plasma nitrided conditions. Some studies with sliding wear were already carried
out in non-sour environments [18| and further research can be performed with H,S

and the analysis can be extended to include impingement of solid particles.

e Analyse crack growth and propagation. Use in-situ technology to monitor

crack initiation and growth. Use X-ray tomography to analyse the evolution of
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cracks from surface defects or pits on the nitrided layer. Use of synchrotron to

monitor the propagation of pits in plasma nitrided layer.
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Appendix A

Retained austenite

The lattice parameters of crystals from both austenitic (f.c.c.) and martensitic (b.c.t.)
phases (b.c.t. was approximated as a b.c.c. structure) were determined by extrapolating
the calculated lattices obtained for each reflection line against a particular function of the
diffraction angle 6. For cubic systems, this function (right side of Equation A.1 [288]) is
proportional to the fraction error of the interplanar spacing 8d/d, which is equivalent to
the fraction error of the lattice parameter da/a. By extrapolating (cos?6/sinf+cos?/0) to

zero (or 6 = 90°), the lattice parameter was therefore determined.

dd  da cos’f  cos? 6
= Al
d a ( sin 0 * 0 ) (A1)
For a cubic crystal, sin? § was determined by
)\2
sin® 0 = — (h* + k* + %) (A.2)

2
dag

where k, [, m are the Miller indices.

The atomic scattering factor of iron, fr., used to quantify the efficiency of scattering
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of an iron atom relative to scattering of an electron in a given direction, was determined
by each (sinf) /A, assuming a crystal structure of pure iron. Because the wavelength of
the incident beam, A, is near the wavelength scattered from the iron (K absorption), A
(A/ Ak = 0.8), the value must be corrected to f' = f+Af, where A f=-0.5 is the correction
factor [288]. The structure factor, Fjx;, which represents the resultant wave scattered by

a unit cell—considering the individual contribution of each atom—was obtained by

N

n=1

where N is the quantity of atoms in the unit cell, u, v and w are their fractional
coordinates. The multiplicity factor, which defines the number of planes with the same

interplanar distance was determinded from Table A.1.

TABLE A.1: Multiplicity factor

Form {hkl} {hhl} {0kl} {0kk} {hhh} {0,0]}
p 48 24 24 12 8 6

The theoretical intensities, R, were determined by [288§]

R= (é) Fp <—1 + cos” 26) (e~2Mr) (A.4)

sin’# cos 6

where  is the volume of the unit cell and the term (1 + cos?26)/(sin®6fcos6) is
the Lorentz-polarization factor, L P, which accounts for the reduction of the intensity of

reflected beams due to the instrumentation geometry.
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The thermal vibration of diffracted beams are quantified by the temperature factor,

e 2Mr  defined by [289]

sinf\?
My = Brp /\ (A.5)
in which Br is defined as [289)
6Nah?® T T
Br = — - A.
=g 0@+ ) (A.6)

where Na is the Avogadro’s number (6.023 x 10??), M is the atomic weight of iron
(55.845 g mol!), h is the Planck constant (approximately 6.626 x 1073*m?kgs™!), kp is
the Boltzmann constant (approximately 1.38 x 1072*m?kgs 2 K1) | © is the Debye char-
acteristic temperature (O pe=470 K [289]), T is the temperature, x is /T and ¢ (z)=0.68
[289].

By considering n, reflections of austenite and n, reflections of martensite, the ratio

between the volume fraction of each phase, ¢,/c,, was obtained by [194]

1 n Ji
5 ()
S M v
Ca/ 1 Mg IO(’
n_cx’ ZO <Roc’>

where I, and [, are the integrated intensities of the diffracted peaks of austenite and

martensite, respectively. The respecive theoretical intensities, R, and R, , determined by

Equation A.4.
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Assuming that martensite and austenite are the only phases present in the microstruc-

ture (¢, + ¢, = 1), the retained austenite can be determined by

Cy
Co’

Cy =
Y C
1+
Cy’

(A.8)

Tables A.2 and A.3 show the results from Chapter 3 (section 3.1.1.3), obtained follo-

wing the steps described in this section.

TABLE A.2: Parameters obtained for the f.c.c. phase

n, (hkl) R*+K*+1> 20 sin0/\ fh |F*? p LP I, R,

1 (111) 3 43.6° 0.241 17.0 4651 8 11.92 0.103 9226
2 (200) 4 50.8°  0.278 15.8 4004 6 844 0.043 4172
3 (220) 8 74.6° 0393 13.0 2684 12 3.66 0.014 2324
4 (311) 11 90.6° 0.461 11.8 2212 24 2.81 0.018 2852

TABLE A.3: Parameters obtained for the b.c.t. phase

ny (hkl) R2+E*+12 20 sinf/\N fi F? p LP Iy Ry
Fe

1 (110) 2 44.7°  0.247 169 4651 12 11.27 0.600 6297
2 (200) 4 65.0° 0349 14.0 4004 6 4.84 0.063 897
3 (211) 6 82.3° 0427 123 2684 24 3.12 0.110 1745
4 (202) 8 98.9° 0493 11.2 2212 12 2.73 0.049 610
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Four-point bend

The shear and bending momentum, for the specific case of the dimensions shown in Figure
4.8, are represented in Figure B.1, in which the main dimensions are represented in terms
of the length of the beam, L. Over the region between the inner supports (3L/10 < x
< 7L/10), the specimen is submitted to pure bending. For this interval, the bending
momentum M (z) is constant and the shear V' (x) is zero.
The bending momentum is given by
3L 7L

M(x) = Pz — Ple = ) = Ple = 12) (B.1)

Assuming a plane state of stress (t < L and w < L, w being the width of the beam),
0.(y) is the only stress in the pure bending section: o,(y) > 0 (tensile) above the neutral
plane and o,(y) < 0 (compression) below the neutral plane). In the elastic regime, Eq.
B.1 can be written as (p being the constant radius of curvature of the neutral axis, F the

elasticity modulus and I the moment of inertia):

E[dy—msz—P<LE—%>—P<.ﬁE—%> (B.2)

dx 10
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Integrating Eq.B.2 twice:

P, P, 3L, P, 7L,
Ely(x)—gx E(w 1—0> g(x E> + Ciz + Cy (B.3)

in which the contants of integration can be obtained considering the boundaries con-

ditions: x = 0;y = 0 and x = L;y = 0. The elastic curve become:

P [l, 3L, 1, 7L, 212
y(x)_QEI[?,x TR A T R T

The maximum deflection in the elastic regime is then given by:

L 33PL3
ymax - y(g) — 5 - — 1000E[ (B5)
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Y
P P
3L/10 4L/10 3L/10
I L
P P
V(z)
P
s
0 3L/10 7L/10 L
M(z)
M
s
0 3L/10 7L/10 L

FiGURE B.1: Four-point bend shear and bending diagram.
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