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Abstract

Abstract

A wide range of ferrite-based microstructures wpreduced for high strength
pipeline steels with standard X70 (1.2 wt.%) anddeed MX70 (0.5wt.%) Mn content.
These include as-processed X70 and MX70 stripsyedlsas X70 transfer bar in the as-
processed and normalised conditions. In additionuiated coarse grain heat affected zone
(CGHAZ) microstructures were produced. The maineotiye of the research was to
establish and rationalise the differences in hyenogick-up and susceptibility to hydrogen
embrittlement (HE), both under three point bendilg§B) of notched hydrogen-charged
samples and tensile testing of tubular samplessprized with hydrogen. A particular
concern was whether the susceptibility to hydrogeduced cracking (HIC) was
compromised by design of a lower Mn steel meeting0 Xmechanical property
specifications.

The effects of electrolytic hydrogen charging orfate and internal damage, as well
as fracture toughness, were studied in relatiogréin size, microstructure, composition
and the type and distribution of non-metallic irsetins and precipitates. The X70 steel
consistently exhibited higheg Jracture toughness values (derived from TPB tetsiah
the MX70 strip, both before and after hydrogen ghray.

Electrolytic hydrogen charging experiments on tiiip samples (about 1 mm thick)
indicated that the most rapid formation of surfatisters and HIC occurred for the banded
ferrite-pearlite microstructures of the as-procdssteip, followed by equiaxed TB ferrite-
pearlite microstructure in the normalised conditiand then by the as-received TB sample
with a ferrite-bainite microstructure, no blistegiwas observed in the heat affected zone
(HAZ) samples for up to 24 hours charging.

In terms of measured diffusible hydrogen conterteratharging, the equiaxed
(normalised) microstructure showed the lowest difile hydrogen content, followed by
the banded ferrite-pearlite microstructures, theasgpolygonal ferrite with bainite
microstructure and finally the HAZ samples. In tiela to residual hydrogen monitored
after its release from stronger traps, the HAZ ostuctures exhibited the lowest
hydrogen content; followed by the equiaxed (norpeali TB) microstructure; the quasi-
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Abstract

polygonal ferrite and bainite microstructure of éereceived TB; and the banded ferrite-
pearlite microstructures of the as-received stegls.

HIC in these charged samples often initiated froxrd® particles and propagated
mainly along intragranular paths, and also alongitéépearlite interfaces. The role of
ferrite grain size in HIC was also evaluated andas confirmed that microstructures with
an intermediate average ferrite grain size (46 grhjibit higher residual and diffusible
hydrogen contents than samples with lower and higraen sizes.

The plastic behavior of the X70, MX70 and normaliZzé8 samples was investigated
by tensile testing of tubular specimens under 1GaMidrogen gas at 25, 50 and 100°C,
and 10 MPa argon at 25°C for reference. The resiitsved that X70 steel is more
susceptible to hydrogen embrittlement by exteraslegus hydrogen charging than MX70,
an opposite finding to theyJesults obtained from TPB.

It is therefore clear that evaluation of HE can etep on the method of testing,
particularly the presence/absence of a notch amavtiether the hydrogen is internal or is
externally supplied. The investigation overallagdished that there was no significant loss
in resistance to HIC associated with the use oediom Mn X70 alloy design.
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Chapter 1: Introduction

1 INTRODUCTION

Over the last twenty years in Australia the staddgas pipeline grade has moved from
X52 through to the present X70, with the maximureraging pressure rising from 6.8 MPa
to 15.3 MPa. Higher strength steels allow econob&nefits through the use of thinner
walled pipe, with lower costs for transport-to-siéd field welding; and/or higher
operating pressures with lower gas transportatossgl .

Pipeline steels can hold small amounts of hydrdgerause of absorption during pipe
welding or as a result of environmental exposutee Ppresence of hydrogen increases the
chance of hydrogen induced cold cracking (HIC) {2hce a steel pipeline is exposed to an
acidic environment, its surface oxidizes and predulydrogen. The adsorbed hydrogen
atoms diffuse inside the steel and become trappedreain microstructural features such
as inclusions and interfaces between non-metaltilusions and the steel matrix [3, 4]. If
the trapped hydrogen reaches the critical concgmraiecessary for crack initiation, HIC
can take place. The absorbed hydrogen atoms carreadembine and form molecules at
inclusions, voids, grain boundaries and dislocetjagesulting in pressure build up that can
lead to blistering and cracking [5].

In recent years, there have been attempts to tehiiwer Mn levels, in the range of
0.2-0.5%, to reduce centreline segregation. AteHewer levels of Mn and at a given S
level, formation of MnS from the liquid will takelgre closer to the solidification
temperature and thus the particles are smallezé[6].

Hydrogen-induced degradations have generally beesstigated through the ex-situ
testing of electrolytically hydrogen-charged spesms 1 However, the cathodic charging
cannot fully replicate the damage caused by gaskypdi®gen in transportation pipelines.
Thus, in this work for the first time effect of gamis hydrogen charging on medium Mn
X70 is investigated and the results are comparethdaatraditional electrolytic hydrogen
charging. There was no information in the literattggarding the effect of temperature on
the in-situ gaseous hydrogen charging. Thus, thectebf elevated temperature is also
investigated, as pipeline could operate at theagésl/temperature conditions.

It has been reported that as quenched martensitrostructure has the least hydrogen

embrittlement (HE) resistance, whereas tempereattlzadr tempered martensite structures
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have the highest resistance [7]. Pearlitic mictattire sits between these two extremes.
The most important elements that control the sugugty to hydrogen embrittlement of a
microstructure are the hydrogen permeability andirbgen trapping ability of that
microstructure. The coarse grain heat affected Zbeeeafter refer as HAZ) next to the
weld zone is also the critical region for HE [7-%he susceptibility to hydrogen cracking
can also be related to the steel composition ardptibcessing history as these factors
affect non-metallic inclusions (size, morphologydatype). Large inclusions such as
elongated manganese sulfides and stringers of amatease the HIC susceptibility [10].
The concentration of impurities was found to inseethe susceptibility of HIC [11].

As pipeline steels could have different microstooetin base metal, HAZ and weld
metal, it is important to know how hydrogen affettisse areas.
This study was conducted with the aim of investigathe effect of variable parameters on
hydrogen embrittlement of X70 pipeline steels vatAndard (1.14 wt. %) and medium (0.5
wt. %) Mn content. The objectives of this investiga were:

» Assess the role of hydrogen on fracture toughness

« Evaluate the role of microstructure (phases preggain size, precipitation) in HIC

and HE;

» Assess internal and surface damage as a resuftadden charging

« Compare the effects of electrolytic and gaseousgoig

To achieve this goal, a comprehensive data setegtrelytic and gaseous hydrogen
charging has been utilised to assess the mediunstsll and compare its performance
with the standard X70 steel. As a major concerntf@ designing high pressure gas
transmission pipelines made from high-strengthlsteehe control of long running ductile

fractures, fracture toughness is measured to agsesydrogen embrittlement.

1.1 Thesis Outline

Following this brief introduction, a review of timeost recent studies on the hydrogen
embrittlement of pipeline steels is presented ima@ér 2, with an emphasis on X70
pipeline. Chemical compositions of X70 steels amel ¢ffect of alloying elements, with

focus on the role of Mn, are reviewed. The procetdabrication of pipeline steel



Chapter 1: Introduction

fromthermo-mechanically controlled processing ig thill to electric resistance welding

(ERW) is explained. Mechanisms of hydrogen embertint, the role of precipitates,

microstructure, grain size and strain rate on &lisg and HIC are evaluated. A brief
review on different hydrogen charging methods aydrdgen measurement techniques is
carried out. Finally, fracture toughness calcolai and work hardening models are
discussed.

Chapter 3 presents the experimental procedure. CHapter begins with description
of the chemical compositions and fabrication stagfesvo studied steels containing high
and medium Mn content. The techniques used to peegamples for three point bend
(TPB) testing, Gleeble simulations, hydrogen diffasand tensile tests are then outlined.
The simulation of the HAZ structure using the Gleahermo-mechanical testing machine
is then discussed. The techniques used for micicisire and fractography characterisation
are described. In addition, the electrolytic hydnogcharging method used to introduce
hydrogen into steels and hydrogen measurementitpasare explained.

Chapter 4 provides descriptions of the microstmasof X70 strip, X70 transfer bar,
X70 normalized transfer bar and the HAZ in theeeived condition. In addition, data on
grain sizes and hardness are provided. Chaptentthoes with analysis of precipitates and
inclusions present in both studied steels by mezneptical metallography, scanning
electron microscopy (SEM), energy-dispersive X-spgctroscopy (EDS) analysis and X-
ray mapping.

Chapter 5 begins with evaluation of electrolytiddiogen charging conditions with
respect to electrolyte current density, currertjditor and duration of charging. Based on
the obtained data, an electrochemical hydrogengatgmprocedure has been developed.
The four electrolytically charged microstructures:aas-received X70 strip with banded
ferrite-pearlite microstructure; as received trandfar of X70 steel with quasi-polygonal
ferrite and granular bainite; normalised transfar df X70 with an equiaxed ferrite-pearlite
microstructure; and simulated HAZ microstructurahwcoarse bainitic ferrite laths and
martensite/austenite (M/A) islands. The chapteortspthe measurement of the diffusible
and residual hydrogen contents using the mercutynaeit extraction methods. In addition,

the role of microstructure in internal and surfat@mage (blistering) by hydrogen is
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discussed. The chapter closes with an analysiseohature of blisters and cracks based on
the results from EDS and X-ray mapping.

In Chapter 6 the effect of electrolytic hydrogemuaing on the fracture toughness of
X70, MX70, normalised transfer bar (NTB) and thEiAZ is investigated. Notched and
fatigue pre-cracked samples were charged with Hygroprior to TPB tests. The
conditional fracture toughnesg Wwas determined. The results are discussed inael&d
grain size, microstructure, composition, fractuueface and the type and distribution of
non-metallic inclusions and precipitates.

In Chapter 7, gaseous hydrogen embrittlement of, X¥X70, NTB samples and the
ERW region of X70 steel were studied through tensgists of sealed hollow cylindrical
samples with 10 MPa hydrogen gas at 25, 50 andCLOAf samples were also tested
under 10 MPa of argon for comparison. It is showat tL0 MPa hydrogen reduced the
strength and ductility of all samples. Hydrogerides elevated temperatures demonstrated
reduced strength but increased elongation comparéte room temperature tests. As the
yield strength of the pipe is influenced primardy work hardening during forming and
expansion of pipes, the work hardening behaviodhefabove steels was also investigated.

Chapter 8 presents discussion highlighting therdmrtion to the knowledge, general

conclusions and suggestions for future work.
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2 LITERATURE REVIEW

This Chapter begins by detailing typical composisi@f pipeline steels and considers
the effects of the alloying elements. The effectheérmo-mechanical controlled processing
on pipeline manufacturing is also discussed. Thiewethen focuses on factors underlying
the concept of using a reduced Mn content in pigediteel.

An overview of hydrogen embrittlement mechanismsgether with parameters
affecting these phenomena, forms an importantgddhis review. In this context, different
methods for hydrogen measurement and fracture tasghcalculations are presented.
Finally, the importance of work hardening paranet@nd various models for the work
hardening behaviour of pipeline steels are disdisse
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2.1 Compositions of X70 Pipeline Steel

The microstructure of APl 5L-X70 welds can be atwig of acicular ferrite (AF),
grain boundary ferrite, Widmanstatten ferrite, lteirand ferrite with martensite/austenite
(M/A) microconstituents. Use of a relatively higbncentration (~>1 wt%) of Mn helps to
refine and homogenise the weld microstructure [12].

When metals are joined by welding the materialeatbd above its melting point and
then cooled down rapidly under conditions of rastranposed by the geometry of joint.
As a result of such a severe thermal cycle ther@ignicrostructure and properties of the
region close to weld area are significantly chandéts volume of metal is known as the
HAZ. The HAZ is conventionally divided into diffeme sub-zones as illustrated in
Figure 2-1[13]. The part of the HAZ that experiences the mmaxn thermal shock is that
closest to the molten weld bead and is called th&.H his region transforms rapidly from
ferrite to austenite and back again and has a stitrture which has a high hardness and
is susceptible to hydrogen embrittlement. Hydrogeaking is mostly found in this region
[14].

Ferrite is the main phase of these types of stelthere is a series of possible ferrite
morphologies. Ferrite can nucleate at austenita dgraundaries and grow in the form of
packets containing parallel plates with the sanystaHographic orientation. Ferrite can
also nucleate heterogeneously on small intragramda-metallic inclusions and grow in
different directions. This kind of ferrite is refed to as acicular ferrite (AF) [15].

The presence of AF in the weld metal and HAZ issidered to be a desirable
microstructure for steel pipelines because it isgt@r and stronger than conventional
ferrite-pearlite microstructures [16]. The high&eagth and toughness of AF is due to its
finer grain size and higher density of dislocatiamsl sub-boundaries, which decrease the
cleavage fracture unit and result in an irregulack path that requires increased energy

for crack propagation [17].
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Figure 2-1 Schematic diagram of the various sutegmf the HAZ for a welded 0.15 wt % C steel
[13].

Polygonal ferrite (PF) forms at the highest tempees in the transformation range
and for the slowest cooling rates. It nucleategras boundary allotriomorphs and grows
into roughly equiaxed grains with smooth and cardurs boundaries under the scale of the
light microscopy [17].

The volume fractions of AF, PF and the M/A miaostituent have a significant
effect on steel strength. In the controlled holimglof pipeline steels, the volume fractions
of these microstructures are determined by hardiyalparameters and cooling
conditions. The steel composition, the hot rollisghedule, and particularly the
temperature range of finish rolling and the finlghreduction, control the hardenability of
the steel [18].
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2.2 Role of Alloying Elements

2.2.1 Manganese

Manganese is one of the most important alloyingnel@s in pipeline steels
because it combines with sulphur to form MnS. Sutgk very harmful in steel and can
cause hot shortness. Therefore, the addition ofgar@ese and formation of MnS reduces
the susceptibility of a steel to hot shortness .[M@dnganese is not only added to steel to
improve hot working properties, but it can alsor@ase the strength, toughness and
hardenability. Manganese, like nickel, is an austeforming element. As iron sulphide
has a lower melting point than MnS, it tends tarfoalong austenite boundaries in the
absence of manganese and provides potential citaskdsiring hot working the addition of
manganese improves [20]. The low carbon high raaege (Mn = 0.8-1.5%) approach to
steel design is also based on manganese contgbwitid solution strengthening,
enhancing grain refinement and lowering the impstsition temperature. These changes
are largely due to the effect of Mn of lowering the; temperature (austenite to ferrite
transformation temperature) [20]. A relatively highncentration of manganese helps to

refine and homogenize the weld microstructure 10 ¥ipe-line steel [12].

2.2.2 Silicon

Silicon is one of the deoxidisers used in steelmgk&ilicon exerts a solid solution
hardening effect on ferrite and is used to incresigength and toughness [19]. The rate of
strengthening of low carbon steels by Si is higimercoarse-grained than fine-grained
steels. However, silicon decreases the prior aiistgrain size which leads to a fine ferrite
grain size. Silicon up to 0.7 wt.% improves the aopbehavior of steel [21]. Increasing
the silicon content causes a decrease in the fageystallisation as well as an increase in
the strength of austenite due to the effect ofdssdilution hardening. The silicon increases

both the As temperature and also the activity of carbon inenite [22].
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2.2.3 Molybdenum

Molybdenum has a powerful effect on increasingtigh-temperature strength and
retarding grain growth at temperatures above thecar temperatures of steel [19].
Molybdenum increases the steel hardenability angrones its resistance to hydrogen
embrittlement and stress corrosion cracking (S@igh sulphur content steels [23]. It
has been reported that addition of 0.40 wt% Mate-tarbon microalloyed steel results in
slowing down the bainite transformation and redgdime B and B temperatures (bainite
start and finish transformation temperatures, resgy). As a result, the microstructure
of bainite becomes finer [24]. Also, the additiohMo in the range of 0.82—-0.88 wt. %
results in a decrease of fracture appearance ti@nsemperature (FATT) and an increase
of impact toughness. Mo addition to steel promdtesiation of AF and granular bainite
(GB), but can also lead to the appearance of draumdary ferrite (GBF) in weld metal
[25]. Molybdenum retards the precipitation of Nb(CRhiobium carbonitride) in the
presence of high Mn levels. This phenomenon istdube effect of molybdenum on the
activity coefficients of niobium, carbon and nitesgand the consequent increase of the
solubility of carbonitride [26]. Molybdenum alongith copper, chromium and nickel
improves resistance to hydrogen embrittlement ghsulphur microalloyed steels in a
H,S environment by promoting the formation of fprecipitates, uniformly distributed in

the matrix. These precipitates can trap hydrogehersteel [23].

2.2.4 Niobium

Niobium is the main microalloying addition for siigging carbon and has strong
effects on austenite recrystallization and hardgihabNb affects recrystallization by
solute drag effect and strain-induced precipitataswell as refines both the austenite and
ferrite grain sizes [19]. The rate of initial trémsnation of austenite to ferrite in high
niobium steels is reduced by the solute drag efieniobium and the pinning effect of the
Nb(CN) precipitates [27].
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2.2.5 Vanadium

Vanadium is used to inhibit austenite grain growth high temperatures and
therefore results in finer grains and hence impdoveughness and strength [19].
However, it has been found that steels that areitation hardened by vanadium carbide
exhibit lower wear resistance than vanadium-freelst[28]. Vanadium and silicon have a
significant influence on the microstructure anddmass of air cooled medium carbon low
alloy steels. The volume fraction of proeutect@dife increases with the level of silicon
and the presence of vanadium carbonitrides, bothhidh control the austenite grain size

and thereby promote grain boundary formation aiton cooling [29].

2.2.6 Titanium

Microalloying with titanium can promote retardatioh austenite recrystallisation
and precipitation strengthening of ferrite. Titamiucombines with carbon and forms
titanium carbides, which are relatively stable alifficult to dissolve in austenite. It also
promotes more efficient precipitation strengthenaigerrite in Mo-Nb steels. Titanium
also removes nitrogen as TiN and can form predgstaf (Ti, Nb) (C, N) in austenite and
ferrite. Titanium can improve the weldability aresistance to HAZ cold cracking because
TiC precipitate particles (as well as MnS inclusipare well known as effective traps for

hydrogen atoms [18].

2.2.7 Chromium

Chromium is added to steel to increase its resistan oxidation. Chromium also
increases the hardenability and abrasion resistainseel. Chromium in amounts above 4
wt. % in steel increases the corrosion resistantalécreases the weldability. Chromium
can form CgC, and other carbides that promote high wear resistdh9]. Chromium
polarizes the cathodic polarization curve of pipedi, reduces the corrosion rate and helps

to avoid the uneven corrosion of pipeline weldm¢a@.

10
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2.2.8 Nickel

Nickel improves resistance to oxidation and cooosilt also improves the
toughness and impact resistance and solid solimngthens the ferrite. Nickel also
causes more and finer pearlite to form, so thelipe#s consequently stronger and tougher.
This element has no adverse effect on welding. [IB¢ combined presence of Ni (2.03—
2.91 wt.%) and Mo (0.7-0.995 wt.%) in the weld rhdeads to a high volume fraction of
fine AF with good toughness [25].

2.2.9 Aluminium

Aluminium is added to steel as a deoxidising elemidowever, for more than 0.05
wt. % Al the toughness is reduced and, moreover,diboxidizing function is saturated.
Aluminium tends to form aluminium nitride (AIN) iaustenite which has harmful effects
on the hot ductility of different grades of steelore than 0.02 wt.% of aluminium
promotes precipitation of AIN rather than vanadiaitride (VN) in steel [31]. For the
same level of aluminium and vanadium, VN precipisaare more soluble in austenite than
AIN patrticles [32, 33]. This means the solubiligntperature of VN is lower than that of
AIN and that AIN is more stable. However, the exmste of AIN in the austenite can cause
harmful effects on the hot ductility of differentagles of steels [34, 35].

2.2.10Copper

Copper is generally regarded as a harmful elemewuse it promotes hot
shortness as a result of ductility loss at highgeratures (1100 ~1300 °C). Copper also
causes surface defects during hot processing amasibeen reported by Savov [36] that
hot cracks begin to form in austenite during haicpssing at copper contents above 0.2
wt.%. However, copper increases corrosion resistaas well as the tensile strength of

steel.

11
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2.2.11Phosphorus

One of the most common embrittling impurity elensemt commercial low alloy
steels is phosphorus. Phosphorus promotes graindaoy segregation and degrades the
toughness. It also increases the tendency to ergqakiring welding. For this reason, the
phosphorus content is usually specified to be lothan 0.015 wt% [37]. It has been
reported that phosphorus in iron-phosphorus aliogseases the hydrogen activity and the
hydrogen uptake in acid sulphate or sulphide edgdes [38]. However, when present as a
phosphate, it retards hydrogen uptake [38].

2.2.12Sulphur

Sulphur is an unwanted element in steel which fosukphide inclusions with
manganese and other elements and degrades theéssglsulphur can segregate to grain

boundaries causing intergranular fracture [20].
2.2.13Nitrogen

Nitrogen has been classified as a crucial and lost-alloying addition to steels.
Nitrogen can be present in steel as an intersttiam and as nitrides of iron, titanium,
aluminium, niobium, vanadium, and some other afigyelements. Nitrogen, depending on
the form in which it is found, can be either beaiali or harmful to the physical and

mechanical properties of steel. Because it is allsatam, nitrogen (like carbon) can

readily diffuse into the surface of steels and pomdsurface hardening [29].
2.3 Processing and Manufacturing of Pipeline Steel

2.3.1 Thermo-mechanical controlled processing (TMCP)

From a metallurgical aspect, correct control of wiele rolling process from slab

reheating to coiling is necessary to develop tlieBle strength and fracture toughness.

12
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2.3.1.1 Slab reheating

The aim of this stage is to homogeneously heaslab to obtain complete solution
of niobium carbonitrides. Treatment conditions dbobe controlled carefully for each
steel grade as solution of micro-alloying elemel@gends on the soaking temperature and
time. The target slab reheating temperature is llysd250°C. Consistent slab heating
inside the walking beam furnace leads to uniforntimaaical properties from coil to coil
[18].

2.3.1.2 Rough rolling/coil box

The rough rolling stage is accomplished at tentpegahigher than 1030°C. The
aim of this stage is to gain the finest possibteystallised austenite grain size. To achieve
this purpose, particles of (Ti,Nb)(C,N) are usednioibit growth of recrystallised grains
[39].

2.3.1.3 Finish rolling

The target during this stage of rolling is to acalexe rolling strain within the non-
recrystallised austenite grains. The austeniteraonystallisation temperature is typically
below 1000°C for Mo-Nb steels. The transfer backhess is adjusted at this stage and
normally is about 26-30 mm, if the final thicknesk strip ranges from 5 to 10 mm.
Therefore, the total reduction required for thensfar bar is about 70-80% [18]. On
cooling after finish rolling, ferrite nucleationtss are abundant within the deformed
austenitic structure and a very fine ferrite graipe is produced during the controlled
cooling and in the final coiling stage.

The volume fractions of AF, PF and M/A constitubatve a significant effect on
strength of steel and these are determined byratesteardenability factors and the cooling
conditions. The austenite hardenability is maicdytrolled by the levels of Mn, Mo, Nb
and C (as reflected in the CEQ for the steel),etiogr with the amount deformation and

the temperature range of finish rolling [38].

13
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2.3.1.4 Run-out table cooling/Coiling

Control of coiling temperature and cooling condigoare essential for achieving
optimum strength in hot rolled strip since thesepeeters control ferrite grain refinement
and precipitation hardening. Installation of highensity laminar sprays on the run-out
table assists in obtaining more consistent progeidcross the width and along the length
of the coil. The availability of high rate coolimgso helps to achieve better microstructural
control [18] . Figure 2-Zrresents a schematic image of steel processing fetr@ating

furnace to hot roll strip coiling [40].

2.3.2 Effect of TMCP on pipeline steels

Lowering the finish rolling temperature below thes;Aemperature extensively
increases the strength of the hot strip. Pipe lersrength often varies from the strip
tensile strength, which depends upon the level ofkwhardening and the Bauschinger
effect developed during pipe forming. The outerelayof the pipe wall are subjected to a
tensile stress whilst the inner layers experien@®rapressive stress. The resulting final
pipe strength depends upon the combination of &ffieom these tensile and compressive
stresses (i.e. work hardening vs. the Bauschinfjectg After forming the strip into the
pipe, the strength decreases due to the Bauschefffget. In order to counteract this effect
molybdenum is added to more easily obtain the migireength levels required for high
strength pipe steels, such as X70 and X80. The amofithe Bauschinger drop in
different Mo-Nb steels, for a constant pipe thicksidiameter (/D) is a function of the

Luders elongation as shown in Figure 2-3 [18].
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Figure 2-3 Relationship between Liders elongation (Yiebihpelongation), strip thickness and
Bauschinger drop (Pipe Y.S-Strip Y.S) for X70 ar@DXpipeline steel [18].

2.3.3 Electric resistance welding

ERW is usually defined as “a process of formingeans by electric-resistance or
electric-induction welding” [41]. The ERW processrss with uncoiling the hot-rolled
strip produced through TMCP and deforming it plzty, in the direction transverse to
the rolling direction to form it into the shape aftube. These steps are implemented
without heating. After deformation to a tube shapiee edges of the tube are forced

together by pulling or pushing through a pair ofl@aped rolls so that an electric current
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can be applied to the edges to weld them togeffies.final stage is the application of
postweld heat treatment to normalize the pipe osicucture [41, 42].

The low frequency current that was originally usedseam welding of pipe has
been replaced recently by the use of high frequencsent. The ERW welds are stronger
and locally thicker than the pipe material [43]giiie 2-4 presents a schematic diagram of

ERW process from hot strip uncoiling to welding.

(a) (b)

Squeeze roll
Welded seam

Uncoiling Leveling Forming ERW welding

e e ‘:‘r&‘ “ 3

Figure 2-4 (a) Schematic diagram showing pipgeniiog from uncoiling to ERW [40]; and (b)
details of the ERW stage [42].

2.4 Metallurgical Aspects of Manganese in Steel

2.4.1 Basic concept of low manganese approach

Improved properties in some high strength steeés pssible as a result of a
reduction in the manganese level of the steel. &iffeancement is obtained mostly due to
the changes in the size and type of sulphide immhgsthat form at low manganese
contents along with a reduced level of centrelegregation [1].

Manufacturers of pipeline steels around the woréthegally consider that the
optimum manganese level is about 0.8 - .5 wt. %ceRtly, attention has been focussed
on a shift in manganese level to about 0.20 - @606 in an attempt to reduce the effects
of segregation and also the cost of comparativedgessive steelmaking processes
required to produce ultra-low sulphur levels. Aegh levels of manganese and at a
constant sulphur level, creation of MnS inclusioon the melt will take place closer to
the solidification temperature and hence the M8 & smaller. In addition, the solubility

of MnS in austenite and delta ferrite is higfiet]. These factors result in the average
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size of the MnS particles being smaller in low Mees$ than in high Mn steel. The smaller
MnS inclusions are also less elongated by hotnglénd consequently, through-thickness
bendability, ductility and fracture toughness amgpioved. More recent investigations
show that titanium, chromium, copper and niobiunvehancreased sulphide forming
capacities as the activity of manganese is redudéese compositionally modified
sulphides are less plastic during hot rolling th&nS and potentially less harmful to the
steel. The small size, morphology and behaviouhe$e sulphide inclusions under strain
are advantageous for fracture toughness [1].

The segregating trend of Mn in the centreline regbthe steels with different Mn
levels is presented in Figure 2-5a which is baeadElectron Probe Microanalysis
(EPMA). Figure 2-5b shows the reduced extent otredéine segregation at low Mn levels
compared to high Mn levels, as measured by EPMA [6]

(a) (b) 167 — High Mn steel
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Figure 2-5 (a) Effect of Mn content on average gmehk segregation levels in centreline
segregation regions of various hot rolled stripelsteas measured by EPMA and (b) X-ray line

scans across the centreline regions of high andMawhot rolled strip samples [6].

For TMCP steels produced for pipeline applicagistrengthening by Mn is mainly
augmented in steels up to X65 grade by the adddfddb. However, for higher strength
grades (e.g. X70 and X80) the addition of othewyatlg elements, such as Mo and Cr, is
also required. Mo is a key hardenability improvielgment in pipeline grades like X70,
but it is an expensive alloying element. The additof Cr in hot rolled steels must be
controlled to avoid precipitation of Cr carbidesidg slow coil cooling and also to avoid
forming oxides with high melting point on the wdide of ERW pipe steels [1].
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2.4.2 Low manganese alloy design in pipeline steels

The anomalous centreline area microstructures #&nmha&ted MnS inclusions in
high manganese pipeline steels can have harmfettefion the mechanical properties of
the ERW pipelines produced from centre slit stimporder to address the requirements for
weld line toughness in small diameter pipes, thve feanganese alloy approach has been
investigated to overcome the adverse effects dfreléme segregation on ERW weld line
toughness. The ERW weld line Charpy toughness rexapgints can be much more easily
accomplished by the reduction in the centrelingesggion banding and the size and shape
of the MnS inclusions. The general pipe body towgisnof these steels is also improved at
a given S level, because of the smaller, less aledgsulphide inclusions. Figure 2-6
schematically shows how low manganese contentshig@xty reduce the harmful effects
of anomalous microstructures occurring in thepsireld zone where the segregation band
is diverted towards the plane of the weld as alresuthe ERW process [1].

heavy
segregation + &
stringer
sulphides

Hi Mn

: rolled

fusinn‘l‘ine .
< edge side
centre slit '
edge side
light segregation
+ small i
sulphides

Figure 2-6 Schematic representation of ERW pipg sample showing reduced effect of centreline

segregation and sulphide inclusions on weld linar@toughness[1].

The AF-PF balance is an important contributing wstuctural factor in
controlling the strength and toughness propertiebow Mn X70 steels. Thicker strips
accordingly require careful balancing of top verfagtom cooling sprays to minimise
microstructural variations. Resistance to bothtleriand ductile fracture propagation are
prime requirements for pipeline steels. Modern lmavbon alloy designs combined with
the high deformation levels in non-recrystallisattemperature range and the high cooling

18



Chapter 2: Literature Review

rates achievable on hot strip mills ensure the lsagp and resultant pipe body has an
extremely high resistance to brittle fracture. Frolant and laboratory trials to date, a level
of Mn nearer to 0.5% rather than 0.3% would appedre more amenable for achieving
the necessary low temperature toughness for pgeiaels particularly for thicknesses

above 6mm [1].

2.4.3 Effect of TMCP variables on pipe yield strength

The major metallurgical and process drivers forimsing and controlling the
strengthening components in Mo-Nb steels are scthestig represented in a causal tree

diagram such asigure 2-7

2.5 Hydrogen Embrittlement

Development of high-strength pipeline steels usgdransportation of oil and gases
has resulted in considerable cost savings. Howeeee of the most important
considerations in their usage is their susceptytiiti hydrogen embrittlement.

It was reported by Wang et al. [45] that buriedlenground pipeline steels, which
are used for natural gas transportation, absorlolggt from the localized corrosion and
cathodic protection. When the hydrogen reachestiaatrlevel in pipeline steel, they lose
their strength and ductility. This phenomenon @& kbss in ductility or strength is known
as HE. It has been reported that more than a dixfudrease in the concentration of
hydrogen can occur in the external surface of pgies 1 to 2 years of service, with about
a tenfold increase after 15 years. These amourttgdrbgen entering in the steel structure
could induce cold cracking [45]. Therefore, cloggepne monitoring is required to detect

HIC and to ensure reliability and safety [46, 47].

19



Chapter 2: Literature Review

Pipe yield stress

T E—

L Pipe forming

P—
|
Strip yield stress |

—,I,—'

Solid soulution
hardening

Microstructure.
AF/PF, grain size

Various pipe Efficent
forming precipitation
parameters hardening
Strip type
Pipe thickness to|
pipe diameter = Nb. Ti level
ratio
AF/PF Finish rolling

temperature

Transfer bar
thickness

Entry |
temperature |

Slab reheating

Coil temperature

Cooling profile

Cooling rate

Stop cooling
temperature

Water flow

rate

Cooling header
location

% non-

Roll speed

Austenite grain
size

|
Hardenability

C, Mn, Nb, Ti. Moi-—

recrystallised
austenite

cooling

Time to start |

Figure 2-7 Causal tree for pipe yield strength.[18

supply to customer without disrupting pipeline agdem. There are two factors that make
in-service welding difficult. Firstly the high cang rate of the weld due to large heat loss
from the pipe wall which will increase the hardnassl susceptibility of the steel to HAZ

cracking. The loss of material strength in the welidbcess is the second factor.

Considering the gas pressure inside the pipelinesting can occur if the strength is

Finish rollong |

and Ar,
temperature

Top to bottom
cooling

Thermal profile

In-service welding repair has a significant ecormmidvantage of continuity of

reduced dramatically [48, 49]
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2.5.1 Source of hydrogen

Hydrogen can be introduced to steel by absorptiom fa hydrogenous atmosphere
during steelmaking, casting, welding, hot workingickling, heat treatment and
electroplating. Under service conditions, hydrogem be picked up by exposure to
hydrogenated liquids or gases. The presence afsilifie hydrogen of only a few ppm is
known to cause steel embrittlement and induce c@dking in steel. Microstructure is one

of the key factors affecting the resistance oflsteaydrogen embrittlement [50].

2.5.2 Susceptible microstructures

It has been reported that high strength steels wiéh microstructure of bainite or
martensite or M/A constituent are more likely tododbject to hydrogen embrittlement than
mild steel. In general, the higher the strengthhardness of a steel, the lower is its
resistance to hydrogen assisted cold cracking (HACA.

Other key elements reducing the steel resistanbgdmgen embrittlement are:

* Inclusions or coarse carbides at grain boundaries;

» Coarse prior austenite grains,

» High dislocation density.

However, some microstructures also provide a nurabgreversible hydrogen traps, such
as incoherent interfaces between particles/inchssiand matrix. By taking hydrogen
atoms out of circulation at low temperatures, thégerogen traps can reduce the
susceptibility of steel to HACC. It has been repdrthat in hot rolled, normalised and heat
treated steels, nitrides or carbides can act asctefé hydrogen traps. However, at
sufficiently high hydrogen levels, the incohererdrticle/matrix interfaces can act as
nucleation sites for microvoid formation, leadirngdecohesion, crack initiation and failure
[48, 49].
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2.5.3 Effect of hydrogen on crack growth

Gangloff [51] has categorized the hydrogen effemtscrack growth into the
following two types: internal-hydrogen-assisted ckrag (IHAC) and hydrogen-
environment-assisted cracking (HEAC). Figure Z8aigraphical representation of the
above two mechanisms. IHAC and HEAC are distingedshy the source of the hydrogen
that causes cracking. In HEAC, atomic hydrogenr@dpced on the crack surface and
diffuses to the crack tip. In IHAC, atomic hydrogeiffuses through the crystal lattice to
the crack tip from other regions.
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NN PN ISP TN % Adissolved Hy

C LN v\ v O A, < j‘,

+ Hzgas

« Watervapor &
HEAC: . Electrolyte

Figure 2-8 Schematic diagram, showing hydrogenritidment by both environmentally assisted
cracking (HEAC) and internal hydrogen assistedlérac(IHAC) [51].

2.5.4 Hydrogen assisted cold cracking

HACC is a major failure mode in high strength ste@eachenet al. [52] have
recognised that hydrogen assisted stress corrgsamking is very much related to HACC
and that both are hydrogen embrittlement procestésh demonstrate the same changes
in fracture mode with changing stress intensitthatcrack tip. They proposed a model for
hydrogen embrittlement based on the increase inbdiy of hydrogen with tensile
stresses. Their model also classifies possibl&kirrgenechanisms at the crack tip as micro
void coalescence (MVC), quasi-cleavage (QC) andrgnanular (1G) fracture, which all
require microscopic plastic flow. Figure 2-9 sclaically presents this transition in

cracking mode and the contracting zone of plasforsnation.
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()

(@)

Figure 2-9 Schematic microstructural views of fuae by: (A) micro void coalescence (MVC); (B)
guasi-cleavage (QC) at intermediate stress iniengiC) intergranular fracture; and (D)

intergranular fracture assisted by hydrogen pres&i].

2.5.5 Hydrogen embrittlement mechanisms

There are several theories that have been propmsedydrogen embrittlement. A
summary of major models is as follows.
* The Zapffe model based on internal hydrogen gasspire in microvoids [53];
* The Troiano model based on decohesion of atortatioe regions with a high
hydrogen concentration [54];
* The Beachem model based on slip softening due hareed dislocation mobility
[52].
In recent years, support has grown for the Beadaiilroiano models. There is also little
doubt that precipitation of molecular hydrogen oethane in microvoids can exert
sufficiently high pressures to enlarge the voidd mtiate cracking [55]. Beachem pointed
out that the essential action of hydrogen is téudé into the lattice ahead of the crack tip
and to promote whatever plastic deformation preeefise system displays [52].
Bastien and Azou [56] asserted that dissolved hyeliocan be carried along by
moving dislocations and precipitated elsewhere. c€otration of hydrogen can also

generate gas pressure and promote intergranutduifea see Figure 2-9d.
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It is frequently assumed that hydrogen increasesntbbility of screw dislocations;
decreases the mobility of edge components; pronpdéesr slip by inhibiting cross-slip of
screw dislocations; and reduces the cohesive engfrdiie crystal lattice. Using these
hypotheses McMahon [57] has argued that plastiturapis enhanced at particle-matrix
interfaces where hydrogen is irreversibly trapped a@he concentration builds up by
“sweeping-in” of reversibly trapped hydrogen by nd@bscrew dislocations. Further
analysis of fracture at particle-matrix interfadgsThompson and Bernstein [58] resulted
in the proposed modes of fracture:

* Void growth and MVC;

» Particle fracture and/or decohesion, producingvege;

» Particle fracture/decohesion and void growth, legdo quasi-cleavage; and

» Fracture/decohesion/void growth associated witkrgranular particles, resulting

in grain boundary fracture.
Although decohesion at particle-matrix interfacesekpected to be prevalent in steels,
particle fracture is far less likely to occur besauwf the relatively high fracture strengths

and small sizes of the common carbide, nitride@tide particles [58].

2.5.6 Effect of microstructural anisotropy on hydrogen pemeation

A banded structure consisting layers of ferrite pedrlite typically exists in steel
after controlled rolling. Banding causes a lossemsile ductility and a drop in the impact
energy. Hydrogen promotes the stepwise crackirizpntied ferrite/pearlite (F/P) structural
steel [59]. Leeet al. [60] studied the effects of anisotropy on the loggm diffusivity and
cracking of AISI 4130 steel with a banded F/P. Hgpm charging was carried out in a
H,S saturated saline solution and after 2 hours dfdgen charging, more hydrogen was
occluded for diffusion in the longitudinal diremti than other directions. The smallest
amount of hydrogen was occluded in specimens sexdigarallel to the through-face
direction (i.e. parallel to the sheet normal, wiitle banding perpendicular to the direction
of hydrogen entry). However, the hydrogen reaclhedstime saturation level as for other
directions after 8 hours of charging. These perimoeaesults disclosed that the effective

hydrogen diffusivity along the through-face directiwas nearly an order less than that
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along the longitudinal and transverse directiorge fesults show that the permeation flux
of hydrogen along the longitudinal direction waghwar than that along the transverse
direction whilst hydrogen diffusivity was similafigure 2-10 presents the microstructure
of banded F/P in an isometric view. The bandimgragement in the longitudinal direction
exhibits a more regular structure than that in ttesverse direction; pearlite blocks
alternating with the ferrite layers are also foundhe transverse F/P bands. Figure 2-11
compares the permeation of hydrogen in F/P banddd=8> random microstructure. The
relative ease of hydrogen atom movement for thasetares is shown schematically in
this figure.

transverse direction longitudinal direction

Figure 2-10 Micrographs showing (a) the banded $tfBcture (b) microstructure in transverse

direction and (c) microstructure in longitudinatetdition [60].
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Figure 2-11 Schematic diagram indicating the patheydrogen movement in both random and
banded F/P structures [61].

2.5.7 Hydrogen charging

Two different methods are often used to introdugdrdgen into the steel, namely
gaseous charging [62] and electrolytical or catbodiharging. Cathodic charging
represents the more severe charging process argfdiee has more harmful effects on
steel properties. Cathodic charging and corroseattions are the techniques commonly
used for introducing hydrogen to specimens for messent of hydrogen embrittlement
[63].

In order to more accurately represent conditithheg pipeline steels are likely to
material experience in practice, gaseous hydrogearglng should be employed.
Compared to electrolytic charging, gaseous chargirayides a reduced concentration

gradient more representative of what would be entavad in service [62].

2.5.7.1 Electrolytic (cathodic) hydrogen charging

During electrolytic charging, hydrogen exists ire tlectrolyte as positive ions
(protons) and can be adsorbed as hydrogen atortieonetal surface [64]. As a hydrogen
atom is adsorbed onto the surface of the metalillieither combine with another atom to
form a hydrogen molecule or it will migrate inteetbulk of the material [65].

The surface energy of the material will dictate ethof the possibilities is more likely. The
kinetics of the permeation is governed by the matof the metal, applied potential,
cathodic surface characteristics, pH, and chendoaiposition of the charging solution.

Generally, the rate of hydrogen absorption intortietal is governed by the coverage of
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hydrogen on the steel surface. Applying a curreoiigdes added driving force for the
diffusion of hydrogen. A very large hydrogen cortcation is produced at the surface,
with a gradient into the bulk of the material [66]

Poisons or inhibitors such as sulphur, arsenic #mourea are added in the
electrolyte to inhibit molecular hydrogen formatiand as a result, to promote hydrogen
absorption. Renet al.[67] used AgOs;in sulphuric acid during hydrogen charging,
Rozenak [68] used arsenic-based poisons (NaAs© sulphuric acid, Vigdoroviclet al.
[69] studied the effect of thiourea with HCI-LiQkeetrolyte on the hydrogen evolution at
an iron surface and Haat al. [70] studied the effect of thiourea in NaOH on kyelrogen
absorption at a palladium electrode.

The hydrogen concentration in ferrous alloys reachesaturation level after a
certain charging time. The saturation time depemalghe electrolyte, charging current,
charging temperature, steel type and sample gepmiBting et al [4] found that the
amount of hydrogen increased with increasing ctirdensity and kSO, concentration in
API5L X100 steel. The amount of hydrogen increasgt charging time for 0.1 M 80,
but when the solution concentration was increased.6 M HSQ,, the amount of
hydrogen decreased after longer charging. Thiseffecurred because of the formation of
a large number of hydrogen bubbles on the electsudtéace, reducing the pick-up of

hydrogen atoms.

2.5.7.2 Gaseous Hydrogen Charging

Molecular gaseous hydrogen cannot enter into tkel.stn order for hydrogen
molecules to be absorbed, it must dissociate igtirdgen atoms. This typically occurs
due to the reaction of metal hydrides or from etatiemical reactions [71]. As reported
by Liu and Ficalora [72], an energy of 434.2 kJ/n®ltequired for the dissociation of a
hydrogen gas molecule. It was proposed that theggnmequirement may be supplemented
at the specimen surface via a terminating dislooatrrom there, the atomic hydrogen can

be transported through the atomic lattice by diffnsr by dislocation movement.

27



Chapter 2: Literature Review

In the case of high-pressure gaseous chargingystbii is the main method of
transport. Diffusion of hydrogen is driven both temperature and chemical potential
gradients [73-75].

The mechanism of hydrogen absorption into a met#icé involves several steps
[76]. In the case of gaseous hydrogen the 6 steps invalreethe following (Figure 2-12):

» Adsorption of hydrogen molecules on the high pres$eed side;

» Dissociation of the molecules into atomic H consgstof a proton and an
electron;

» Dissolution of the hydrogen atoms H (proton andteds) into the lattice of
the metal;

» Diffusion of the hydrogen atoms H (proton and efaa} through the lattice
from the high hydrogen pressure side to the lowdyen pressure side of
the metal,

* Recombination of protons and electrons and re-&ssmt of two atomic H
with formation of hydrogen molecules;tat the low hydrogen pressure
side;

* Desorption of hydrogen molecules from the low hg#no pressure side
[76].

High pressure feed Low pressure
permeate

Pd based membrane

Figure 2-12 Mechanism of permeation of hydrogerough metal: adsorption, dissociation,
ionization, diffusion, recombination and desorptj@f].
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Leeet al. [77] designed hollow cylindrical specimen madearirdPl X65 which
enabled ann-situ tensile test containing gaseous hydrogen. Thegrobd reductions of
3.4 % in ultimate tensile strength and 4.1 % irctiuge strain after exposure to 20 MPa of
hydrogen gas. They used the same hollow cylindsgacimen filled with 20 MPa of
nitrogen for comparison purpose. The fracture sarfaf hydrogen charged sample,
showed quasi-cleavage perpendicular to the loadimggtion and a fracture wall thickness
that was close to the initial wall thickness. Imtrast, the nitrogen charged sample was
quite different with a complex dimpled fracture faige and a highly reduced fracture
thickness.

N2 gas

charged

space
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fracture
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Figure 2-13 Fractured surfaces from (a)add (b) H-charged ampule specimens subjected to a
tensile stress at an elongation rate of 0.01 mm/Micrographs of the fracture morphologies are

shown for gas environments of.(§) and H(d) [77].
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2.5.8 Blistering

Hydrogen-induced blistering in steel has been tegoby several researchers [5,
78-81]. Blisters not only appear during hydrogeargmg of steel, but are also observed
after cathodic hydrogen charging in brass [824 amickel [83]. The progress of
hydrogen-induced blisters during the cathodic cimgrgf medium strength steel has also
been reported [78]. Rozenak and Watson [68, 84]iatuthe effect of cathodic charging
on the mechanical properties of aluminum. Rozenegonted the existence of a
considerable number of hydrogen bubbles aroundstiéace during electrochemical
charging. He concluded that these could lead ta@ithation of blisters and micro-cracks in
aluminum samples. Reat al. [85]observed blisters on the sample surface fareel steel
after charging.

It has been reported by Huamg al. [86] that cold work reduces hydrogen
diffusivity and increases the hydrogen concentramd blistering effects in steel. The
increase in trap density as a result of cold wods wroposed to be the reason for the
increase in hydrogen concentration and the decrieagige hydrogen diffusivity which
leads to less resistance to hydrogen embrittiement.

Matsui et al. [87]concluded that blistering was related to timenaction of
hydrogen and other impurities at the grain boundagrofaloet al.[88] suggested that the
hydrogen gas in voids or microcracks formed by tmlasleformation promotes the
propagation of hydrogen-induced internal cracksram and steel. Chen [89] regarded
blister formation to be caused by remnant pomsith the ingot. Dongt al.[4] found that
that the size, length and depth of blisters inadasith the hydrogen charging time of
API5L X100 steel. Wildeet al. [90] studied the hydrogen-induced blister crackofg
pipeline steels in sulphide environments and fotlrad hydrogen-induced blister cracking
initiated at stretched Mn sulphide inclusion andsgly silicate inclusions or substantial
niobium carbonitride precipitates. Domizzi [91] @lsvorked on the same subject and
found that HIC linked with the elongated Mn sulghidclusions. The hydrogen charging
kinetics depends on the microstructure and theeatirdensity applied during cathodic
hydrogen charging. As presented in Figure 2-14,dAmage of the surface increases by

enhancing the current density [92].
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Jin et al. [81] worked on hydrogen charging of an API5L X1€i@el and found
that the number of blisters increased with the adith charging current density.

Furthermore, they reported that some blisters wagpeured, leaving apparent signs on the
steel surface, as shown in Figure 2-15.

(a)

() ) ©

200pm

— ; £ Ve : I.',, “L} i) ' o R
Figure 2-14 SEM images showing increasing damagéhe surface of DCO3ED steel with
increasing current density: (a) not charged, (K).BmA/cnf and (c) j=62.5 mA/ch[92].

Escobaret al. [93] found that blister formation in pure iron eced after 1 hour of
cathodic charging at 50 mA/émwith arsenic-poisoned electrolyte. Figure 2-16veh the
blisters on pure iron (the TD-RD surface) afterrgiveg whilst Figure 2-17 shows crack

propagation underneath the same blisters for as«estion containing the ND-RD
directions.

Hydrogen blister

Rupture of HIB
Rupture
Edge of hydrogen blister

Figure 2-15 Ruptured blisters in an API5L X108e$tafter 20 hours of cathodic charging [81].
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(b)
Figure2-16 SEM micrographs of the pure iron after chaggiith the arsenic-based electrolyte at
50 mA/cnffor 1 hour [93].

Figure2-17 Crack propagation underneath the blister ne ron with the arsenic based electrolyte
at 50 mA/crafor 1 hour [93].

2.5.8.1 Mechanism of blistering

McLellan and Galvele [94, 95] observed that hydrogéected metals have a
greater concentration of vacancies than hydroges-fmetals. So combination of
vacancies into vacancy clusters is easy [96].nOs0 al. [97] also observed voids in Ni
hydrogenated under a hydrogen pressure after rexgpdnidrogen by heat treatment.

The hydrogen atoms in a hydrogen-vacancy clusterbame to form hydrogen
molecules and release some energy [85]. Once hgdratpms enter an existing defect
such as a small cavity (Figukel8a), a nucleus is formed which can grow withréasing
hydrogen pressure (Figuz18b). The build-up of hydrogen atoms and vacanuiél
make the cavity larger, as illustrated in Fig@r&8c. Plastic deformation around the blister
cavity will cause cracks to initiate and propagaté from the cavity (Figur@-18d). If the
cavity is closely adjacent to the metal surfacegiowth can displace the layer of material
between the cavity and the surface thereby formaiisgrface hydrogen blister. The blister

can grow and then fracture, releasing the presear@e the underlying cavity [93].
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Figure 2-18 Schematic diagrams showing the fownatdf a hydrogen-vacancy cavity (a)

vacancies and hydrogen atoms combine to a hydrolgster; (b) hydrogen atoms in the cluster
form hydrogen molecules; (c) the cavity grows tigto build-up of hydrogen and vacancies; and
(d) cracks initiate from the walls of the cavityasesult of internal hydrogen pressure [85].

Blistering has been identified as a problem in Isteelines in sour gas

environments which can cause leaking, as illusdratd-igure 2-19 [98].

Figure 2-19 (a) Hydrogen blister formed in a sgas pipeline; (b) blistering and surface cracking
at the outer pipe surface in a seamless pipetime grrow shows the location the crack in the

blister that resulted in a gas leak [98].

2.5.9 Hydrogen trapping

On entering the steel, hydrogen may be present diffasible (mobile) form at
interstitial sites within the ferrite crystal sttuge or become trapped at defect sites such as

inclusions and grain/phase boundaries [99]. Thesgmee of diffusible hydrogen is
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essential for hydrogen embrittlement. A large nundfeinvestigations have been carried
out with the aim of increasing the density of hyglo traps in the steel structure in order
to trap diffusible hydrogen and reduce the liketilmf hydrogen embrittlement [100-103].
It has been reported that elastic stresses fdeilitaydrogen diffusion, but plastic
deformation reduces hydrogen diffusion becausechsions act as hydrogen traps [104].
Defects such as grain boundaries, dislocationsyovigds, precipitate-matrix interfaces
and non-metallic inclusions can trap hydrogen [108jese traps can be reversible or
irreversible depending on their trap activationrggeand trap binding energy for hydrogen
atoms (see Table 2-1) [106].

Irreversible traps that permanently trap hydrogelowa temperatures display high
binding energies 60 kJ.mof". So the energy needed for hydrogen atom to edoapethe
trap site to a normal lattice site is very higheThterface between the ferritic steel matrix
and non-metallic inclusions is classified as aeversible trap site.

Reversible traps are temporary sites for hydrogems because their binding energies are
lower. Dislocations, grain boundaries and micrdgdnave lower trap activation energies

and are classified as reversible traps.

Table 2-1 Trap activation energies for variouppiag sites in steels [107].

Classification of trapping site | Trap activation enegy (kJ mol™)
Grain boundary 16-18
Cementite Interface 18
Dislocation 26
Microvoid in cold-worked iron 35-40
Microvoid in AISI 4340 steel 56
Interface of AbOs 79
Interface of MnS 72
Interface of Fe oxide 47
Interface of TiC 87

The traps can also be categorised based on thedingi energies as strong, and
weak traps [108, 109].
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* Weak traps: Dislocations with binding energy of ZBkJ/mol and fine
precipitates in the matrix and also solute atoikes Gr and Mo which have
binding energies of about 10 kJ/mol.

e Strong traps: Hydrogen can escape these traps anlyelevated
temperatures. These traps have high binding erse(gigove 50 kJ/mol).
Spherical precipitates, non-metallic inclusionsteifaces of martensitic
laths and prior austenite grain boundaries andeg@dged impurities are

classified as strong hydrogen traps.

2.5.10Effect of grain size on hydrogen embrittlement

It has been reported by several researchers tltabgen diffusion rate increases
with enhancement of the grain boundary density {118]. However, other researchers
have proposed that grain boundaries, nodes amtignrpoints act as reversible hydrogen
trap sites and decrease the diffusion rate [113].1 Therefore, there appears to be two
opposing effects. As the grain size decreasesmibigility of hydrogen atoms increases
because a larger amount of grain boundary areaaitable as a diffusion path. However,
the larger amount of grain boundary area per wlitme and the higher density of nodes
and junctions associated with a smaller grain sa® act as possible traps for hydrogen
atoms and reduce the hydrogen mobility. Due togtwe®s opposing effects, Ichimuea al
[115] suggested that there is an optimum grain d$ae which hydrogen diffusion
coefficient is maximised in pure aluminium. Thesseaarchers called these phenomena the
cross-boundary effect. This concept is supportethbyexperimental results of Yazdipour
et al.[116] for the dependence of hydrogen diffusiateron grain size in pipeline steels.

These results are demonstrated in Figure 2-20.

35



Chapter 2: Literature Review

(a) lllustrative arrangement of grain boundary (b)
“ : : single
GB joint GB cr?sgtal
T=costant 24 =
Tn Enhanced .'. ----- .
¢ diffusion 2 s =

/

D

/A
DL

Diffusion CoefTicient (x10'" ms™!)

E' : »for
2 single
2 | crystal
T |
] —_
W Trapping ;
< at 68 | & =& Break Through, Experiment
G joints |
=
g : 6 9 **@+ Break Through, Model

:dc 2

e 10 30 50 70 % 110 130
Grain diametler, d / mm

Grain Size (um)

Figure 2-20 The effect of average ferrite grazeon the diffusion coefficient: (a) model for grai
cross-boundary effect on hydrogen diffusivity ofr@ualuminium [115]; and (b) experimental
results from permeability studies and modellingrfocrostructures with different grain sizes ¢
10-117um) for pipeline steel [116].

2.5.11Effect of inclusions and precipitates on hydrogenrabrittlement

Inclusions are known to be one of the leading ia&ctaffecting hydrogen
embrittlement and are considered to be irreversitdp sites in steel [117]. Several
different types of inclusions have been identifiadpipeline steels [118]. The types of
inclusions reported in the steels are mostly MnBOA complex (Fe, Mn)S compounds
and FeO.AlO; double oxide inclusions. Pressouyre and BernstB][investigated MnS
inclusions and reported them to be strong irrelégsirapping sites for hydrogen.
However, Gareet al. [119] classified MnS inclusion as reversible grags their binding
energies are only moderate. Carbide and nitrideiptates such as TiC and TiN are
regarded as irreversible traps [108, 109]. Takahetshl. [120]reported that fine coherent
TiC particles smaller than 10 nm were the mosto#iffe trapping sites, whilst Valentiet
al. [121] reported that coherent Ti(C,N) precipitatsaller than 35 nm are the most
favourable irreversible traps in microalloyed steel
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2.5.12Effect of strain rate on hydrogen embrittlement

Volkl and Wipf [122] found that the diffusivity ofiydrogen in steel can vary
widely from 10” to 10 m%s at room temperature. They observed that fousiifih
controlled fractures, an increase in the straia decreases the time for hydrogen diffusion
and decreases the extent of hydrogen embrittlement.

Toribio [123] alsostudied the embrittlement in steels at differerdistrates in the
presence of hydrogen. He found that the harmfutcefiof hydrogen decreased with
increasing strain rate. This result is demonstrateffigure 2-21 in which the ratio ole
fracture load in the presence of hydrogEe) (o that in air Fo) is plotted as a function of
the strain rate. It can be seen that below a cestaain rate, hydrogen embrittlement was
independent of the strain rate. Hydrogen embnittlit is restricted by the capacity of the
hydrogen atoms to travel through the metallic $tmecby interstitial diffusion. Hydrogen
diffusion also depends on dislocation motion atudibn of hydrogen can be accelerated
by dislocation transport. However, it is difficitt determine the critical transport speed of
the hydrogen due to dislocation motion. This phesmoom depends on the dislocation
density and the presence of inclusions. A high it\eio$ dislocations together with a high
volume fraction of inclusions would slow down diséion movement and hence decrease

the rate of hydrogen mobility.
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Figure 2-21 Ratio othe fracture load in the presence of hydroges) (o that in air Fo) as a

function of strain rate for steels [123].
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2.5.13Effect of microstructure

The final microstructure of the steel after TMCPpgdeline steel plays a significant
role in the diffusivity of hydrogen [124] and caonsist of a combination of quasi-
polygonal or polygonal ferrite with pearlite, oribiéic ferrite with martensite-austenite
constituent. Parkt al.[125] found that bainitic ferrite is the most efént microstructure
for trapping hydrogen. Lunarsket al. [126] studied the diffusion rate of hydrogen in
different microstructures and concluded that thiiciehcy of trapping decreases in the
following order: martensite, bainite, fine pearlitmwarse pearlite and small second phase

particles.

2.6 Hydrogen Measurement Techniques

There are several established methods for detetiminaf hydrogen content. The
primary method is based on collection and measunerné desorbed hydrogen over
mercury, as described in ISO 3690:2000(E) [123/NZS 3752:2006[128] and AWS
A4.3-93 [129].

2.6.1 Collection of hydrogen over mercury

The method is based on the correct positioningteEasample in a gas burette that
is filled with clean mercury. Over time, atomic hgden diffuses out of the test sample
and forms molecular hydrogen, which is collectedinalibrated volume segment of the
gas burette. The volume of hydrogen is measured sexeral days, until change in the
hydrogen volume is less than 1% of the total volwokected. As there are some health
concerns with the use of this method at elevatedpésatures, a range of ambient

temperatures from 20-40 °C is recommended [127].

2.6.2 Japanese glycerin method

The Japanese glycerine method [130] is anothenigel similar to the mercury

method, but with environmental and health advarstagiewever, as glycerine is prone to
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contamination by moisture and atmospheric gasesrehability of this method in not

widely accepted [129].

2.6.3 Gas chromatography method

Gas chromatography is the most commonly used tquabnand does not involve
any environmental and health concerns. The gasyatography technique is defined in
Australian, American and Japanese standft@%-131] and can provide results with a
high level of accuracy, being capable of resolvihgdrogen to 0.01 ml. Gas
chromatography involves the extraction of hydrogggnholding at a temperature below
150°C for 6 to 72 hours. The test chamber is ttemected to the calibrated gas analyser
and the amount of hydrogen is calculated in ppthénsample being analysed. Incomplete
purging of the test chamber and moisture contamonain the dehumidifier or
chromatographic column are possible sources of arrihis method.

2.6.4 Hot extraction method

The hot extraction techniqgue has been shown to igeovrustworthy and
comparable test results, regardless of the compalahigh extraction temperature. The
temperature used to extract the hydrogen contetteisw the melting point (500°C-
1200°C) during the entire measurement. At a temipe¥ain this range, substantial
extraction of both diffusible and trapped hydrogan be effected in less than half an hour,
providing a significant benefit from an industrikewpoint. Another advantage of this
method is that the same crucible can be re-used faimber of analyses, thus decreasing
the cost of analysis [132].

2.6.5 Melt extraction method

The melt extraction is a reliable and fast methductv covered by AS/NZS 1050
[133]. The system includes a pulse furnace whepmreaweighed sample is heated as
quickly as possible up to 2000 °C in a nitrogen aphere. At this temperature, the
metallic sample melts and releases its hydrogegaasous hydrogen which is picked up
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by flowing nitrogen with the hydrogen-nitrogen mix¢ being sent to a thermal
conductivity measuring cell. The thermal condutyivof the mixture depends on the
hydrogen concentration because of the substantfatehce in conductivity of hydrogen
and nitrogen. The hydrogen concentration is thdoutated by software that uses the
thermal conductivity variation and the weight ofetlsample. The advantage of this
technique is that the total hydrogen content igaex¢d and measured in less than 2

minutes. It is not possible to re-use the crucibiehis method [134].

2.6.6 Other methods

Other measurement techniques are the vacuum eatratéchnique [126], the

Arnacle electrode technique[135] and secondarymass spectrometry (SIMS) [136].

2.7 Fracture Toughness (J) Calculation

The correct estimation of ductile fracture behawisuan essential task in structural
reliability assessment of steel pipelines. An int@otr consideration about the safety of
pipelines is susceptibility to hydrogen embrittlatheA number of research investigations
of hydrogen embrittlement of pipelines have perfedmA majority of these studies utilise
techniques that replicate slow strain rates in phesence of high pressure hydrogen.
However, these qualitative results are not adeduae a safety viewpoint as the fracture
toughness properties need to be recognised. Feattiughness testing is most commonly
performed using relatively large samples so as amtain conditions of plane strain and
maximum constraint [137].

2.7.1 Why J,c?

In steel research, sometimes the particular regionterest, such as the HAZ, may
be quite small and its exact location may be unkndw addition, the microstructures are
heterogeneous. This makes preparing bulk samptg&cult, in that the notch and pre-
crack must be directed at the region of interest #re subsequent crack growth must

penetrate that region of interest during the fBists problem can be overcome by reducing
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the size of the sample to ensure that the entigpomebeing tested is of the desired
microstructure. However, reducing the size of thengle runs the risk of no longer
satisfying the conditions of plane strain and maxmm constraint. As the sample
dimensions are reduced, it is difficult to maintaredominantly elastic conditions during
fracture testing in metals. In large samples, tlastiw zone at the crack tip is relatively
small compared to the specimen dimensions andffésteon the elastic conditions of
loading is negligible. However, in small sampléss plastic zone at the crack tip becomes
significant and the loading conditions are consdeplastic-elastic in nature. Therefore, it
may be necessary to measure the crack tip enelggseerate (P under elastic-plastic
conditions [138]. This can be achieved by calcuatatihe critical crack tip energy release
rate (&) using the J-integral [139] or stretch zone widBZW) measurement method
[140].

2.7.2 Jintegral method

The J-integral method was proposed by Rice [14Hnasnergy integral that can be
used as an diagnostic tool to describe the cracsttess and strain region under elastic and
plastic conditions. During initial crack extensiomany steels commonly show a
considerable rise in fracture toughness which camldscribed by the J-integral method.
Common testing methods to determine crack propamgaésistance normally utilize TPB
or compact specimens containing deep and sharpsciadl, 142].

The J-integral method involves determining thetdgral as a function of crack
extension fa). The J-integral is calculated from the area urte load-displacement
curve and the crack extension can be measuredthgr enultiple specimen techniques
(where different samples are tested to differeati$oand broken open to measure the crack
length) or single sample in-situ techniques (whtere crack length is determined by
compliance measurements or electric potential drdpsng a progressive series of
loading/unloading cycles of the sample (Figure22ay).
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Figure 2-22 (a) Load vs. LPD (load point displaeath graph for single specimen method [143]
and (b) a J-R curve used to determing1B9].
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The relationship between the J-integral and thekcextension is given by the J-
resistance curve (generally called the J-R cursellastrated in Figure 2-22b), which is
extrapolated back to a line corresponding to chalckting, thereby giving a value of J
corresponding to crack initiationid)l Since the J-integral is path independent [14Xjan

be related to the fracture toughnesg)kn a large specimen by equatipn [144]:
[J.E
KIC = ]-f7 2-1

where E is the Young’s modulus and the Poisson’s ratio.

Such methods have been used to determine the reattiughness of a number of
sub-sized specimens down to thicknesses as smhldasnm with very little effect on the
obtained ¢ values [144-147].

A standard test specimen, such as a compadbtespecimen and fatigue pre-
cracked, notched TPB specimen, typically has a bgstraint at the crack-tip, whilst
most actual cracked pipelines and non-standardrapas have a low crack-tip constraint.
Therefore, the J-R curve results commonly dependeametry. However, thecJdcurve is
size-independent, as described in ASTM E 1820-498][1n general, the J-R curve and J
may possibly be a function of specimen geometrigkttess, size, and loading stresses
[149]. A large number of experiments have beeniedrout to understand the crack-tip
constraint effects on the fracture behaviour oftiticracks [150-154]. Experimental trials
have been carried out for ductile crack extensesist of sub-sized fracture specimens
[155-157], for large-size fracture specimens [1B8]land for non-standard size fracture
specimens [149, 161, 162]. These researchers difintoany substantial constraint effect
on the crack initiation toughness; however, aftelatively large extensions by crack
propagation, a higher constraint effect on theténectoughness was observed. The results
supported the conclusion that the J-integral valnethe J-R curve for low constraint
specimens is higher than those for high constigpetimens. This means that after crack
initiation, the gradient of the J-R curve decreasil increasing crack tip constraint. This
effect has been simulated by several researchehsfinite element analyses [152, 163-
167].

For steel pipelines containing gaseous hydrogetog#.5 MPa, critical J-integral

values &, calculated from J-R curves are available in ttezdture [168-170]. Due to the
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effect of hydrogen, a decrease iwvalues by up to a factor of three has been repoRed
the purpose of moderating this effect, additionndiibiting gaseous mixtures like oxygen
to the hydrogen is recommended by Kussneuhl. [171], who worked with the same
concept on 15 MnNi 6 3 steel. The load line-disptaent and J-R graph obtained in this
work (Figure2-23) clearly illustrate the effect of hydrogen aiglo the moderating effect
of oxygen on hydrogen embrittlement. The same te$idve been reported for X70 steel
using high pressure hydrogen gas with admixturesxgfen [172] as well as in other

cyclic crack growth experiments [168, 173, 174].
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Figure2-23 The effect of hydrogen and hydrogen-oxygentunés on load line-displacement (a)
and J-R curves (b) for 15 MnNi 6 3 steel [171].

2.7.3 Stretch zone width method

This method is an alternative technique to deteenjinby using measurements of
the stretch zone width (SZW). The same sampled faethe determination of the J-R
curves can be used for SZW measurements. SinceAWéis indicative of the amount of
plastic blunting at the crack tip, it can be infiged by a change in microstructure as a
result of the activation of mobile dislocationgle earlier strain cycles. The stretch region
is the transition region linking the end of theidate pre-crack and the region of steady
crack growth. It is characterised by significanagtic deformation just before crack
initiation. This region can be identified Wween the fatigue pre-crack region and the

stable crack growth region in fractography [175].
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Assuming a symmetric blunt crack, Nguyen-Duy ang&Bd analysed the SZW
and found an equation to describe the SZW-basei aq@ening displacement (COD). The

model is illustrated in Figure 2-24.

\\ Stable crack growth

Figure 2-24 A schematic diagram illustrating theodel proposed by Nguyen-Duy and Bayard to
describe the measurement of the SZW-based COD.[175]

If the line AB defines the critical stretch zonedii, the SZW and COD are given
by equatiore-2 and @-3 respectively:

d 1
Witrech zone = 0s(0—0) Xz 2.2

2d

1
COD = ——— X —
sind +cosd G

2-3

where d is the measured extent of the stretche zmm the Figure 2-24y is the bending
angle of the specimend = 45°and G is the magnification. Hayes and Turn&6]1
proposed that the critical value of the J undem@latrain conditions is given by

equation2-4:
]IC = ZUfCOD 2-4

where o is the average of yield and tensile strength.difiation 2-3 is substituted in

equation2-4, it will appear as equatiahs:
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=X — _
Jic sind +cosd G 2-5

Jc can be calculated in most of the cases by consglénaté= 45, G=250~ 380 and is

the average stretch width measurement along tlo& érant.

Tarpaniet al. [177] used SEM fracture analysis to charactefee3ZW as illustrated in

Figure 2-25.
S > — el

Figure 2-25 SEM fractographs taken from fractutdwrpy impact specimens: (a) general view of
SZW; (b) magnified view; and (c) back scatter imagke beginning and end of the SZW are
arrowed. Crack growth direction is from the botttnthe top of the figure [177].

2.7.4 J calculation for X70 pipeline steel

Oldenet al. [178] studied hydrogen diffusion and hydrogen ueficed critical
stress intensity in an APl X70 pipeline steel welgant. In order to identify the energy
required for the initiation of ductile crack growthas received base metal, HAZ and weld
metal, multiple specimen J integral and SZW techesgwere employed. For the base
metal and weld metal specimens, the SZW methodused. The stretch zone widths were
determined by optical micsoscopy to be 0.1 mm afd @m, respectively. As given in
Figure 2-26a and b these crack extension valuessmond to J values of 300 N/mm and
250 N/mm, respectively. For the HAZ specimen, thatdgral method was employed
using an analytical blunting line [179] since aguition of the SZW was difficult with
optical microscopy. The blunting line crosses atfm and gives a J value of 400 N/mm.

Therefore, according to Oldext al. [178] the & value for X70 weld metal is greater than
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that for the base metal whilst the Y¥alue for the HAZ is smaller than that for thesba

metal.
2.8 Work Hardening in Pipeline Steel Design

2.8.1 Importance of yield to tensile strength ratio

The American Petroleum Institute (API) specificago for line pipe steels
commonly require a yield to tensile strength rg¥&/UTS ) that is smaller than 0.93.
Higher YS/UTS ratios mean that there is not enqpighticity for strain rearrangement in
thinned areas during line pipe service. AlthoughdpoYS/TS ratios result in a broad strain
range for material forming, the yield strengthlstiiould be high enough for the transport
of liquid or gas at high pressures. The YS/UTSoragiaffected by the steel microstructure

which can be optimized by controlling the hot mdjj cooling and coiling procedures

a 1800
1600 1 1500
1400
1200
— 13
g 1200
; 1000 - = 900
= 800 £
400 | ] ® BM 5 600
100 4 —J-R curve
300 |'==< 55'!‘3]0“"'
200 | H
|
0 . -
0 : - - -
01 o %9 g4 0,2 0.3 04 05
0 0,2 04 0,6 08 1
Aa [mm] Aa [mm]
1500
1200
900
E
£ SR
"?: 600 B CGHAZ
= —J-Rcurve
400 [-=mmemmme
300 i ===Blunting line
0 e
0 0.1 0,2 0.3 0.4 0.5

Aa [mm]

Figure 2-26 J-R curves for an uncharged weldedisma of X70. (a) Base metal specimen with
observed stretching zone width of 0.1 mm. (b) Wed&tal specimen with observed stretching zone

width of 0.04 mm. (c) HAZ specimens with SZW of @uh obtained using the analytical blunting
line [178].
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Buried high-strength pipelines are prone to plasticumferential stresses as a
result of pressure containment where mainly cir@rerftial and radial components of
strain undergo plastic deformation. In additiorffedential ground movements may cause
large longitudinal strains. Differential ground neowents can be caused by soil sinking,
landslides and tectonic faults. In hostile enviremts, pipelines can be exposed to
longitudinal strains (tensile, compressive or camplthat exceed the elastic limit, as
presented in Figure 2-27 [181]. These factorseptastrictions on the pipeline material and
the related design. With the intention of pipelgadety and reliability it is not sensible to
design based on acceptable stress because thegdparameter is strain, ‘Strain Based
Design’ (SBD) may assist as the key to such diffipipeline applications.

The main design parameters for pipeline intended dpplications with a
substantial strain demand are the resistance t&libgc(compressive strain) and the

tensile tearing capacity of field girth welds (téastrain)[182].

discontinuity due
(a) natural terrain surface (b) natural terrain surface to retrenchment

AN

| : ——
I : i —
pipeline ‘ - pipeline

soft soil —
soft sail

Figure 2-27 Typical strain based design situati@)gust after pipe installation and ((b) aftlea
years [181].
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Figure 2-28 Strain hardening exponent n plotteadresy yield to tensile ratio [181].

48



Chapter 2: Literature Review

In the initial stages of pipeline design it is velgsirable to have access to relevant
stress-strain information, especially in the etaptastic area. However, in early stages of
design, the strength of pipeline material in thealand transverse directions might have
been calculated based upon specific pressure ezgents, whereas the final stress-strain
graph is still unidentified. Knowledge of the wdrlrdening exponent is beneficial for any
strain based valuation of safety, strain capabilltge work hardening exponent can be
important in the axial as well as in the circumfegr@ direction because of the variety of
service stresses (internal pressure alone or #sepce of external stresses). Liess¢l.
[181] analysed the way work hardening properties lba estimated based on classical
material characteristics, such as yield and ul&nansile strength or uniform elongation.
Their analysis was directed at the question whetbsults from a classical stress-strain
graph can elucidate the strain hardening charattesi They found that the yield-to-tensile
ratio might be appropriate for a first approximatif work hardening exponent, regardless
of using the engineering or true stress-straintgrap

Figure 2-28 shows the plot of work hardening exgnagainst yield-to-tensile
ratio. Moderate values of yield-to-tensile rationgmally indicate that the metal has
sufficient plastic strain capability, and therefoseibstantial work hardening properties.
Other than YS/UTS, uniform elongation is known tavé significant effect on work
hardening exponent since it is the range over whiditk hardening takes place. A
mathematical model for estimating the work hardgrérponent as a function of YS/UTS

and uniform elongation has been proposed by Lie$$8d], (equatior-6):

Y/T

wheren is the Holloman work hardening exponeniis yield stress and is tensile stress.

0.0696
n = —0.0293 + — 0.0683 2-6

The graphs in Figure 2-28 suggest that the strandening exponent may not just be a
function of yield-to-tensile alone but of the yiedtress as well. Moreover at YS/UTS=1,
the work hardening exponent is still above zere,dtey line indicates the minimum value

of n.
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2.8.2 Modeling of work hardening

A variety of empirical equations of stress—straorrelation have been used to
model the work-hardening characteristics of ste@lsese models are summarized in
Table 2-2. Models by Hollomon [183], Ludwik [188wift [185], Hockett/Sherby [186],
Voce [187] or Ghosh [188] are commonly used.

Among these models, the most accepted ones inoreliat pipelines are Hollomon
[183], Ludwik [184] and Swift [185]. However, theutlwik and Swift equations are
commonly used with a few modifications. The Crudsdaoul (C-J) [189] analysis based
on Ludwik model [184] is commonly known as the érféntial C-J (DC-J) method [190];
and the modified C-J (MC-J) method [190-192] isduh®n the Swift equation [185].
Ramos showed that the efficiency of the Hollomonatipn is limited in explaining the
work hardening of steels [193]; however, he sudodigsanalyzed the same steel by the
DC-J method. Jiang and Jha [191, 194] reportedttizaMC-J method is more appropriate
than the DC-J technique for modeling the work haimlg behaviour of dual phase steels
with different martensite volume fractions.

Several researchers have attempted to distinghesdifferent stages of hardening.
Nes, Zehetbauer and Kocks [195-198] comprehensistldied the different stages of
hardening and found up to four different stagesame cases. However, most researchers
have reported two stages [191, 192, 194, 198-26d]three stages [193, 198, 200, 203,
205-207]. There is also some evidence of a singigesof work hardening in the literature
[198, 201, 203, 204].
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Table 2-2 Empirical equations for the stress—staairrelation used to model the work-hardening
behavior of steels.

Model Equation Eg
Holloman [183] oy =C,.e% 2-7
Ludwick [184] 0, =Cy+C,.€5 2-8
Swift [185] og = Cy.(Cy + )53 29
Voce [187] o, = Cy + (C, — Cy).exp(—Cy. €) 2-10
Hochett/Sherby [186] onssn = Co — (C; — Cp). exp(—Cs. £4) 2-11
Ghosh [188] 06 =C1+ Cy.(C3+ &)t 2-12
Swift-Voce [208] os_y = Ci.05+ (1 — Cy).oy 2-13
Bergstrom [209, 210] o = C1 + Cy.(C3.(Cy + &) + {1 — exp[—Cs. (C4 + £)]}C%6 2-14
El-Magd [211] Op_m = Cy + Cp.6 + C3.[1 — exp(—Cy.€)] 2-15
Voce generalized [212 oyg =C1+ (C;+ C3.8).[1 — exp(—Cy.€) 2-16

In an attempt to create a universal model to ptatie work hardening behaviour
from the processing conditions, Umemetal. [204] studied mechanical properties of the
four most common single structures found in stefekrife, pearlite, bainite, and
martensite). They tried to describe the work-hamgrbehaviour and found that DC-J
method can describe the work-hardening behaviodhede steels reasonably well. They
found that steels containing ferrite or pearlitéod® with two stages and martensitic steels
show a single stage of work hardening. Work hamgivehaviour in bainite was found to
be dependent on transformation temperature; upgert® acts similar to pearlitic steels
and lower bainite deforms like quenched martendiach stage is coupled with an

individual work hardening exponent)(
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2.9 Summary

* The literature review indicates that HE is a premaland critical problem for
pipeline steels.

» Fabrication welds, ER seam welds and girth ancemise welds change the local
microstructure and properties and provide a meahgdrogen entry into the steel.

» Pipeline transport of hydrogen provides a permaseutce for hydrogen pick-up.

* Mn in steels in the normal content range of 0.84.fr pipeline steels results in
significant centre-line segregation, impacting dg esistance.

* Microstructure and mechanical properties, partidylawork hardening
characteristics, are important in determining spgbéity to HE.

* Relatively little research has been conducted @netfiect of lower Mn content
(0.4-0.6%) in X70 pipeline steels, and the consatiyeeduced segregation, on the
susceptibility to HE.

This thesis addresses the issues of the effeck/@fsteel microstructure, as well as

lower Mn content, on the susceptibility to HE ankCH
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3 EXPERIMENTAL PROCEDURES

This chapter begins with characterisation of chammmposition and fabrication
stages of tested steels. The techniques used parpresamples for TPB test, Gleeble
simulations, diffusion and tensile tests are thessg@nted. The simulation of the HAZ
structure using the Gleeble thermo-mechanical ngstachine is then discussed. The
techniques used for microstructure and fractographgracterisation are described. In
addition, the electrolytic hydrogen charging methuseéd to introduce hydrogen into steels
and hydrogen measurement techniques are explained.

The chapter closes by describing the experimeetalis used for each mechanical test
used: hardness, fatigue, TPB and tensile testing.
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3.1 Materials and Samples Preparation

3.1.1 As-received material

Two APl X70 grade samples were received from theeBtope Steel Ltd. in the
form of transfer bar and strip.

The as-received strip and transfer bar are showrigare 3-1. The pipe sample
photograph was taken after the seam welded regasiremoved. Table 3-1 presents the
chemical compositions of the steels. The main wifiee in chemical composition of the
strips is the level of Mn and Cr. Hereafter, theett with higher Mn (1.14wt. %) and lower
Mn (0.5wt.%) are referred to as X70 and MX70, retipely. The MX70 has a higher level
of Cr as it was added to provide a hardenabilitgftset the reduction in Mn. The transfer
bar (referred to as TB) was supplied only in théXémposition. Table 3-2 and Table 3-3
show the fabrication stage, thickness and TMCPrpearars of the samples.

X70 Strip

.

Figure 3-1 As-received material.
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Table 3-1 Compositions (wt%) of the standard aediomm manganese steels

C P | Mn| Si | Ni | Cr [Mo| Cu | Al | Nb | Ti \Y S N
X70 | 0.074| 0.012 1.14 0.22 0.024 0.029 01 0.023 001906 0 0.02| 0.002 0.002 0.0q4
)'\2'70 0.085| 0.01| 05/ 019 0018 026 0.1 0011 0/04 9D|06.035| 0.003 0.002 0.0d5
Table 3-2 Conditions and dimensions of as-recesadples
Mn% Fabrication stage Thickness
X70 1.14 Transfer bar 28~30mm
X70 1.14 Strip/Plate 10mm
X70 1.14 Strip HAZ 10mm
MX70 0.5 Strip/Plate 8mm
Table 3-3 TMCP parameters
X70 MX70
Soaking Temperature (°C) 1250 1250
Soaking time (hours) 3 3
Rough rolling temperature (°C) 1075-1100 1060-1095
Finish mill entry temperature (°C) 1000-1040 950
Finish mill exit temperature (°C) 800-840 820
Coiling temperature (°C) 600 600

55



Chapter 3: Experimental Procedures

3.1.2 Three point bending sample preparation

3.1.2.1 As-received samples

All samples were machined into 5 x 5 x 25 mm b&esnples then were wire cut in
the bar centre to produce a 1 mm deep notch witteeimum width of 0.3 mm to meet
ASTM E813 requirements [139] (Figure 3-2). Samplese then fatigue pre-cracked, as
described in section 3.5.2, to achieve a totatin@us crack depth of 2.5 mm along the
notch.

Immediately before hydrogen charging, TPB samplesevground on SiC paper to
an 800 grit finish (including notch walls) usinghahol as a lubricant, so as to minimise
oxidation of the surface of the steel samples.

The as-received strip samples (X70 and MX70) weedfor TPB test without any further

treatment.

Figure 3-2 TPB samples with a 1 mm deep notch3htm width.

3.1.2.2 Gleeble HAZ thermal cycle simulation

Simulation of the HAZ thermal cycle during in-sexiwelding was achieved on a
Gleeble 3500 thermo-mechanical testing machine. pSsmwere machined to a rectangular
bar with a cross-section of 9x5 mm and a lengtB0ofm. A small neck 10 mm long with
a reduced width of 5 mm was machined in the cesfttbe bar to achieve a more uniform
temperature profile along the sample and obtainoaenuniform HAZ microstructure.
These dimensions were dictated by the amount oémahtivailable and the thicknesses of
the pipeline steels studied, as well as the neethgeve rapid heating and cooling for the
thermal cycle simulations. The sample geometrydintensions are shown in Figure 3-3.
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After HAZ simulation, the sample was machined itite standard 5x5x25 mm TPB shape.
Figure 3-4 shows the machining stages of HAZ sasaple

10mm
9mm ISmm
I 21 Omm ¢ I
! 80mm !
som| | I | |
|
! 80mm !

Figure3-3 Gleeble sample geometry and dimensions for h&Zmal cycle simulations.

Figure3-4 Machining stages of samples for TPB for simedatAZ.

Figure 3-5 Dog bone sample, arrows show the connectiontpdor the 2 thermocouple wires
which were separated by ~ 1mm.
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A K type thermocouple was welded in the centrehefGleeble samplgigure 3-3
and connected to thermocouple points on the Gldélideire 3-6). Samples were set up in
the Gleeble Pocket Jaw with specially machined eogpips; making sure that the ends of
the dog-bone Gleeble samples were flush with theidel faces of the copper grips.

A current was applied to resistively heat the samgdcording to the required
temperature cycle. The thermal cycle was performeder vacuum before the argon
cooling gas was turned on. The cycle designednuwlsite that experienced by the HAZ
during in-service welding by replicating the thetragcle reported by Nolaet al.[213].
The heating rate was maximised whilst maintainidgcaiate control to avoid overshooting
the peak temperature of 1350°C. The heating rate 304C/s (0 to 150°C) and 300°C/s
(150° to 1350°C). The hold time at the peak tenpeeawas minimised whilst allowing
the temperature to stabilise and the sample wadgdwoapidly through the use of two high-
pressure argon gas quenching jets located on dppsisies of the neck of the Gleeble
samples. Through the use of the argon jets, adoghng rate was obtained. Samples were
subjected to a cooling time of 3 seconds betwedén°@0and 500 °C dt), consistent with
that obtained for a heat input of 0.77 kJ/mm om@ thick pipeline. This is at the lower
end of the range of cooling times typically obserdering in-service welding procedures
(tg/s of 2-10 seconds) [213].The program was run unodieref control, so that no force was
applied to the sample (any force would cause thepgato buckle at 1350°C). A typical
thermal cycle achieved during the HAZ simulatiosh®wn in Figure 3-7.
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Thermo couple
connection points

Figure 3-6 Experimental setup for HAZ welding slation in Gleeble.
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Figure 3-7 Typical HAZ thermal cycle used for Giesimulations.

Once the HAZ microstructure was produced by the HAetmal cycle simulation,
the Gleeble sample was machined into a small TlRipEabar 5 x 5 x 25 mm in size. The
TPB bar utilised the neck of the Gleeble samplewaasl centred along its length so that the
HAZ microstructure was situated in the centre & bar. All samples were wire cut to
produce a 1 mm deep notch with a maximum 0.3 mmthwid meet ASTM E813
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requirements. The Gleeble HAZ samples were prepamd X70, MX70 and TB. To
verify the heat treatment cycle on Gleeble machome, reference weld metal sample was
obtained from the BlueScope Steel. The microstreatd the Gleeble simulated HAZ was
compared with the HAZ of the reference sample (Fig8-8). The grain size and

I oy ERA TN

Figure3-8 (a) Gleeble HAZ simulated sample and (b) HABfeScope Steel weld sample.

3.1.2.3 Normalised transfer bar TPB samples

Transfer bar samples were encapsulated in quabingyFigure 3-9) and then
normalised in a KTL1600 electric furnace. The fumavas first heated up to 950°C and

then the samples were inserted in the furnace @omkhutes. The samples were then air
cooled to room temperature.

Figure3-9 Encapsulation for normalising the transfer @B samples
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3.1.3 Heat treatment of transfer bar samples

In order to investigate the effect of grain size bwdrogen embrittlement,
rectangular samples parallel to the rolling plafeghe X70 transfer bar and strip with
thicknesses ranged from 0.2 to 5 mm were obtairyedike cutting. The size of samples
was different from sample to sample, hence theeotinwas adjusted to compensate. The
transfer bar samples were sealed in quartz tubdssahjected to the heat treatments
following the annealing program given in Figurel®-to produce different grain sizes.
Except for HAZ samples, which were water quenchechédiately, all the samples were
initially cooled from the respective annealing t@rgiures to 700 °C and held at this
temperature for 2 hours before final cooling toritam temperature in order to prevent the
transformation of austenite to bainite during cogliCross-sections of the samples were

cut and prepared for optical metallography.

A 45 min(HAZ) 4 hr (120 pm)

1300 feoeeee-
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Figure 3-10 Annealing program to obtain microstwves with different grain sizes and also HAZ

samples
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The samples were etched with 2% Nital solution #mel microstructures were
examined in an optical microscope and the graiessiwere measured by the linear
intercept technique according to ASTM E112-10 [2T4]e samples were classified based
on average grain sizes to 14, 46 and 120 pum. Theading program resulted in
approximately the same pearlite volume fractiomlinthe samples. As the microstructure
and annealing program of 14um was almost the sameranalised transfer bar sample for

TPB test, this microstructure is also referredsdNaB in this study.

3.1.4 Preparation of samples for tensile testing in presee of hydrogen

Normalising of TB was carried out before machinithg tensile samples. The
whole transfer bar was put in the oven at 950°Qfbminutes and then air-cooled to room
temperature. 2 mm of metal was removed by machifiomg the sample sides in order to
remove the oxide layer.

Hollow cylindrical samples were machined along tblling direction. Figure 3-11

and Table 3-4 show the dimensions of specimens.

Table 3-4 Hollow cylindrical sample dimensions

External diameter Internal diameter| Wall thicknegs Gauge length Rargngth

6mm 4mm Imm 40mm 36mm
1 X
| W\
i g
< 2
I o \.\
L

N
h 4

Figure 3-11 Schematic of hollow cylindrical samgimensions.
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After machining, hollow cylindrical samples were lded to two stainless steel
hollow cylindrical pipes as extensions. Becaustheflimitations in size of the test samples
and the amount of as-received material, stainle=s pipes were chosen for extensions.
The welding was performed carefully to avoid hegtine centre area of the samples. The
stainless steel extensions were bent for exit eftémsile test line. (Figure 3-12). Once the
specimen was connected to the hydrogen (99% pumitgygon (99% purity) cylinders, the
connections were sealed and sample was purged tthree with hydrogen or argon and
then pressurised to 10 MPa.

In all experiments gaseous charging was carriedwathin 2 minutes before the
tensile test. Tensile test itself took between @1ominutes depending on fracture strain.

The amount of hydrogen gas before and after tetestevas below detection limit.

Figure 3-12. Stages in manufacturing of tensitaas and set-up for tensile testing with gas under

pressure inside the sample.
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Figure 3-13 Set-up for elevated temperature tests.

To perform tensile tests at elevated temperatwdsass fixture was designed and
machined to surround tightly the gauge length efdghmple (Figure 3-13). The fixture was
connected to an 80 watt Duratech TS-1485 soldeniog. The power source of the
soldering iron was supplied by a West MC 30/3D terafure controller, which monitored
the temperature through the K type thermo-coupléh(\@.75% error in temperature
reading), connected to the brass fixture and ctetrahe heating current to soldering iron
to maintain a consistent temperature. The temperatntroller had a digital screen, which

showed the temperature of the sample.
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3.2 Electrolytic Hydrogen Charging

Electrolyte was made with high purity milli-Q watand concentrated 280, in
different normalities. NaAs© was added as a hydrogen recombination inhibitor.
Specimens were spot welded to a stainless steelfairholding and current conductivity
purpose. An AC to DC adaptor with ability to supplgonstant current at two outlets was
used to ensure that a constant current densityolvsned (Figure 3-14a). The samples
were suspended in the centre of a platinum meshdeano an electrolyte inside a glass
beaker (Figure 3-14a), and a current was passedgh the circuit.

Cathodic hydrogen charging of the samples at aentuiensity of 50 mA/ciwas
performed in 0.5 N k8O, with 250 mg/L of NaAs@ Calibration curves were obtained by
charging the samples for different times. To prévtka loss of hydrogen, the samples were
stored in liquid nitrogen immediately after eletytwal charging. Since 1 to 5 ppm was
reported [215] as the main range of hydrogen pilkduring pipeline girth welding and
installation, the hydrogen charging rate over tiwes then extrapolated to estimate the
times needed for 2 and 4 ppm for TPB samples. Thieagying times were then verified
experimentally.

Steel sample
(cathode)

Platinum / s =
(anode)
\ Electrolyte

Figure 3-14 Constant current supply unit for electemical charging (a) and electrolytical

hydrogen charging set-up (b).

TPB specimens were subjected to electrolytic cingrgnmediately after the fatigue

pre-cracking to ensure that crack surface was fresh
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3.3 Microstructure Characterisation Techniques

Samples for metallographic analyses were hot mouiieBakelite, ground and
polished according to standard metallographic nagHor C-Mn steels [216]. The Struers
TegraPol-21 machine was used for automatic grinding polishing. Table 3-5 presents
the program used for polishing test samples onrttashine. The polished samples were
etched using 2 % nital solution. Optical microscopgs performed on a Leica DMR
optical microscope fitted with a DFC295 digital cama using Video Pro 32 version 6.003
software. Measurements of pearlite area fractioth fnrite grain size were performed
using the standard point count method accordirg3®M E 562 [217]. A total of 10 fields
were counted using grids of 10x10.

Semi-quantitative Energy Dispersive X-ray Spectopsc (EDS) analysis of the
samples was carried out using a JEOL JSM-7001H &etission gun scanning electron
microscope (FEGSEM). To analyse the type and Higion of inclusions and precipitates,
automated particle analyser software, Esprit S@Brlker, Germany)was employed. An
area of 5 mm x 2 mm of each sample was scannednidggelectron microscopy of the
fracture surfaces was performed on a JEOL LV649M Siperating at 20kV. Prior to
observation, specimens were subjected to an ultrasteaning. For TPB samples, in order
to achieve the best correlation only a region withimm of the root of the fatigue crack

was analysed.

Table 3-5 Polishing sequences for metallogeraphypdes

SiC paper #220 2 minute$

Largo polishing plate Oum 5 minute

v)

Dur polishing plate 6pm 5 minute$

Al W N

Dap polishing plate 3um 5 minutep
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3.4 Hydrogen Measurement Techniques

3.4.1 Inert gas melt extraction method

Measurement of the hydrogen content was performreca &LTRA ONH-2000
machine (Figure 3-15a) located in the Central latwoy at BlueScope Steel, Port Kembla,
approximately 12 km away from the mechanical tgstiab at the University of
Wollongong. The delay time between the end of #s¢ &and measurement was between 30
to 60 minutes, which was large enough for hydrotgeascape. In order to prevent loss of
hydrogen before testing, the samples were kepgjind nitrogen [178]. The hydrogen was
measured by a fusion process, whereby the sampteelied and the released gases are
analysed. This measurement method was selecteddgeoéits accessibility, accuracy and
availability of trained and experienced operator.

The Eltra ONH-2000 machine is designed for thedaud accurate determination
of oxygen, nitrogen and hydrogen in steel and otieterials. For hydrogen, it has
sensitivity of 0.01 ppm and an indication rangeDdf00%. The water cooled high power
electrode impulse furnace uses a graphite cruditpire 3-15b) to heat the sample up to a
temperature of 3000° C. Test pieces were taken fosmall localised region (~2mm X
2mm x 5mm) of the charged TPB sampéesundthe crack tip. This is the region where
the crack grows during TPB testing, and hence & riost relevant to the fracture
toughness results presented. Samples were drieggheteand placed into the loading head
and the graphite crucible is positioned on the loalectrode tip. The furnace closes, the
crucible is outgassed, and then the sample is eémppto the crucible and the analysis
proceeds. Due to the electrical resistance of tlaphgte, the graphite tip heats up the
bottom of the crucible. This effect moves the hohe from the middle of the crucible
down to the bottom where the sample is located.rélyeh concentrations are determined
by a thermal conductivity detector (Figure 3-1&ny results are displayed on the monitor
in ppm. The Eltra ONH-2000 was equipped with Uniftware (Actual version 2.4.3.6).
This software uses the same approach describaddtia to calculate the hydrogen amount

in ppm.
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Figure 3-15 Eltra ONH 2000 machine (a), cruciblacpd on a graphite tip (b); and thermal
conductivity detector (c) [218].

3.4.2 Mercury method for hydrogen measurement

The set-up for collection of hydrogen gas over merds shown in Figure 3-16.
Testing was performed according to AS/NZS 3752:2[A%]. To ensure the consistency
of the results, three tests were conducted for eantition.

After hydrogen charging, the samples were immeljiadeed with a jet of air,
weighed to the nearest 10 mg and left undisturlmedhe Y-tube for 3 days at room
temperature (around 20°C). During this period wietithe majority of diffusible hydrogen

escaped and was collected in the capillary tubee @tmospheric pressure and room
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temperature were recorded daily prior measuringvillame of hydrogen. The corrected
volume of released hydrogen was calculated aftasidering the room temperature and
barometric pressure, using Eg. 3-1:

__ 273(P—-H)(nr?xC)
~ 760(273+T)x100

3-1

where: V is the corrected volume of collected hgemg P is barometric pressure in mm of
Hg; H is the height difference of the top head @roury between the two limbs of the Y-
tube in mm; C is the height of hydrogen gas coluabove the mercury in mm; r is the
inner radius of the capillary tube in mm; and T&isbient temperature at time of hydrogen
measurement in °C.

In order to calculate the amount of hydrogen in pgme weight of hydrogen was
needed. The equation of state for an ideal gag.iSE:
pV = NkT 3-2
where,p = atmospheric pressuré,= corrected volume of collected hydrogé&ls number
of molecules in the gak,= Boltzmann constant = 1.38x10J.K* andT = temperature.
The formula for calculation of N is (Eq. 3-3):
N =nN, = m/Mm X Ny 3-3

wheren = number of moles in the gala = Avogadro constant = 6.03 x %0mol™,
m = weight of collected hydrogen alt, = molar mass.
The weight of collected hydrogen can be calculatgdg Eq. 3-4:

__ PVMpy

m = 3-4
N a4kT

Then the amount of hydrogen in ppm was calculaied 8-5) considering the total weight
of the sample:
Hypm = ™/m, X 10° 3-5

wherem, = total weight of sample [128].
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Figure 3-16 Apparatus for hydrogen measurememtgusiercury: (a) sample insertion and (b)

hydrogen measurement.
3.5 Mechanical Tests

3.5.1 Hardness Test

Samples for hardness measurements were hot mounteakelite and polished
using the method described in Section 3.3. Thdrtems values were determined through
Vickers indentation hardness testing (Indentec ®tisknmachine) with a 20 kg load, using 5
measurements to give an average value. The stardavidtion was also calculated.
Hardness profiles of HAZ samples were taken aldrg rblling direction (ND-RD) on

polished sections. The sections were located dotigitudinal centre of the samples.

3.5.2 Fatigue Test

The notched TPB samples wesabjected to fatigue pre-cracking on an Instron
1341 machine using 4 KN load cell. The Syncrackiveafe (Syncrack Version 1,
developed by Arthur Carlton Synapse Technology IRt) was employed to carry out
cyclic loading (Figure 3-17). The software use@g® processing via a Scout Basler video
camera to measure the instant crack opening desplest. All specimens were pre-cracked
according to ASTM E813 [139].
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In general, Syncrack performs a fatigue test tepeatedly loads and unloads TPB
samples to force the growth of a wire cut notche Tést is run until the crack has reached
1.5 mm, or until a specified number of cycles hapsed, at which time a number of test
results values are reported. The program allowsglesshape of specimen to be used with
crack opening determined by optically measuringpbsition of 2 contrasting dots located
near the machined notch ends (Figure 3-18). Theahcrack opening is calculated from
the measured horizontal dot separation compen$ateigid movement of the slot opening
corners. Initially a slow linear force ramp is ugedapply the maximum cyclic load to the
specimen. This fixes the sample in place. A cyfdice ramp (sine wave) is then started
and the controller automatically ramps to the cyuld-point before starting the periodic
wave form.

The load used for pre-cracking,,Rs a function of yield strengtand is given by
Eq. 3-6:

eI

where B, b, S andaoy are effective thickness, original uncracked ligamespan and
effective yield strength, respectively. To obtaifaBgue crack of 1.5 mm depth, maximum
loads of 850 N and 1350 N were applied for the emeived and HAZ samples,
respectively. The stress ratio and cycling freqyewere 0.4 and 50 Hz, respectively. A
range from 50,000 to 100,000 cycles was used fcin specimen. The accuracy of flathess
of fatigue crack was verified with heat tinting.rRbis purpose a few samples were put in
the furnace at 400°C for 20 minutes, then putgaiti nitrogen for 10 minutes and broken

in super cold brittle manner. The depth of the kraas measured at different positions.
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[H15ymtrack - nstron 1341
[ Lisln

1) Balance Load 2) Balance Strain |EE| ﬂ E m _- S‘ENAPSE

SAMPLE CONTROL SETUP TEST CONTROL IMAGE

Specimen 1.D. |5280A Control Mode |constant Kmax j Start Test P
File Name Run11.txt Stress Ratio, R |0.20 s Specimen B ‘
Record Dircctory |c:\S8ampleData ﬂ Frequency 20.0 :-: Hz Compliance N

Kmax fzu—‘ E'. MPam" Setup @

Test End [crack Length - End Length 1.8 < mm Signals | ‘
Record Interval |Time j Time Interval i5,oou %3 s Exit i‘
Load 0 kN Crack 0 mm " Cycle 0

b b

. Please enter data for the next test

Figure 3-17 Syncrack main menu with instant opticanitoring the the crack length.

Fatigue
Pre-Crack

Figure 3-18 Fatigue test setup with digital canaard light source in background (a), TPB sample

with fatigue crack and black dots to measure CT®Dc).
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3.5.3 Three point bend test

The machining of the TPB setup including rollersl dixture was done to meet
machined ASTM E813 requirements for tolerance [XB&ure 3-19).

-
Figure 3-19 The designed fixture for TPB includioiers, top and bottom jaws.

Fracture toughness testing is most commonly pesddrrasing relatively large
samples so as to maintain conditions of planersaad maximum constraint [137]. In this
study of the mechanical property of steels, thaiqdar region of interest, such as the
HAZ, may be quite small and its exact location ni@y unknown. In addition, the
microstructures are heterogeneous. This makes nmgdaulk samples from HAZ material
very difficult, in that the notch and pre-crack mbe directed at the region of interest and
the subsequent crack growth must penetrate thetrred interest during the test. This can
be overcome by reducing the size of the sampl@sare that the entire region being tested
is of the desired microstructure. However, reduchng size of the sample runs the risk of
no longer satisfying the conditions of plane st maximum constraint.

As the sample dimensions are reduced, it is ditfit maintain predominantly
elastic conditions during fracture testing in metéh large samples, the plastic zone at the
crack tip is relatively small compared to the spem dimensions and its effect on the
elastic conditions of loading is negligible. Howevie small samples, this plastic zone at
the crack tip becomes significant and the loadiogdttions are considered plastic-elastic
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in nature. Therefore, it may be necessary to meathar crack tip energy release ratg (J
under elastic-plastic conditions [138]. This caraohieved by calculating the critical crack
tip energy release ratedJ using the J-integral method [139]. This methogolaes
determining the J-integral as a function of craxtersion Aa). The J-integral is calculated
from the area under the load-displacement curvetlaaarack extension can be measured
by either multiple specimen techniques (where chfié samples are tested to different
loads and broken open to measure the crack lemgts)ngle sample in-situ techniques
(where the crack length is determined by compliameasurements or electric potential
drops during progressive loading/unloading of tamgle).

The relationship between the J-integral and thekcextension is given by the J-
resistance curve (illustrated in Figure 3-20), ehkhiis extrapolated back to a line
corresponding to crack blunting, thereby giving @ue of J corresponding to crack
initiation (Jc). Since the J-integral is path independent [14tlan be related to the

fracture toughness (K in a large specimen by [144]:
K|c = JLEz
Vi-v 3-7

where E is the Young’s modulus ands the Poisson’s ratio.
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Figure 3-20 J-resistance curve used to determine J

74



Chapter 3: Experimental Procedures

Such methods have been used to determine the rigatciughness of a number of
sub-sized specimens down to thicknesses as smaldasim with very little effect on the
obtained ¢ values [144-147].

In order to minimise hydrogen loss, TPB tests vaeneducted within 10 minutes of
charging and samples were kept in liquid nitrogemediately after hydrogen charging.
The test was carried out on an Instron 5566 machitie10 KN load cell, using Bluehill 2
version 2.14 software. Before testing, the samplese washed in ethanol to bring the
samples to room temperature, then quickly dried@aded in the three-point bend rig for
testing. The samples were subjected to a seridsading-unloading cycles according to
ASTM EB813 [139] using the single specimen method apeed of 0.2 mm/min and load
vs. load line displacement curves were obtainedckCextension was calculated from the

load line displacement as follows:
a=Wx(0997- 358U - 151U2 -110U° +1232U* - 4400U°) 3-8

where,a is the crack length)Vis the sample width and is given by Eq. 3-9:
U= 1 3-9

tl+ JEBJ/F )
where,d, E, B andF are crack opening displacement, the elastic magdglmple thickness
and the applied load, respectively. A six megapiRahon IXUS 60 digital camera was
installed on the side of the instrument to mona@ck opening displacement during load-
unloading. The data collected by a digital camenang the TPB tests were used to verify
0. The J integral versus crack extension curves vedtained in accordance with the
method specified in ASTM E813 [139] and the comuatisil value of fracture toughness, J
was calculated. After calculation of crack extensand 4, the J-R curves were then
plotted.

3.5.4 Tensile test

In order to test the effect of gaseous hydrogetipwocylindrical tensile samples
from X70, MX70, NTB and ERW zone of pipe were pdlie uniaxial tension at 25, 50
and 100 °C with 10 MPa pressure of gaseous hydriogate. The tests were performed on
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an Instron 1341 tester using Syntest software gynversion 1, developed by Arthur
Carlton Synapse Technology Pty Ltd) (Figure 3-2Epr comparison, the samples were
filled with 99% high purity either 10 MPa hydrogenargon. A safety plastic glass shield
was installed around the tensile jaws to avoidgmipn of metal pieces after necking when
hydrogen possibly can explode the thin remainimg pvall.

Assuming a local equilibrium of hydrogen will exigtirectly at the surface, its
concentration depends only on temperature and ynesgherefore, by performing tensile
tests in a gaseous hydrogen environment, the inateedffect of hydrogen can be
established.

To allow time for hydrogen diffusion, all samplesene pulled at the slowest
possible cross head speed (0.003 mm/s) until fract least 3 samples were tested per
condition. Force and displacement were recordedcangerted to equivalent engineering
strain and stress with Instron softwassuming ideal plane strain compression conditions.
Inhomogeneities in strain distribution are knowridom through the specimen thickness in
plane strain condition experiment$owever, these inhomogeneities were ignored, since
the objective of these experiments was to compeedéhaviour of different steels.

The true stress-strain curves were plotted. Thedsta deviation was calculated based on

tensile strength and maximum strain. To investigate work hardening behaviour, the
work hardening ratedg/de) is plotted against true strain. As an alternatwephysical

modelling, several empirical stress—strain equatibave been used to describe plastic

deformation behaviour.
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Figure 3-21 Tensile test on the sample with 10 M{gi&rogen inside at 100°C.

77



Chapter 4: Microstructure Characterisation

4 MICROSTRUCTURE CHARACTERISATION

This chapter begins with characterisation of mittadures of X70 strip, X70 transfer

bar, X70 normalised transfer bar and the HAZ. Idith, data on grain sizes and hardness
are provided.

The chapter closes with the description of preatpdg and inclusions present in both

studied steels by means of optical metallograpEyySEDS analysis and X- ray mapping.
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4.1 Microstructure Characterisation

4.1.1 X70 transfer bar

The microstructure of as-received X70TB in transeeadirection was characterised
by optical metallography, Figure 4-1. The photpirsawere taken from the upper edge
towards the lower edge in 2 mm steps. The microgira changes from predominantly

polygonal ferrite (PF) with islands of pearlite n¢lae edge of the top surface of transfer

bar to granular bainite (GB) with a bit of bainiterrite (BF) in the centre.

Figure 4-1: Evolution of the microstructure in X# sample cut perpendicular to the rolling
direction: edge (a), 1/4 thickness (b) and ceinieg(c).

Considering the different microstructures across titansfer bar, normalising at
900°C for 20 minutes was carried out to obtain aemaniform microstructure. The
microstructure of normalised transfer bar is ani@md ferrite-pearlite microstructure with
an average grain size of 14+0.5 um (Figure 4-2)e area percentage of pearlite was
determined to be ¥1%.
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4.1.2 X70 strip

The microstructure of X70 strip samples was charactd at the edge (Figure 4-3
a,b) and centreline (Figure 4-3 c,d) of a 10 mmktlsample. The microstructure was a
mixture of ferrite and pearlite grains (Figure 4&l Figure 4-4). The ferrite-pearlite grains
were present in bands parallel to the rolling dicgcin the centreline region. The edge
region consisted of a combination of fine ferritaigs with an average size of 5.1+1.3 pym
and some coarse ferrite grains with an average &fiz#2.7+3.5 um. The grain size
distribution in the centreline region was also bitalowith a mean size of 5.4+0.6 um for
fine ferrite grains and 11.8+4.8 um for the coags@ins. The overall average ferrite grain
size was 8.1+4.8 um for the edge region and 8.9gm%or the centreline of the strip. The
coarse ferrite grains were more prevalent at etlg®s centreline region. The area fraction
of pearlite was determined to b£M®8%. These results are consistent with dataeralitire
[2, 219].
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strip.

Figure 4-4 Secondary electron micrographs of X showing ferrite-pearlite microstructure

Inclusions were observed in the centreline regibrsample. The inclusions had
elongated, spherical or irregular morphologiesshasvn in Figure 4-5.
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EDS analysis carried out on these inclusions, atdit that inclusions were mostly
MnS. A few particles such as the one marked byreswain Figure 4-5a, also contained

Fe, Ca and very small amounts of Al and Mg (Figti®), in addition to Mn and S.
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Figure 4-6 EDS spectrum of the particle indicdigdhe arrow in Figure 4-5 a.
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Figure 4-7 Point EDS spectra taken from differegions of the inclusion in Figure 4-5d
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Figure 4-5d shows one large inclusion with a di@mef ~15 um and Figure 4-7
presents point EDS spectrum taken from differegiores of this inclusion. The results
revealed that this inclusion is an AlCa oxysulphidataining a large amount of Mg and Fe
in some regions and small amounts of Ti and Mromes other regions.

Figure 4-8 shows the distribution of elements mother large inclusion by x-ray

mapping. Fe, Al and Ca are the major elementsigiticlusion.

3 P
Fe K ————= 10 pm

Ca K [I |.|

Mg K 1:110um
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Figure 4-8 X-ray maps showing the distributiordferent elements in a large inclusion.
4.1.3 MX70 strip

The microstructure of the hot rolled MX70 pipelisteel is shown in Figure 4-9. As
for X70 steel, ferrite - pearlite structure was daaamt. The bimodal type grain size

distribution found in edge and centreline regiohsK@0 was not found in MX70, which

had more uniform ferrite grains than X70. The agerterrite grain size was 8.5+1.8um for

84



Chapter 4: Microstructure Characterisation

edge and 9.4+1.8um for centreline. The area fraafgearlite was determined to bet1l
% Unlike X70, several elongated MnS stringers veitime blocky inclusion among these
stringers, were observed in the centreline regiaihe sample but there was no banding of
ferrite and pearlite there (Figure 4-9c,d).

Figure 4-10a shows a SEM image of the inclusiontstae mentioned stringers can
be found in Figure 4-10b and c. Figure 4-10d shawnagnified image of blocky inclusion
found along the MnS stringers.

Figure 4-9 Optical micrographs taken from (a), €dpge and (c), (d) centreline regions of MX70
strip.

The x-ray maps of the stringers (Figure 4-11) canthat the stringers are MnS. X-
ray maps of the blocky inclusions that were foundine with the stringers are shown in
Figure 4-12, which reveals the presence of NbCland S. In addition to MnS stringers
and the associated blocky inclusions shown in Eigl#i3, several independent inclusions
that had spherical or irregular morphologies, wase observed (Figure 4-13 a,b). Some of

these were very large in size, up to 20 um in diameThese were the typical CaAl
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oxysulphides and they also contained some Mn andsSgevealed in the x-ray spectra
(Figure 4-14).

Figure 4-10 Secondary electron micrographs ofct@reline region of MX70 strip showing MnS

stringers and the blocky inclusions along the gtis.

2l3pm Mn K ———20 pm SK ———=20pm Nb L

Figure 4-11 X-ray maps of centreline region of MXstrip showing the distribution of elements in

the stringer.
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Figure 4-12 X-ray maps showing the distributiorddferent elements in the blocky inclusions that

were present in line with the stringers.

(b)

10 um

Figure 4-13 Secondary electron images of inclisiorthe centreline region of MX70 strip.
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Figure 4-14 Point EDS spectrum taken from different regi@f the inclusion shown in (a)

Figure4-13a and (b) Figuré-13b.
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4.1.4 Gleeble HAZ samples

Figure 4-15a and b show a comparison betweenithelated HAZ structure of
X70 and MX70. The HAZ microstructure (Figure 4-Ionsisted predominantly of coarse
bainitic ferrite laths with aligned interphase Miglands. The ferrite laths formed in the
X70 HAZ sample were finer than those present in MXAZ (Figure 4-15 a and b), this is
possibly due to higher hardenability and carboniedent of the X70 steel which causes
the transformation on cooling starts at lower temafure range.
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4.2 Hardness Profile

Figure 4-16 shows the hardness profiles for thee steels after HAZ simulation. The
gradients indicate that the simulated HAZ extenoleel a distance of abotit10 mm from
the sample centre. The approximately constant lessdaf this central zone was about 265
HV for X70 and 222 HV for MX70, indicating that, fdhe same cooling rate during
Gleeble simulation, the X70 transformed to a stmectwith a higher strength than the
MX70 steel. This could be due to more Mn in solimlu§on causes solid solution
strengthening. The X70 HAZ region exhibited a hastabout 50 HV points higher than

the base metal, whereas the difference was ~ 20aditvgpfor MX70.
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Figure 4-16: Hardness profile of X70 and MX70 froase metal to HAZ.

4.3 Further Analysis of Precipitation and Discussion

The average ferrite grain size was slightly laigeviX70 compare to X70 steel. This
supports Schambroet al. work [220] who found the Arof the Low Mn X70 was about
50°C higher than for the higher Mn X70. The highes promotes the formation of coarser
ferrite grains. Simulations of their entire hotliray process showed the high Mn X70 had a
finer ferrite grain size compared to the low Mn X70

Although there was little difference in the amoohpearlite for the X70 and MX70
steels, pearlite banding was more evident in therdited X70 strip, consistent with its
higher Mn level and more pronounced compositioeglegation.

The numberof precipitate particles per square mm was detexchising SEM with
particles > 0.25um being counted. Since the number of particlesypaf was found to be
significantly higher in the MX70 samp(@7 mni®) than in X70 (38 mm), the X70 steel is
much “cleaner” than the medium Mn version, in termo§ areal density of
inclusions/precipitates. The results of EDS micedgsis of the precipitates are shown in
Figure 4-17which is a plot of the numbers of the differentagpf precipitates detected in
the test area for the two steels. A major diffeegrevident in this plot, is that the areal
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density of nitrides in MX70 was more than an ordémagnitude higher than for X70.
Most of these nitrides were complex (Ti,Nb)(C,Negpitates. This striking difference
between the standard and medium Mn steels is lilcelye due to the higher Ti, C and N
contents of the MX70 steel (see Table 3-1), whédulted in a significantly larger fraction
of carbonitride precipitates. The numbers of suehnclusions per unit area, particularly
MnS and complex MnS, were almost the same for btibls. Since the S contents of the
two steels were the same (0.002%) and both Mn ntntee well in excess of that required
for the stoichiometric ratio (Mn:S = 1.71:1), thelume fractions of sulphides in the two
steels would be expected to be approximately tineesd’he volume fractions were not
determined, but the total numbers of S-containiregipitates per unit area were similar for
the two steels (Figure 4-17b). In contrast, thenber of oxides in the MX70 strip was
almost double that observed for the X70 strip. €h@dde inclusions usually contained Fe,
Ca, Al, Mg and Mn, and a small amount of Ti wassprg in about 50% of these
precipitates. These results are consistent withitérature [221].

The mean sizes and the size distributions of th&l)(C,N), Ca-Al oxides, and the
aspect ratio of MnS precipitates in the two stemte shown in Figure 4-18. The
(Ti,Nb)(C,N) precipitates in MX70 strip exhibitedusmimodal distribution with an average
diameter of 0.80.8 um. The size distribution of the precipitates wa/\®oad with a long
tail (not shown in Figure 4-18a), with some préeifes having diameters in the range 3-5
pum. On the other hand, the X70 strip showed a birnddribution with mean sizes of
0.6t0.2 and 20.3 um. However, it should be noted that the numbehefritrides per unit
area for the MX70 sample was significantly highweart that for the X70 strip.

The mean aspect ratio of MnS patrticles in the MXi#{p was larger than that of the
X70 strip. The distribution of aspect ratios of Mp&rticles in the MX70 strip was also
wider and had a long tail (Figure 4-18b). Althouble aspect ratio for MnS patrticles in
MX70 extended up to about 20:1, the mean ratio Ted&s For X70, the mean aspect ratio
was 3.22. The present results are not consistent withréported trend of reduced
plasticity and lower aspect ratio of MnS partickath decreasing Mn content [1].

The average sizes of the Ca-Al oxide precipitatethe X70 and MX70 strips were
similar: 3.63.8 um and 3.&2.6 um, respectively. Compared to the carbonitrides, the

standard deviations of the average values of tameliers of the oxide inclusions and the
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aspect ratios of MnS precipitates were relativalyhhbecause these particles were less
abundant and showed a considerable spread inlpasize/aspect ratio.

The higher hardness increment for the X70 HAZ sanmdicates transformation at a
lower temperature to finer bainitic ferrite withghier density of dislocations. The finer lath
structure for the X70 HAZ sample is evident in Fegd-15 (compare Figure 4-15a and b).
In the hot rolled condition, the hardness of X70svadout 10 HV points higher than of
MX70, but the difference was amplified to 43 HV pisi for the simulated HAZ samples.
Leeet al. [222] reported a similar simulated HAZ hardnessX@0 grade steel (238 HV),
for the same peak temperature (1350 °C)Mtgds = 4 s (c.f. 3 s in the current work). The
alloy composition in [222] was: 0.05 C 0.26 Si 1M8, 0.17 Mo, and 0.05 Nb nw)
=0.3).
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Figure 4-17 Plots showing the number per unit arehtypes of (a) nitrides, (b) sulphides and (c)

oxides present in the two steels.
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4.4 Conclusions

* The optical microscopy revealed that the microstmecof as received X70
transfer bar changed from predominantly PF witandk of pearlite near the
top surface of transfer bar to GB with a bit of BFthe centre. After
normalising, the microstructure is uniform consigtof an equiaxed ferrite-
pearlite.

* As-received X70 and MX70 strips displayed inhomagmers ferrite-pearlite
microstructures, whereas the HAZ microstructuresnmommised coarse
bainitic ferrite laths and M/A islands.

» Although there was little difference in the amowfitpearlite for the X70
and MX70 steels, pearlite banding was more evidetie hot rolled X70
strip, which is consistent with its higher Mn levaahd more pronounced
compositional segregation.

* The number of particles per square mm was fourmetsignificantly higher
in the MX70 than in X70, so in terms of densityinflusions/precipitates
the standard X70 steel is much “cleaner” than th€&/Mversion.

* The EDS microanalysis of the precipitates revetiatithe density of
nitrides in MX70 was more than an order of magrethdyher than that for
X70. The number of oxides in the MX70 strip wadlsund almost double
of that observed for the X70 strip. However therage sizes of oxide
precipitates were similar and the number of sulesider unit area was
almost the same in both steels.

* The X70 HAZ sample has a substantially higher hesdrthan MX70 HAZ

due to finer lath structure and solid solutionstithening by Mn.
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5 HYDROGEN UPTAKE DURING
ELECTROLYTICAL CHARGING

This chapter begins with characterisation of etdgtic hydrogen charging regarding
electrolyte density, current, inhibitor and duratiof charging. Hydrogen embrittlement is
discussed with respect to the effect of ferritedrgsaze and steel microstructures. The four
tested microstructures are: as received X70 strigh woanded ferrite-pearlite
microstructure; as received transfer bar of X7Celstgith quasi-polygonal ferrite and
granular bainite; normalised transfer bar of X70thwian equiaxed ferrite-pearlite
microstructure; and simulated HAZ microstructurahwcoarse bainitic ferrite laths and
M/A constituents.

The chapter reports the measurement of the ditiusibd residual hydrogen contents
using the mercury and melt extraction methods. dditeon, the role of microstructure
internal and surface damage (blistering) by hydnageliscussed.

The chapter concludes with an analysis of the patdirblisters and cracks based on the

results for EDS and X-ray mapping.
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5.1 Electrolytical Hydrogen Charging Parameters

5.1.1 Effect of charging time on hydrogen absorption

Curves for electrolytical hydrogen charging werdaoted to study the effect of
charging duration (Figure 5-1). No differencesha rate of charging were observed for the
X70 and MX70 TPB samples; and the charging rateshi® TPB HAZ samples were also
the same. However, the hydrogen charging curvéhisHAZ TPB samples was displaced
to shorter times that than that for the as-receieB samples (Figure 5-1). The hydrogen
content varied with charging time, reaching a maximvalue after about 5 hours of
charging, and then decreasing with further chargiigs phenomenon has been described
by several researchers as saturation of hydrogeheinmetal [4, 93, 223-225]. However,
although some researchers reported a decreasedinogan content after saturation [4,
225], others found no variation in hydrogen contaier saturation [93, 223]. For longer
times of charging, Dongt al[4] reported a drop in hydrogen content for X10Pefine
steel using an electrolyte of higher concentrati@an that used in the current study. These
authors attributed the decrease to the formatiobutibles on the sample surface which
hinder the permeation of hydrogen. Also since saspgboked slightly darker after
hydrogen charging, it could be suggested thatraftlm of oxide might prevent the further
entry of hydrogen after its appearance. The eftécthese thin films in reducing the
hydrogen entry to the steel is discussed in liteeaf226].

The difference in the charging rates between esived and HAZ TPB samples is
associated with the bainitic microstructure of tHAZ samples, whereas as received
samples have a ferrite-pearlite microstructure. Téter charging rates for the HAZ
samples could correlate with the increased tend&rdyapping in the bainitic ferrite plate
microstructure due to higher residual stresses echuby the displacive phase
transformation compared to the diffusional transfation to ferrite and pearlite
microstructure [178]. These higher residual stresseHAZ have been reported in the
literature [226] to reduce hydrogen permeation daliifusion coefficient because of
dislocations acting as reversible traps, slowingmdydrogen permeation. The X70 and

NTB consist of ferrite, while the HAZ consists ofnaixture of bainite and martensite.
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During both bainitic and martensitic transformatiotransformation strains are
accommodated leading to the increase in the deositislocations, thus the number of
trap sites for hydrogen is higher in such micradtites compared to ferrite/pearlite ones.
Consequently the diffusion rate will slow down ahé hydrogen concentration becomes
higher. Thus the effective diffusion coefficiente dower in HAZ compare to X70 and
NTB [126]. Escobart al. [227] also found that for electrolytical hydrogeharging of
martensitic microstructures the pick-up of hydrogemigher compared to ferrite-pearlite
microstructures of the same steel composition anthe same charging time .

Charging was focused on achieving 2 and 4 ppm dfdgen in the samples for
TPB testing in order to simulate the possible hgero pick-up during processing and
under in-service condition (Figure 5-1). It wasiraated from calibration curves that the
maximum hydrogen content of about 9 ppm for TPBeagived samples was reached in
about 5 hours; and that 20 and 90 minutes of chgrggne were required to reach 2 and 4
ppm, respectively. Correspondingly, for HAZ samptles charging times were 8 and 30
minutes. Although Donget al. [2] also reported about 5 hours to reach maximum
hydrogen content on charging of X70 pipeline stdékre is no evidence in the literature

for the charging times required to reach 2 andrm pgdrogen in X70 steel.

1

Hydrogen content (ppm)
O = N W e OO~ 0O O

0 5 10 15
Time of charging (hrs)

Figure 5-1 Hydrogen calibration curves for hydnogharging of TPB samples of X70 steel in as

received condition and for simulated HAZ samples.
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5.1.2 Effect of sample thickness and promoter (poison)

Arsenic based solutions are frequently used asomgter (poison) to delay the
recombination of hydrogen atoms to hydrogen gathersurface of the sample. The most
common arsenic solutions are NaAs@odium arsenite) [68, 228] and /&5 (arsenic
trioxide) [2, 11]. Figure 5-2a shows the resutis fiydrogen content determination using
melt extraction of samples of 0.25 mm and 1 mmkiess, and also for the 5 mm thick
TPB test samples, after electrolytic charging imdle SO, + 250 mg NaAs@solution
at 50 mA/cni for various times. Regardless of the sample tlésknthe hydrogen content
of the sample increased with time of charging uittireached saturation and then
decreased.

Figure 5-2a also shows that samples of differéitkhess not only exhibited similar
charging curves, but that there was no signifigifference in the maximum amount of
hydrogen that was absorbed in these samples ®@pn). This observation suggests that
the samples have absorbed the maximum amount obdpgd to the saturation limit of the
material [4]. However, the time required to reash maximum was slightly longer for the
thicker (5 mm) samples because of the longer tegeired for hydrogen diffusion into the

centre of the sample.

In contrast to the effect of sample thickness, acrease in concentration of
NaAsQ (promoter concentration), shifts the curves torgnacharging times as shown in
Figure 5-2b. In other words, similar concentragioof hydrogen are absorbed in the
samples for shorter times of charging. This efiedikely to be due to the action of the
promoter in preventing recombination of hydroge29R However, the maximum amount
of hydrogen absorbed remained almost the same #irm@responds to the amount of

hydrogen required to saturate the material.
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Figure 5-2 Hydrogen charging curves for X70 stéslthe effect of thickness on hydrogen pick up
and (b) the effect of inhibitors on hydrogen pigkio 5 mm thick samples.

5.2 Effect of Ferrite Grain Size

5.2.1 Effect of grain size on the hydrogen content

To investigate the effect of grain size on the u#ifble and residual hydrogen
contents, three ferrite grain sizes with the samearlge volume fraction were used.
Figure 5-3 shows the microstructure of the sampbesang three different average ferrite

grain sizes and pearlite volume fraction of abd&#1l

Figure 5-3 Ferrite-pearlite microstructures witkagite volume fraction of about 12% and average

ferrite grain sizes of (a) 14 um, (b) 46 um andl@) pum.

The diffusible hydrogen contents for these samm@sBmated by measuring the quantity of

hydrogen collected over mercury, are presented in
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, Which also lists the residual (trapped) hydrogeesent in these samples. The residual
hydrogen was measured by melt extraction after vamaf diffusible hydrogen. It can be

seen from this

, that the samples with an intermediate value @iraye ferrite grain size showed higher
guantities of diffusible, as well as residual hygkn, as compared to finer and coarser
grained samples. The larger value of diffusiblerbgen for the intermediate grain sizes
can be attributed to the dual role played by gtmuondaries as faster diffusion paths for
hydrogen transport as well as traps for hydrogerigée junctions and nodes. Ichimura and
Sasajima [115] worked on pure aluminium specimems faund that samples with an

average grain size (15mm) show higher diffusionffaments compared to samples with

finer or coarser grains. This finding is consisteith the data presented in

. According to Yazdipouet al [116], for ferrite grain sizes smaller than gf, the
diffusion of hydrogen being retarded by trappindigéirogen at nodes and triple junctions,
resulting in diffusion coefficient values that dease with decreasing grain size. Although
the effect of trapping decreases for larger fergtain sizes, so also does the grain
boundary area per unit volume and consequentlyngoaundary hydrogen diffusion is
limited, resulting in a lower diffusion coefficienThe finest (14um) grain size sample
showed higher residual hydrogen content compareithéocoarsest (12(0m) grain size
sample, due to its more efficient trapping of hypno by the larger density of triple
junctions and grain boundaries. The highest diffusioefficient at intermediate grain size
explains the highest total amount of hydrogen i1s 8ample. However, considering the
residual/total hydrogen ratios, there is a contirsudecline in ratio with increase in grain
size, which correlates with the reduction in gramoundary area and number of triple

junctions.
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5.2.2 Effect of microstructure on hydrogen diffusivity

Figure 5-4 shows the different microstructuresorggal in this chapter. The details
are explained in Chapter 4. Table 5-2 shows tfecebdf microstructure on diffusible and
residual hydrogen contents of the samples examifiegl. equiaxed microstructure showed
the lowest diffusible hydrogen content followed Ikthe banded ferrite-pearlite
microstructure, the quasi-polygonal/bainitic midrasture and finally the HAZ bainitic
ferrite microstructure. In contrast, the HAZ midrosture exhibited the lowest residual
hydrogen content followed by the equiaxed micragtre, the quasi-polygonal ferrite and
granular bainite microstructure and the bandedtéepearlite microstructure. Since the
residual hydrogen content reflects the trappingcieficy of the microstructure, it is
inferred that the interfaces of the fine lamellarlsde structure of the pearlite in the as
received strip provide strong trapping sites. Tharenhighly dislocated bainitic ferrite
structures evidently provide weaker traps which egease hydrogen under mercury and
contribute to the “diffusible” (mobile) hydrogen ment. Hence, the diffusible hydrogen
content is highest for the simulated HAZ microstuwe and lowest for the equiaxed
ferrite-pearlite structure. Other microstructurghtures can also contribute to trapping and

affect hydrogen diffusion as discussed below.

Table 5-1 Measured amounts of diffusible and redichydrogen in X70 as a function of ferrite

grain size .
14 um 46um 120um
Grain size H H H
Diffusible (ppm) 29+0.3 9.05+ 1.6 429+ 0.02
Residual (ppm) 1.5+0.1 3.2£0.42 0.730.3
Residual / Total 34% 26% 15%
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Figure 5-4 Microstructures of steel samples ingastd: (a) as received transfer bar of X70 steel
with quasi-polygonal ferrite and granular baini{p) normalised transfer bar of X70 with an
equiaxed ferrite-pearlite microstructure; (c) asereed X70 strip with banded ferrite-pearlite
microstructure; and (d) HAZ microstructure with csm bainitic ferrite laths and martensite-

austenite (MA) constituents.

Table 5-2 The effect of microstructure on diffusiand residual hydrogen contents in X70 pipeline

steel
Diffusible Residual 10 2.1
X70 Dy (x 107 m“s7)[182]
Hydrogen (ppm) |Hydrogen (ppm)
Strip (banded F-P) 3.61+0.8 3.02 £ 0.07 3.0207 0.

TB(F + BF) 3.57+04 1.77+04 487 £0.74

NTB (Equiaxed F-P) 2.9+0.3 1.5+0.1 5.66 +0.23
HAZ (BF+M) 6.29 £ 0.8 1+0.1 -
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Features that affect the diffusion of hydrogenerrife-pearlite structures are grain
boundaries, ferrite-pearlite interface, precipitptaticles, inclusions and dislocations. Of
these, the boundaries between ferrite-pearlitefates were found to be the main trapping
sites by Hardieet al. [230]. The microstructures investigated here wadtebtained from
the same steel at different stages of processihgrefore it can be assumed that the
inclusion content is approximately the same forth# microstructures. However, the
volume fraction of carbonitride precipitates in that rolled strip is expected to be higher
than in TB due to the thermo-mechanical processirige steel. As reported by Yazdipour
et al. [116] and also discussed in chapter 2, the trapmffect of grain boundaries
increases with a decrease in grain size.

The hot rolled strip with bands of pearlite in arite matrix has a finer (14 pm
compared to 46m) average grain size than the xeepliaicrostructure. Further, it also has
a larger fraction of ferrite-pearlite interfaceddararbonitride precipitates compared to the
normalised sample as discussed in Chapter 4. Tdrerethe combination of all of these
factors promotes trapping of hydrogen in the barfdette-pearlite structure, giving rise to
a larger amount of residual hydrogen than thahendquiaxed microstructure. In spite of
this, it displays a relatively high amount of ddfaole hydrogen, which can be explained as
follows. The hot rolled strip transforms at a rgfally low temperature resulting in
dislocations generated to plastically accommodate ttansformation volume change.
These dislocations act as reversible traps whidkases hydrogen on standing under
mercury to contribute to the measured diffusibldriogen content.

It has been suggested by several researchers [96(5981] that, in a banded
structure, the dominant diffusion paths for hydmogee ferrite layers, the ferrite grain
boundaries and the ferrite-pearlite interfacesarlRe, when present as individual/separate
blocks in a random F-P structure, can also redoeartobility of hydrogen. Further, Tau
and Chan [59] showed that diffusion is faster imaaded pearlite microstructure when the
banding is parallel to the direction of hydrogefiudion as compared to a random ferrite
structure, since hydrogen can diffuse undisturbedgathe ferrite bands. Based on the
above, the larger amount of diffusible hydrogeneobesd in the banded structure correlates

with the relatively high calculated diffusivity. M@ver, these results contradict the results
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of permeability measurements by Heigal. [182] which indicated a higher diffusivity for
the normalised sample compared to the sample vatiddd structure. This difference
arises because the banded pearlite structure fongadbility measurements [3] was
perpendicular to the direction of hydrogen diffusidherefore, the sample showed a lower
diffusion coefficient, consistent with the resutis Tau and Chan [59]. In the case of
diffusible hydrogen measurement, prior hydrogenrging was conducted parallel to the
direction of banding in the microstructure. Therefoa pathway was present for easy
diffusion along the ferrite layers and the measus=idual content of diffusible hydrogen

was higher

The diffusible hydrogen content of the microstruetwcomprising a mixture of
guasi-polygonal ferrite and bainitic ferrite wamakt the same as that of the banded ferrite
microstructure and is in between that of the ecpdaferrite and the bainitic ferrite
microstructures. In addition to the quasi-polygofeatite grains being significantly finer
than the ferrite grains in the equiaxed microstrest this microstructure has a higher
density of dislocations than the normalised equdawecrostructure. Both these factors
affect the amount of diffusible hydrogen.

The HAZ microstructure showed the highest amourdififisible hydrogen and the
lowest quantity of residual hydrogen which suggéséspresence of only weak reversible
traps. This is consistent with the structure of H&Hich comprises of bainitic ferrite laths
with a high density of dislocations. The bainiterrite laths are easy paths for hydrogen
diffusion and the dislocations act as weak, retdgsiraps and facilitate the diffusion of
hydrogen compared to ferrite-pearlite interface$jctv irreversibly trap hydrogen and
retard hydrogen transport. Since weak traps ddalok hydrogen permanently, the residual
hydrogen content is also low.
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5.3 Role of Microstructure In The Internal And Surface Damage

5.3.1 Blister formation (surface damage)

Blisters observed on the surface of the samplakeotlifferent microstructures are
shown in Figure 5-5 to Figure 5-7. These blisegspeared on the surface of the samples
having different microstructures after differeninéis of charging. The dependence of
blisters on charging time is also supported by rspm the literature [92, 93, 231]. For
example, blisters appeared in the banded ferriéehpe microstructure (Figure 5-5 and
Figure 5-6) after charging for 1.5 — 2 hours asnghin Table 5-3. In the case of the quasi-
polygonal ferrite with bainite microstructure bést were present after charging for 15
hours (Figure 5-7a and b) and after 3 hours farizegd ferrite-pearlite microstructure
(Figure 5-7c and d). For the HAZ microstructurewiver, no blisters appeared even after
charging for 24 hours.

Table 5-3 Blister formation time in different mitructures

1 N I I I O D O B O B
Tiiis (hioiies) 123 6 7 8 910 11 121314 15 16 1718 192021 22 23

F-P (Banded)

Equiaxed F-P

Quasi polygonal
ferrite

Bainitic ferrite +

Martensite (HAZ)
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Figure 5-5 Blisters along directions parallel tacrostructural bands in 1 mm thick sample after

charging for (a) 2 hours and (b) 3 hours; andr{®).25 mm thick sample after 3 hours charging.

Figure 5-6 Blisters along banded ferrite-peanégardless of sample cutting orientation in respect
to the rolling direction.
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Figure 5-7 Appearance of blisters in1 mm thick gke® with a structure of quasi-polygonal ferrite
and granular bainite after charging for (a) 15 @md17 hours; and samples with a structure of

equiaxed ferrite-pearlite after charging for (d)&irs and (d) 5 hours.

5.3.2 Blister morphology and distribution

Renet al. [85] have reported that blisters form parallelth@ rolling direction.
Consistent with this conclusion, Figure 5-5 shdtest the blisters in the banded ferrite-
pearlite microstructure are parallel to the rollisigection of the sample. However, in the
other samples, the rolling direction is not domadktas they were subjected to subsequent
heat treatments or only low level of hot deformatitor TB sample (Figure 5-7).
Moreover, blisters in all the other microstructuresre circular or oval in shape, whereas
those in the banded structure were mostly oval wiiny of them being large with high
aspect ratios. This oval shape is reported initeeature for bainitic and pearlitic steels and
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described as having a bubble-like shape [227].s@tent with the observations by
Escobaret al. [93], it was also found that for samples othantlthose with a banded
structure, at early stages of blisters appearartoenvonly a few blisters were present,
blisters were typically located near the edgethefsample, but at later stage when many
blisters were present, blisters distributed unifigriover the sample. These observations
indicate that the hydrogen content is higher némr $ample edges and that blisters
preferentially form in these regions, Figure Sttould be speculated that more hydrogen
could be accumulated faster close to the surfagefedt trapping sites during the charging
than within the sample due to the diffusion-coréInature of the process.

It was also found that when the samples were clali@elonger times at the same
current density, the number of blisters increasgdifscantly. This result correlates with
more hydrogen entering the sample and creatingniateracks that act as reservoirs for
gaseous hydrogen and increasing the internal pegsstich is relieved in part by bulging
(blistering) in surface regions and the developnoéisurface-breaking cracks [93].

The shape and size of the blisters was found todependent of the charging time
but dependent on sample thickness. Figure 5-8 slibes effect of sample thickness on

blistering.

Figure 5-8 Effect of sample thickness on the fdfoma of blisters in samples with an equiaxed F-P
microstructure after 3 hours charging at the sameent density: (a) 1 mm and (b) 3 mm.
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Thinner (Imm) sample showed blisters after 3 haifrgharging while thicker
(3mm) sample did not show any blisters for the satmrging conditions. This effect is
likely to be due to the greater sample volume abéaél to accommodate the solute
hydrogen and therefore insufficient local hydrogeancentration to create cracks and
build-up of hydrogen gas pressure [11, 92, 93, BRjure 5-5b and c also show the effect
of sample thickness on blisters with banded fepéarlite microstructure. It is evident that
blisters in the thinner (0.25mm) sample are smdlian in the thicker (Lmm) one. As both
samples were charged at the same current derfgtyhinner sample accumulated a higher
hydrogen concentration than the thicker sampldHersame charging time, leading to the
activation of a larger number of crack initiatiotes. As a consequence, more and finer
blisters were formed. The secondary electron imagésgure 5-9 and Figure 5-10 show
the surfaces of blisters. These SEM images arelasinio those reported by other
researchers [11, 92, 93, 98]. When hydrogen atorastrapped near the surface at
inclusions and micro-voids, the concentration caildbup to a critical level and cause
hydrogen cracking.

10 62 SEI 20kV X400 50 10 56 SEI

Figure 5-9 SEM micrographs of blisters in equiakel microstructure after 17 hours electrolytical
hydrogen charging: (a) low magnification view ofrga and small blisters; and (b) higher

magnification view of the smaller blister.
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i - |
X33  500pm 10 50 SEI 20kV X230  100pm 10 40 SEI

Figure 5-10 Blisters formed in a sample with a deth F-P microstructure at different
magnifications after 2 hours electrolytical hydrogsarging.

The voids produced can act as reservoirs for hyarogolecules that form by
recombination of atomic hydrogen. When the intepnessure caused by the hydrogen gas
molecules is greater than the yield strength oftkel, the steel deforms plastically to form
blisters at the steel surface. Entry of more hydromto the metal results in formation of
more hydrogen molecules and increases the gasupeessder the blisters. Eventually
hydrogen cracking propagates to the surface ardbedblister, causing rupture of the
blisters and attenuating the local internal stf232].

There is still much debate on the role of hydrogerrack and blister formation
and several mechanisms have been proposed andsbsiciMost of them are based on the
internal pressure theory suggested by Zapffeal. [53], which propose that hydrogen
atoms combine into hydrogen gas molecules at or tiesa interface of second phase
particles and the metallic matrix. The hydrogen enales cause a pressure build-up and
induce microcracks. The propagation and connectbrthese microcracks leads to
macroscopic cracks in which hydrogen gas pressureases, followed by the formation
of the hydrogen blisters. Hydrogen cracking in temtres of samples is less likely to
produce blistering because of its remoteness frenstrface.
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5.3.3 Evaluation of hydrogen induced cracking

For pipelines intended for sour gas or oil transpdtC testing in accordance with
NACE procedures is mandatory. Maximum values fackrsensitivity ratio (CSR), crack
length ratio (CLR) and crack thickness ratio (CTR)st be determined and recorded. In
order to calculate these values, metallographidciseng was used to assess the HIC
susceptibility with the results being recordedantis of CSR, CLR and CTR as defined in
Figure 5-11 and equations 5.1 — 5.3[60, 233].

__ 2axXbx100%

Crack Sensitivity Ratio (CSR) = =—— 5-1
WXT

Crack Length Ratio (CLR) = W 5-2

Crack Thickness Ratio (CTR) = m 5-3

wherea is the length of the rectangular field containinige crack,b is the width of the

rectangular field around the cradk,is the length of the sample amds the sample width .
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Figure 5-11 Crack parameters used to calculatk gansitivity [60] for the two transverse sections
A and B.

The results for section A are presented in Tabde Bhe banded F-P microstructure
showed the maximum CLR, which indicates that craaeslocated parallel to the sample
surface. This is due to the orientation of the lteabands parallel to the rolling direction.
The equiaxed F-P microstructure yielded the maxin@iR due to the random orientation

of the recrystallised ferrite grains and the presesf more cracks at an angle to the sample
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surface. The banded F-P microstructure showed @émum CSR which indicates more
crack affected area under the surface. Kushida][234died hydrogen induced cracks in
X80 pipeline steel and found that the acceptald&imum values of CLR, CTR and CSR
are 15%, 5% and 2%, respectively. According to &abl4 the values, the banded F-P
microstructure experienced the most severe hydragaoking damage as it had the
maximum density of cracks in the bulk sample aso #he strongest orientation of cracks
parallel to the rolling direction. The values raded are far higher than the maxima
proposed by Kushida [234] because the samples sdgect to prolonged electrolytic

hydrogen charging.

Table 5-4 Crack sensitivity results for differenicrostructures on section A

Specimen CSR| CLR CTR
(%) (%) (%)
F-P (Banded) 4.6x1.2| 67.243.5 8.9+1.4

Ferrite + Bainitic ferrite | 3-8+1.5| 55.244.6 13.2+2

Equiaxed F-P (14m) 29+1 | 48+3.2| 14.3%]

5.3.4 Evaluation of crack formation

It has been reported that the HIC that leads toirthiation of blisters occurs at
trapping sites such as grain boundaries and itesfédetween the matrix and inclusions/
second phase particles [235, 236]. Real [85] proposed a mechanism for formation of a
cavity that involves the aggregation of hydrogemnmat and vacancies at trapping sites to
form a “blister nucleus”, followed by cracking dtet surface of the cavity due to the
internal hydrogen pressure when the blister nuclgusvs to a critical size. This
subsequently leads to the blister formation on seface of the sample. Several
publications [4, 81, 85, 98, 118] have shown thetosd phase particles are the most
common nucleation sites for cracks that resulbimmition of internal cavities while others

[237] believe that second phase particles are motalasolute prerequisite for crack
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initiation. The mechanism of propagation of hydmogeduced cracks in different

microstructures is presented and discussed below.

Cross-sections of a banded ferrite-pearlite saroptgaining a surface blister are
presented in Figure 5-12. It is evident from th@sages that hydrogen charging has
resulted in internal damage in addition to the fation of surface blisters. Several
hydrogen induced cracks can be seen below theceuofethe blister. Figure 5-12a shows a
blister and some cracks formed close to the suidatiee edge of the blister. In addition, a
long crack, parallel to the rolling direction, ieepent at a depth of about 1M from the
surface. Escobaat al. [93] have also reported HIC cracks below surfalcsters in samples
of industrial multiphase steels. They suggestedl tthex cracks initiated inside the sample

and propagated to the surface in order to reldesaternal pressure.

A slightly magnified image of the tip of this craokveals that the crack is along a
pearlite band. Magnified images shown in Figurg2%e) and (d) of this region reveal that
there is preferential cracking along the bands aiairtg pearlite colonies. However, in
Figure 5-12b it is clear that the crack has praped) partly through a pearlite region,
suggesting that the cracking can occur also alanmdaries of pearlite colonies. Similar
observations have been reported by Albarearal. [238], Lee and Chan [60] for the
banded ferrite-pearlite structures. Three carbioleitprecipitates (indicated by arrows) are
also indicated in Figure 5-12c and d. Figure 5gt8sents the EDS analysis of two
inclusions in Figure 5-12d, which indicates tHag fparticles are Nb and Ti-rich and are
probably NbTi carbonitrides. The elemental mappahghe inclusion in  Figure 5-12(c)
also reveals that it is a Ti or Nb carbonitridesacking was not specifically associated
with these carbonitrides, as they are located atesdistance from the observed cracks.
However, it should be remembered that these figarestwo-dimensional and it is not
known whether crack could be associated with cathde/matrix interface somewhere
below the surface. Although, it was reported in fiierature [11] that Nb and Ti
carbonitrides are not preferential sites for hyerotgapping (or less preferential) compared

to oxides and oxysulphides.
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20kV X300 50um 20KV X1,800 10pm

20kV  X3,500 5pum 10 50 SEI 20kV X6,000 2pm 10 50 SEI

Figure 5-12 Cross-section of F-P structure withdeal pearlite grains under a surface blister: (a)
general view showing the raised surface due tddimation of a blister and (b, ¢ and d) details of

microstructures below the blister shown at diffémmagnifications). Arrows indicate particles.
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Figure 5-14 Elemental mapping corresponding tauféigs-12(c) showing that both particles are

Nb-rich and the lower one is also or Ti-rich.

116



Chapter 5: Hydrogen Uptake During Electrolytical Charging

Figure 5-15 shows HIC under the surface blisteamn equiaxed ferrite-pearlite
microstructure. Again the blister and cracks belbware clearly visible in Figure 5-15a.
Moreover, the cracks in this microstructure appdeabe closer to the surface than those
observed in the banded F-P microstructure. Figdi&b is a magnified image of the large
crack shown in Figure 5-15a. An inclusion markeathvan arrow is also seen close to the
crack. The cracks in Figure 5-15c are associatddaMarge inclusion (~ 1Qm) which is
located at the site of a branch crack, approximpatetmal to another the crack extending
on either side of the particle. EDS analysis (Fegbr16) of this inclusion and another
inclusion close by indicated that they are oxidéAband Ca. Figure 5-17 shows the
elemental mapping of these inclusions. Decohesamoccurred around the large particle
and cracking could have initiated at this site te&tended in two main directions due to

the local stress state.
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Figure 5-15 Cross-section of equiaxed F-P micuattire under a surface blister: (a) general cross
section view showing cracks, (b) higher magnifisatof a large crack with an inclusion close to

crack marked with arrow and (c) an inclusion (ardjvassociated with transgranular crack.
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Figure 5-16 EDS analysis of inclusion shown byahew in Figure 5-15c.
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———— 30 pm CK C——=30um Al K

Figure 5-17 Elemental mapping of three inclusionthe equiaxed F-P microstructure showing Al

and Ca as main inclusion elements in two of thkigions.

Figure 5-18 is the cross-section of the granudanibe sample charged for 17 hours.
Again the hydrogen induced cracks in this micragtite are quite close to a surface
blister, unlike in the banded ferrite-pearlite rogtructure. The cracking in this
microstructure appears in some cases to followté&A islands interfaces, as well as
possibly prior austenite grain boundaries. Theral$® one crack which started from an
inclusion (Figure 5-18b). The elemental mappind BDS analysis of this inclusion shows
that that it is an oxide of Al and Ca. The highemmber density of reversible traps for
hydrogen in this microstructure (dislocations, fin@crostructure and high grain boundary
area) spreads hydrogen atoms more homogeneously reahaces local hydrogen
concentration. Hence the probability is lower foc@mulation of hydrogen in a particular

site to cause cracking, pressure build-up anddolfsrmation.

Salehet al.[239] carried out trace analysis on the same ssamples used in this
work. The results of trace analysis showed thaisgeanular cracking was observed on the
cleavage {001} planes and on {110}, {112} and {123lip planes, without a clear
preferential trend. Branching of HIC also followd same crystallographic planes. They

analysed the grain orientations and found thatetlvesis no preferential orientation for
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crack development in grains with the same crackneplarhey also found that the
susceptibility to HIC decreased in the microstroesuwith higher fraction of low angle

grain boundaries, as low angle boundaries were shtiwarrest crack propagation.

e A e -

20kV  X2,500 10pm 10 50 SEI

Figure 5-18 Cross-section of granular bainite pstucture under a surface blister: (a) general
cross section view showing small blisters, (b,>@maples of cracks at higher magnification and (d)

higher magnification of cracks forming a triple gtion.

120



Chapter 5: Hydrogen Uptake During Electrolytical Charging

o0l

B

4300 —

4000 —

3200 —

Counts

2400 —

1800 —

200 —

— CaFa

:

1
o.og lon 2.00 .00 4.00 .00 G.00 T.00 g.00 .00
LeW

Al K ﬁ '. CaK
Figure 5-20 SEM micrograph of inclusion in Fig&-48b showing crack initiation at Al, Ca oxide

(a) with corresponding X-ray maps of Fe (b), Aléod Ca (d).
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5.3.5 Effect of grain size on cracking

In order to investigate the effect of grain sizecoacking, SEM images were taken
from a cross-section containing a surface blistean equiaxed F-P microstructure with
average ferrite grain size of 46 um (Figure 5-F0r a grain size of 120 um almost no
blisters were observed in cross sections despéeptlsence of grain boundary cracks
(Figure 5-23). The samples were charged with hyeino under the same charging
conditions (current density and time). ComparinguFé 5-21 and Figure 5-23 with
Figure 5-14, there was almost no blistering effecequiaxed F-P microstructure with
average ferrite grain size of 120um, while theres Wwhstering in both the 14 and 46 um
samples. The cracking seems to have occurred prgfgity along boundaries
perpendicular to the surface in equiaxed F-P mianogire with average ferrite grain size
of 120um. It is possible that these grain boundapi®vide easy hydrogen migration paths
to the surface where effusion can occur. Theséesoare unavailable for the finer P/F
structures, and thus subsurface cracks expandadbgdrogen filling, leading to surface
bulging. The CSR, CLR and CTR values for the 463ample in section A are presented
in Table 5-5. These results suggest that compaithdthe 14 um sample, there is a higher
crack density underneath the blister surface indhgeim sample and the cracks are also
more open. The cracks in the 46 um microstructieeevalso generally closer to the blister

surface than for the 14 pm samples.

Table 5-5 Crack sensitivity results for equiaxeB Btructure with average ferrite grain sizes of 14

and 46 um (section A)

Specimen CSR CLR CTR

Equiaxed F-P (4fim) 3.7¥2 | 50.4+6.2| 25.3+1.B

2.9%1 48+3.2 14.3+1

Equiaxed F-P (14m)
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X170  100um 22 48 SEI 22 48 SE|

X650  20pm 22 48 SEI 20kV X600  20pm 22 48 SEI

Figure 5-21 Cross-section of equiaxed F-P micoostire with 46 um average ferrite grain size
under a surface blister. (a) General cross-sedfi®n showing cracks close to blister surface, (b)
higher magnification of a crack, (c, d) triple jaioas of intergranular cracks. Arrow in (d) shows

an inclusion in the crack.
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Figure 5-22 EDS analysis of inclusion shown by #mow in Cross-section of equiaxed F-P
microstructure with 46 um average ferrite grainesimder a surface blister. (a) General cross-
section view showing cracks close to blister swfdb) higher magnification of a crack, (c, d)

triple junctions of intergranular cracks. Arrow(i) shows an inclusion in the crack.
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Figure 5-23 Cross-section of equiaxed F-P micoostire with 120 um average ferrite grain size

under a surface. (a) General cross section viewisigono blisters, (b) higher magnification.
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5.4 Conclusions

* The hydrogen charging experiments demonstratedtikabtal amount of hydrogen
in the charged sample increased during electrotjtarging until a saturation level
was reached and then the hydrogen content decreased

* For the same charging conditions (charging timecteblyte, current density and
sample geometry) the equiaxed microstructure showed lowest diffusible
hydrogen content followed by the banded ferriteritea microstructure, the
granular bainite microstructure and finally the HAZinitic ferrite microstructure.
In contrast, the HAZ microstructure exhibited thewést residual (trapped)
hydrogen content followed by the equiaxed micragtre, the quasi-polygonal
ferrite with bainite microstructure and the banékdite-pearlite microstructure.

* The experiments revealed that accumulation of hyeinaat trapping sites inside the
material produced during electrolytical charging, the absence of externally
applied stress, led to the formation of micro-ceawkthin the samples and blisters
on the surface.

* The results support the hypothesis that grain baxies can exert opposing effects
on the diffusivity of hydrogen atoms and that thghlest diffusible and residual
hydrogen is expected for an intermediate grain Gt4é um).

* No blistering was found for the HAZ samples aftéridurs of hydrogen charging.
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6 EFFECT OF HYDROGEN ON FRACTURE
TOUGHNESS

This chapter begins with the TPB test results. [Dael-line displacement plots from
different steels are presented. The TPB tests pledollowed by calculation of the J-R
curves. In addition, the fracture surface analysiag SEM is described.

The chapter closes by discussing the effect ohggiie, microstructure and precipitates on

the fracture toughness of the tested steel.
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6.1 Three Point Bend Test Results

The load=displacement curves obtained during thig fEBts carried out according to
ASTM EB813 [139] are shown in Figure 6-1 for undedt and charged steels. The crack-tip
energy (J) was calculated from the area underdhd-tlisplacement curve at successive
unloading points, and plotted against the crackresion Aa) at these points.

Figure 6-2 and Figure 6-3 present the J-Resistdd€dR) curves (J-based fracture
resistance curves) for all samples, before and &ftdrogen charging. The calculategl J
values are plotted in Figure 6-4. The values @fddcreased with increasing hydrogen
content in all cases with the decrease being appedrly linear (Figure 6-4). Assuming a
linear relationship between J and hydrogen contéet,gradients (in MPa.m/ppm H) for
X70 and MX70 are approximately -23 and -19, redpelyt -15 for the normalised transfer
bar sample and -27 for the simulated HAZ sampldzotti steels.

The hot rolled X70 samples clearly exhibited thghleist fracture toughness in as
received condition (Figure 6-2 and Figure 6-4)eT values for the normalised transfer
bar showed a similar dependence on hydrogen cortenthe magnitudes of the values
were considerably lower than for the hot rolledpstFigure 6-4. Comparison of thg J
values for the standard and medium Mn strips (igbh2, Figure 6-3 and Figure 6-4)
indicates that the uncharged and charged MX70 ssnpkre slightly, but consistently
lower than those for the X70 strip.

The simulated HAZ structures of the X70 and MX78et showed significantly
lower L, values than those of the hot rolled strip steEese results demonstrate that there
was a significant reduction in the toughness ohlxitels when the fine grained ferrite-
pearlite structure of the hot rolled steels wadawgd by a coarse bainitic ferrite structure
with layers of austenite or martensite that wasdpeced by transformation of coarse

austenite grains.
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Figure 6-1 J-R curves for (a) NTB, (b) X70, (c)XXHAAZ, (d) MX70 and (e) MX70 HAZ
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Figure 6-2 J-R curves for X70 samples, before aiftel charging to 2 and 4 ppm hydrogen: (a)
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Figure6-4 Variation of 4 values with hydrogen content for the tested sasaple

6.2 Fractography

The fracture surfaces of the TPB samples weralhjitstudied optically and later in
more detail by SEM to analyse the effect of hydrogeow magnification views of the
fracture surfaces are shown optically in Fige#® and by SEM in Figuré-6 .

The fracture surface immediately after the fatigeeck changes from mostly ductile

in as-received samples to mostly brittle in hydregbarged samples.

Figure6-5 Fracture surface of as-received (bottom) amttdgen charged (top) samples.
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X17 X17

Figure 6-6 SEM images of the cross section oftfiracd TPB samples (a) as-received sample and

(b) hydrogen-charged sample.

Typical SEM images of the fracture surfaces ofribemalised TB and the two hot
rolled strip steels, before and after charging, @esented in Figure 6-7. The uncharged
samples exhibited features characteristic of dudtihicture, such as shear dimples and
microvoids, (Figure 6-7d and g) [105, 240, 241bwéver, the hot rolled X70 and MX70
strips exhibited a combination of dimples and mioids, whereas the normalised transfer
bar sample showed only elongated dimples withoyt @icrovoids, Figure 6-7a. The
fracture surface of the MX70 sample presented gufé 6-7g contains a large inclusion
within a large shear/tear dimple.

On charging with 2 ppm hydrogen, the normalisechdfer bar and X70 strip
specimens showed mixed mode or quasi-cleavageifeadiut with cleavage dominating in
the case of normalised transfer bar (Figure 6ank) elongated dimples without microvoids
being a significant feature of the X70 strip (Figu-7e). Furthermore, transverse cracking
(cracking perpendicular to the main crack growtrection) was evident in the fracture
surface of X70 strip, an effect that was correlatéth microstructural banding of pearlite
grains parallel to the rolling direction of theigtrWith an increase in the hydrogen content
to 4 ppm, the fracture appearance of both the nissedhtransfer bar (Figure 6-7c) and X70
strip (Figure 6-7f) samples exhibited cleavagectfree with facets containing river
markings and shear steps or ridges between facets.

The MX70 strip, on the other hand, showed predonilpeelongated shear/tear
dimples on charging with 2 ppm H (Figure 6-7h)daa fracture surface comprising
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microvoids and dimples, as well as cleavage faoetd ppm hydrogen (Figure 6-7i). The
charged and uncharged MX70 samples consistentlyveshoinclusions either within
dimples or at centres of cleavage fracture regions.

From the fractographs shown in Figure 6-7, itviglent that the facets observed in
the normalised transfer bar samples are coarserttioge in X70 and MX70 strip samples.

This difference is likely to arise from the coarderrite grain size in the normalised

transfer bar samples.

Figure 6-7 SEM fractographs of fracture surfacefte and after charging with hydrogen: NTB -
(@), (b), (c); X70 strip - (d), (e), (f); and MXE&rip - (g), (h), (i).
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Figure 6-8 SEM fractographs of fracture surfacefote and after charging of the simulated HAZ
samples: X70 - (a), (b), (c); and MX70 - (d), (&),

Figure 6-8 shows fractographs of simulated HAZ glashof X70 and MX70, before
and after charging. The uncharged MX70 HAZ samplgure 6-8d) exhibited a quasi-
cleavage morphology with evidence of dimples, mioids and cleavage facets; whereas
only dimples and microvoids were observed for thecharged X70 HAZ sample
(Figure 6-8a). Shear dimple regions of the fraauiX70 HAZ samples also showed
remnants of fine microvoids that had coalescedréalyce coarser shear dimples that were
20-50 um wide. The presence of 2 ppm hydrogen (Figurd &8d e) resulted in similar
guasi-cleavage fracture morphologies in both sitedldAZ samples: cleavage facets and
regions of microvoids. With 4 ppm hydrogen (Fig@&8c and f), both steels exhibited
large cleavage facets separated by shear stepgsamitiges.

6.3 Discussion

Microstructural features such as reversible aneversible traps present in the steel
reduce the mobility of hydrogen towards regionstoéss concentration ahead of the crack
tip and thereby influence the susceptibility of gteel to HIC. However, if the hydrogen
concentration in the traps increases above thigaritalue for crack initiation, then traps
can act as crack initiation sites. These sites‘tayger” cracking in the stress concentrated
zone ahead of the crack front [242, 243]. Micrcfuses around large inclusions were
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observed in the present work and it is inferred {haticle decohesion is induced by
trapped hydrogen, producing sharp cracks and a $tess concentration high enough to
promote crack extension by cleavage or void growalound the particle. These “pre-
cracked” regions become incorporated in the crackase on propagation of the crack
front [242, 243].

The type, amount, size and distribution of trageafthe HIC susceptibility of the
steel remarkably [2]. The observed differences racttire toughness of the different
samples studied here are discussed below in terimsheo effects of grain size,

microstructure and the type and distribution ofcjpiates.

6.3.1 Effect of grain size

It is well established that grain refinement of atetand alloys increases the
fracture toughness. Consequently, the finer graga ef the X70 strip in the uncharged
state results in a higheg Jalue compared with the coarse grained NTB. Funtbee, it
has also been reported that grain refinement ingerdive resistance of materials to HIC [8,
244, 245]. However, when hydrogen is introduced thte material, grain boundaries can
either increase the hydrogen diffusion rate [110}1dr decrease it by acting as reversible
hydrogen trapping sites at the nodes [115]. Asgtan size decreases, the mobility of
hydrogen increases because of a larger grain boyadea per unit volume, but the higher
density of nodes or junction points can act asmg@tktraps for hydrogen atoms and lead to
a reduction in its overall mobility. As a result thiese two opposing effects, the hydrogen
diffusion coefficient will be a maximum at an optim grain size, as pointed out by
Ichimura [115]. Since the most significant microstural difference between the NTB
sample and the X70 strip was the ferrite grain,sizis likely that in the coarser structure
less hydrogen in trapped in nodes and junctiontpdacilitating a higher hydrogen flux to,
and build up in, the stress concentrated zone abete crack tip, thus facilitating crack
propagation. The fine grained MX70 sample also leixdl higher d values than the NTB
sample, before and after hydrogen charging.

It is also well known that dislocations can actedfective traps for hydrogen,
thereby reducing the mobility of hydrogen atomserEfiore, the lower dislocation density
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of the ferrite-pearlite microstructure of the nofised transfer bar sample would also be
expected to allow faster diffusion of hydrogen émd its accumulation in, the stress-
concentrated zone ahead of the crack tip. Furtheravailability of hydrogen atoms would
be likely to facilitate hydrogen build-up in patéfdefect traps in close proximity to the
crack front. Permeation experiments [182] confifmattthe diffusivity of hydrogen is

higher in the normalised transfer bar steel congdoethe X70 strip. Decohesion or
particle cracking would occur when the H concemdratand local stress reached critical
values. Therefore, in terms of microstructural dast the lower fracture toughness of the
NTB sample in the charged state can be attribudede combined effect of coarser ferrite
grains and lower dislocation density. The relativébw fracture toughness in the

uncharged condition is considered to be a gram aitect.

6.3.2 Effect of microstructure

The uncharged and charged X70 strip samples egdilsiightly higher g values
than the MX70 samples. A possible contributingdatd this result is that more significant
ferrite-pearlite banding was observed for the Xit(psFrom electrochemical permeation
experiments on ferrite-pearlite banded structuf@san and co-workers [59, 60] have
shown that the effective diffusivities of hydrogam specimens where the banding is
perpendicular to the direction of hydrogen entryams order of magnitude lower than in
those specimens where hydrogen entry is along irextbn of banding. Since the
direction of the loading in the hot rolled X70 ptrwas perpendicular to the banded
structure, reduced mobility of hydrogen towards ¢heck tip could have contributed to a
higher toughness value in charged samples competedhe MX70 strip, which did not
show any evidence of banding.

Although the g values in the presence of H were higher for th® X@mples,
fracture propagation occurred predominantly by \cea. Despite this “brittle” mechanism
of cracking, more energy was evidently consumethéncrack extension process than for
the MX70 samples, which were ostensibly more “dettiwith the dominance of
microvoids and shear dimples. Beachem’s princ[p®], that H induces cracking by
facilitating the mechanism to which the microstuwetis most susceptible, is relevant to
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these observations. This principle underpins sulesgigdevelopment of two general
mechanisms for hydrogen embrittlement: hydrogenaeoéd local plasticity (HELP)
model [246]; and hydrogen enhanced decohesion (HED&del [246]. It is therefore
concluded that the lower shear strength of the MX@nd the presence of hydrogen
facilitates dislocation motion (local plasticityhat contributes to the formation of
microvoids and shear dimples, in association wileathesion/crackingf inclusion and
precipitate traps. In comparison with relativelyasg” dislocation movement in MX70, the
significantly higher solute Mn content in the X76udd restrict dislocation mobility to the
extent that, after fracture initiation by partialecohesion, crack propagation occurs by
cleavage, albeit with a higher expenditure of epefidne role of particles is discussed in
the following section.

The simulated HAZ microstructures of both samplesscsted predominantly of
coarse bainitic ferrite laths separated by marterwi retained austenite layers. Fracture of
bainitic steels along lath boundaries has beenrited247, 248] and the martensite or
retained austenite layers are known to provideatniin sites for fracture because of its
high hardness and crack susceptibility [249].

When the samples are charged with hydrogen, thetisdiath boundaries can trap
large amounts of hydrogen [125]. Arafin and Szpuf2#7] have observed extensive
cracking in bainitic microstructures and suggestt tthe accumulation of a significant
amount of hydrogen at the bainitic lath boundaci&s eventually lead to the separation of
these interfaces and result in cracking when trdrdgen concentration reaches a critical
value. Therefore, in the presence of hydrogen,aapon of transgranular cleavage cracks
can be facilitated by the presence of bainitic latterfaces, although the cracks may
initiate at local MA regions in the bainitic feeistructure [247].

The low & values recorded for the simulated HAZ samplesaacensequence of
the coarse prior austenite grain size, the formatib relatively coarse laths of bainitic
ferrite, the presence of elongated MA islands, kiigh hardness of these structures
(Figure 4-16), and the low resistance to crackagation along lath boundaries in both the
charged and uncharged conditions. The more HIGtagsi structures of the parent X70 or

MX70 steels consisted mainly of polygonal or quaaliygonal ferrite.
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The ferrite laths formed in the X70 HAZ sample wérer than those present in
MX70 HAZ (Figure 4-15 a and b), because the hidiedenability of the X70 steel (see
CE (1w) values in Table 1), resulted in transformatiorconling over a lower temperature
range. Nevertheless, the) Yalues were only marginally higher for the X70 HAZ
(Figure 6-4), because lath interfaces and MA ddasiominate in the fracture process rather

than fracture across the thickness of the laths.

6.3.3 Effect of precipitates

In hot rolled steels like those used in this studydrogen can be trapped at
interfaces between the matrix and non-metalliciglag or at the surface of voids and
cracks, etc. As the trap activation energies efitiberfaces of non-metallic inclusions such
as MnS and precipitates of TiC are high, they agarded as strong irreversible traps for
hydrogen [108, 109]. Pressouyre and Bernstein [L@ported that incoherent TiC
precipitates are more effective than coherent Ti€cipitates, whereas Takahagti al.
[120]and Valentiniet al.[121] found fine coherent TiC particles and Ti(Q ecipitates
to be stronger irreversible traps. According to \Atail Tsuzaki [103], NbC precipitates are
stronger traps than TiC in tempered martensitiecttires and in APl X70 steels, subjected
to electrochemical charging in,80, solutions. Donget al. [2] have reported that rather
than nitrides of Ti and Nb being the main trapssiteat cause HIC, coarser inclusions such
as oxides play a dominant role. Although Pressoawc Bernstein [108] considered MnS
inclusions to be strong irreversible trapping sites hydrogen, other researchers have
concluded that they have moderate binding enefgrésydrogen and can act as reversible
trapping sites [119]. ThegJvalues for the two strips are discussed belowingaknto
account relevant reports from the literature areltipes and distributions of precipitates

observed in this study.

137



Chapter 6: Effect of Hydrogen on Fracture Toughness

Figure 6-9 SEM fractographs of MX70 samples shgwlisrge carbonitride particles that have

induced local cleavage fracture.

The current study indicated that the MX70 strip lgher number densities of
complex (Ti,Nb)(C,N) precipitates and oxides of &ad Al, compared to the X70 strip
(Figure 4-17). As mentioned above, several autheperted that fine carbonitrides can act
as strong traps for hydrogen and significantly oedthe mobility of hydrogen, thereby
increasing its resistance to HIC [250-252]. Howevtiee TPB tests results showed that the
MX70 strip charged to 2 ppm and 4 ppm hydrogen l@iéd slightly lower g values than
the X70 strip. This result can be rationalized émnts of the size distribution of the
different precipitates in these two steels. Thebeaitride precipitates in MX70 strip
showed a broad distribution of sizes and some la¥ge precipitates were observed (see
Figure 6-9b). Moreover, the MX70 strip had doulhe number of oxide inclusions
compared to X70 strip with most of the inclusioraving diameters greater thanugn.
Dong et al. [2] observed cracks originating from large inctus of Ca-Al oxides, rather
than Ti or Nb carbonitrides. They suggested thatdhger diameters of the oxides (243
in diameter) can attract more hydrogen than findaatrides and can therefore play a
dominant role in HIC. On this basis, the lowgnvalues observed for the charged MX70
strip may be attributable, at least in part, to phesence of coarse oxide inclusions and/or
(Ti,Nb)(C,N) precipitates in these samples. Themtiges could effectively trap hydrogen
to the critical level to induce particle cracking ioterfacial decohesion, leading to local
void growth and coalescence or to cleavage fractlines hypothesis is supported by
evidence of inclusions/precipitates at the cendfedimples and cleavage fracture sites see
for example, Figure 6-7g and Figure 6-9.
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The number densities of MnS precipitates are alrti@ssame in both of these strips.
However, it can be seen from Figure 4-18b thatikt&ibution of the aspect ratios of MnS
precipitates for the MX70 specimen has an extrerwely tail with some MnS precipitates
exhibiting aspect ratios up to 20:1. Domietial. [91] have reported that the presence of
even a small number of very elongated inclusiomsreault in reduced HIC resistance. So
this factor could contribute to the lower HIC réaisce of the MX70 steel. However, in this
study, the elongated MnS inclusions were alignegbgredicular to the loading direction
during the three bend tests and therefore it igysstgd that they would not have any
significant detrimental effect on fracture toughsesf the MX70 strip. Rather, it is
considered that the loweg ¥alues compared to X70 are due mainly to the peesef a
higher total density of precipitates/particles (e 4-17), particularly oxide inclusions;
their susceptibility to hydrogen-induced crackiregfdhesion; and decreased resistance to
shear fracture mechanisms, by dislocation moti@eabse of the lower concentration of

solute Mn.

6.4 Conclusions

Increasing the hydrogen content from 0 to 4 ppmulted in an approximately

linear decrease in fracture toughnesgg {dr all of the samples tested.

* The hot rolled X70 steel consistently exhibitedheig 4 values than the MX70
strip before and after hydrogen charging. Therefdecreasing the Mn content
from 1.2% to 0.5% in the steels investigated resuiin a decrease in fracture
toughness.

* In the charged condition, the coarse grained, NaBe showed much loweg J
values than both hot rolled strip steels. It isaoded that the coarse ferrite grains
and the relatively low dislocation density enhanbgdrogen build-up in the stress-
concentrated zone ahead of the crack tip, fa@ttadecohesion and cracking of
particles in this zone.

* The fracture surfaces of X70 and MX70 in the ungkdrstate were characterised

by the more ductile modes of cracking: microvoidsl ashear dimples. In the
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presence of 2 and 4 ppm hydrogen, more brittle odgiasi-cleavage and
cleavage, were evident.

Although the fracture surfaces of hydrogen-char@#¥70 showed that shear
mechanisms were more significant than for the spoading X70 samples, MX70
exhibited slightly lower g values than X70. It is concluded that the presevice
higher volume fraction of coarse oxide and carbya@t particles in MX70
promoted hydrogen-induced decohesion and the lowedd strength facilitated
hydrogen-induced local plasticity, with void fornat, growth and coalescence.
Simulated HAZ structures for both the standard mwedium Mn steels showed low
Jo values which decreased with increasing hydrogéerd was little effect due to
the difference in Mn content. The relatively harddacoarse bainitic-ferrite
structure with interlayers of austenite or martengsulted in a marked decrease in

toughness, both with and without hydrogen.
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7/ GASEOUS CHARGING

Gaseous hydrogen embrittlement of X70, MX70 and N3d@nples was studied
through tensile tests of sealed hollow cylindrisaimples with 10 MPa hydrogen gas
pressure at 25, 50 and 100°C. All samples were taisied under 10 MPa of argon for
comparison. It was shown that the strength andildycen all samples were reduced under
10 MPa of hydrogen. Hydrogen tests at elevated ¢eatpre demonstrated reduced
strength but increased elongation compared to tlwenrtemperature tests. The work

hardening behavior of X70 and MX70 was also ingedgad and is reported in this Chapter.
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7.1 Tensile Test Results

The tensile tests revealed the behavioural diffezsrbetween the steels tested under
pressurised hydrogen and under pressurised argoatgae selected test temperatures of
25, 50 and 100°C. Macrographs of representativetirad samples are shown in
Figure 7-1for room temperature testing. It can be seen tiatsamples fractured near the
centre of the gauge section and that the hydrobarged sample (b) a showed
substantially less elongation and necking. Neckimglearly significant in the argon-

charged sample.

Figure 7-1 Comparison of fractured tensile test@as for room temperature testing of an argon-

charged test piece (a) and a hydrogen-chargegitast (b).

Corrected stress-strain curves obtained from timsilee tests are presented in
Figure 7-3. Stress-strain curves were determirsaguthe cross-head displacement. The
cross-head displacement consists of a combinafigheostrains in the machine, the grip
fixtures, and the grip and gauge sections of tmepsa Because of the circular- shaped
sample, it was not possible to install a mecharegggnsometer on a sample, nor to use the
Instron video extensometer since it was linkednitrbn fatigue software not to a tensile
test program. Therefore, a video camera was usedcord the extension between two
standard marks printed on the sample that wereitlatigally separated by 35 mm. The
video frames were then printed on paper for ewery deconds of testing and were related
to the load read from the Instron. Figure 7-2 shtlwe painted and marked sample before

and after testing.
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Figure 7-2(a) Example of a white painted sampbrked with black dots 35mm apart; (b)
photograph of the video camera recording the imiateeous elongation; and (c) the sample after

fracture.
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Figure 7-3 Stress-strain curves for NTB (a), XBPand MX70 (c) hollow cylindrical samples with
10 MPa of argon at 25°C and 10 MPa of hydrogerbab@ and 100°C.

Uniform strain occurred within the gauge lengthiluhe tensile load reached
its peak point (or necking point). After the peakir, strain was totally localised at the
necking region and accelerated before final fractdihis suggests that the wall thickness
outside of the necked region matches that at th& [wad. Hence, the final wall thickness
measured outside the necking region can be usedltolate the UTS. Specimens were
sectioned to measure this final wall thicknessaaify. The tensile strength of the fractured
specimen was calculated by dividing the peak load the cross-sectional area
corresponding to UTS. In addition, the 10 MPa ga&sgure was considered as an amount
of pre-stress in the calculation of the UTS. HFatetinal pressure within a thin-walled

cylinder, the axial stress is defined as Pr/2t [2B@re, P, r and t are the charging pressure,
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the internal radius of the specimen and the waltktiess, respectively. The UTS of
specimens was finally calculated by adding the gihgr pressure to the tensile strength
value estimated based on the peak load and finathiekness.

As shown in Figure 7-3 and

Table 7-1, the specimens charged with 10 MPa dfdgen gas showed a reduction in their
UTS compared to those tested in an argon envirohnh@eraction of hydrogen gas with
the X70 material resulted in 4.5 % reduction in witténate tensile strength compared with
the argon-charged specimen at 25°C. These resétsamsistent with those in previous
reports [254, 255] on hydrogen embrittlement. Hogrethe sensitivity of tensile strength
to hydrogen depends also on the chemical composéditd the microstructures of the
steels, since the MX70 and NTB samples showed 3a6% 3.7% reduction in UTS,
respectively.

Table 7-1 Mechanical properties of tested specéamen

Steel/Gas/Temperature| YS (MPa) TS (MPa)otal strain| Embrittlement
(%) Index
NTB Argon 25°C 386+8 53619 23.7%2 -
NTB Hydrogen 25°C 384+7 516+10 15.5 +1 0.35
NTB Hydrogen 50°C 38318 494+9 161 0.33
NTB Hydrogen 100°C 378+9 49349 17.4+1 0.27
X70 Argon 25°C 518+10 606+10 16.8+1 -
X70 Hydrogen 25°C 51749 57918 12.6+1 0.25
X70 Hydrogen 50°C 511+8 562+7 13.8+1 0.18
X70 Hydrogen 100°C 503+7 548+7 14.5+1 0.14
MX70 Argon 25°C 47516 588+9 19.8+1 -
MX70 Hydrogen 25°C 4757 567+8 154 +1 0.22
MX70 Hydrogen 50°C | 467+9 558+9 16.4+1 0.17
MX70 Hydrogen 100°C| 460+8 550+7 17.5+1 0.12
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The total strain at fracture in Figure 7-3 was ugedalculate a parameter that
reflects the extent of hydrogen embrittlement. Tdtal tensile strain for samples tested at
25°C is lower for the hydrogen-charged samples tharthfose argon-charged specimens,
as can be seen in Figure 7-3 and

Table 7-1. An embrittlement index;jis defined as:

Ei=100%(&- &)/ & 7-1
whereg, is the total tensile strain for argon-charged damapde, is the total tensile strain
for the hydrogen charged sample. The index for $esniested at 2& is 35%, 25% and
22% for the NTB, X70 and MX70 samples, respectivélyis suggests that NTB has the
most susceptibility to hydrogen embrittiement dgrigaseous charging compared to the
strip samples. Also X70 is more affected by gaséyasogen than MX70.

One important difference in the stress-strain csiraker the peak load is the post-
necking strain. The specimens charged with hydragenshowed less post-necking strain,
while the reference sample charged with argon asved extensive post-necking strain
and the maximum strain at fracture. Even though ribeninal wall thickness of the
specimen was 1.0 mm, the real thickness variedbloyitalOOum due to the machining
followed by polishing of the walls. Thus, a convensof the load information to the stress
value in the Instron software is based on the namivall thickness and the accuracy is
limited to +10%.

Table 7-1shows that the yield strengths of X70 BI70 are higher than that of
NTB. As the ferrite grain sizes of the X70 and MX& finer compared to NTB (see
chapter 5), there is a Hall-Petch effect [253] fleatls to an increase in the yield strength,
in agreement with the literature [200]. In addititime higher density of dislocations in X70
and MX70 (Chapter 5) due to controlled thermo-meata processing contributes to a
rise in the yield strength [256].

It should be noted that for the samples testedahrtemperature, hydrogen charging
had no apparent effect on the yield stress. HoweWer ultimate tensile strength was
lowered by hydrogen charging. As a result, thedyteltensile ratio is higher for hydrogen-
charged samples compared to the argon-charged sanipttailed analysis of the work
hardening characteristics of the hydrogen- and rag@rged samples is presented in

section 7.3.
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7.2 Effect of Temperature

From Table 7-1 it can be seen that by increadiegédsting temperature for hydrogen
charged specimens, the total elongation is incteaskis phenomenon is in agreement
with the literature[257, 258]. Also the results of

Table 7-1 show that yield and tensile strengths decreased with increasing
temperature. This supports the results of Michl¢2S9] work which covered a much
wider range of temperature (-80°C to 20°C). Dudirtntation in the number of samples,
elevated temperature tensile testing was not cdeduon argon-charged samples.
However Hofmann and Rauls [257] showed that, forclaarged normalised plain carbon
steel tensile samples, an increase in the temperftom 25°C to 100 °C reduced the
reduction in area and total elongation in fractuetsile samples because of aging effect.
Table 7-1 indicates that a temperature increase f25°C to 100°C increased the total
elongation of tested samples in the presence ofolggsh in the steels investigated. This
observation is consistent with the hypothesis thydlrogen embrittlement would be
reduced at higher temperatures because the diffisid desorption rates of hydrogen are
increased, inhibiting hydrogen build-up at pontrack sites such as particle interfaces
and other slip barriers [260].

Although the shapes of the stress-strain curgedqydrogen-charged X70, MX70
and NTB samples were similar for all test tempeeguthe strength decreased and the
ductility increased with increasing temperature. rébwer, both the uniform and total

strains under hydrogen gas showed slightly high&res with increasing temperature.

7.3 Work Hardening Behavior

In order to explain the effect of hydrogen on tensest behavior, the true stress—
true strain tensile curves were studied. As meetiohefore [261], the work hardening
exponent (n), has linear and reverse linear relahips with the uniform strain and yield
ratio, respectively. As stated in Chapter 2, aetgrof empirical equations for stress—strain
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correlation has been used to model the work hamgecharacteristics of steels. The
simplest and the most commonly used relation i dfiddollomon [183] as described in
Chapter 2.

In order to investigate the work hardening behaviasing the Hollomon approach, true
stress and true strain values were calculated fhenfollowing equations [253]:

o= oe(1+ ¢g) 7-2
er=In(1+ &g) 7-3
whereaog, o, &g ander are engineering stress, true stress, engineetriaig sind true strain
respectively.

The work hardening rate §dde) is plotted against true straig) for all samples up
to the UTS in Figure 7-4. It is clear that inilyalhe rate of work hardening rapidly declines
linearly, whereas later it declines exponentiallpren slowly. It is associated with first
localisation of deformation in the softer phase. éerrite, in which areas close to hard
pearlite work harden first. This is follows by tlwad transfer to pearlite, in which plastic

deformation again is primarily concentrated in fisreite lamellae.
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Figure 7-4 Work hardening rate vs. true strain(&@rX70 and (b) MX70.

The Hollomon equation is:
=Ky .e™ 7-4
where iy is the strain hardening exponent angi&a constant.
Taking the logarithm on both sides gives the follaydinear equation:

INng=nylne+InKy 7-5
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The parametersyrand k; are determined by linear regression fronw)nfersus Ing) plots.

If the experimental data obey the Hollomon power, ldnese plots are linear. Nevertheless,
a small deviation from linearity is seen in Figufes which is the result of different
deformation behaviour during uniform straining. Aimples showed two work hardening
stages as illustrated schematically in Figure {ibset). This is in accordance with the
typical behaviour of the steels containing soft dradd phases, like ferrite-pearlite or

ferrite-martensite steels [262].
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Figure 7-5 Ing) versus Inf) curves for (a) X70 and (b) MX70. The inset in (Hystrates

schematically the deviation from linearity of thelldmon power law.

Although the total plastic deformation is reducadhe presence of hydrogen, the
different stages are also affected to the samenexds can be seen in Figure 7-5, a single
set of fitting parametersynand Ky cannot be allocated to the entire plastic straimge
using the Hollomon relationship. However, if theotwork hardening regions are outlined
as per Figure 7-4a(inset) and the Hollomon equoaisore-applied to each of them in
Figure 7-5, a good fit is achieved for the whdkespic region (Figure 7-6, Table 7-2).

Considering Table 7-2, in X70 samples the workdbamg exponent in stage |
decreased to stage Il. Exposure to hydrogen at rtemperature reduced the work
hardening exponent in both stages. In case of MKé&Game trend occurred, however, the
work hardening exponent was reduced less in stagmripared to X70. Hydrogen charged
samples showed lower work hardening exponent igestacompared to argon charged
samples. The results show that for X70 the effdchyalrogen on reducing the work

hardening exponent is more marked than for MX7@inShardening exponent is a good
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indicator for work hardenability of the steel. Thigher the value of exponent, the higher is
the rate at which the steel work hardens [263]. dim@unt of work hardening exponent is
within the range of numbers that other researchepsrted [264, 265]. Considering the
effect of temperature on hydrogen charged samfieswork hardening exponent in both

stages was increased with an increase in test tamope from 25 C to 100 C.
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Figure 7-6 Simulated flow curves obtained from Ibiwlon fitting for the two work hardening
stages and experimental curves for X70 (a) and MKJO0

Table 7-2 Fitting parameters, predicted uniformaiat and associated errors of the Hollomon
equations for the various work hardening staggs,, is the uniform true strain at maximum load

after subtracting the true strain at the onsetladtit deformation from the maximum uniform true
strain.

Error (%)

=100x(ep rir €p,ex)/ €p Exp

0.085 0.082 -3.5

Ny, NH | EPExp | EPFit

X70 argon 25°C 0.09] 0.082
X70 hydrogen 25°C 0.066 0.061 0.063 0.0p1 -3.2
X70 hydrogen 100°C 0.07Y 0.0f 0.0y2 0.07 -2.8
MX70 argon 25°C 0.104 0.096 0.099 0.096 -3
2
-

MX70 hydrogen 25°C | 0.087 0.082 0.085 0.082 -3.5
0.000 0.087 -3.3

MX70 hydrogen 100°C| 0.094 0.08

The physical importance of these fitting elemends wssessed by assessing their capability
to predict the plastic strain at neckirng)(at the end of the second stage of work hardening
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as proposed in [266]. Based on the instabilityecioin (d/de = o) the gp value is
calculated from the following relation [267]:

epH=NH 7-6
whereepy is the plastic strain as expected by the Holloragoation and is same as the
constant (n) gained for stage Il from Table 7-2. The errorshie calculated uniform strain
are presented in Table 7-2. Variable error estomatwith no specific trend were observed,
however with maximum deviation of 3.5%, errors aegligible. Thus, the Hollomon
equation not only has the capability to defineptestic deformation curve, but also able to

calculate the amount of the uniform plastic strain.
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Figure 7-7 Change in instantaneous n throughaaitutiiform strain range from onset of plastic
deformation to UTS for (a) X70, (b) MX70 and (cpresentative illustration for the X70 sample
charged with argon at room temperature, which @e® instantaneous values with the work
hardening exponent ghfrom Hollomon fitting for the two work hardenimggions.
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The difference between experimental data and ecapirelationships is described
by comparing the instantaneous strain hardeningrexmt (f) with ny calculated from
Hollomon fitting. The strain hardening exponenbme of the significant elements affecting
forming processes as higher n values increase mgpakisistance and results in formed
parts with a greater uniformity of strain distrilmt across their cross-section. The
instantaneous strain hardening exponent is indepenaf the Hollomon equation or any
other power law and is defined as [253]:
ni=d(Ino)/d(Ine) 7-7

On plotting n with the true strain (Figure 7-7a and b), it waand to decrease
rapidly until about 4% of true strain followed byeadual decrease. Variation givialue is
dependent on the applied strain over the entirstiplatrain region. If predictedyrvalues
(Figure 7-7 c) are thought of as an average lirféato an increasing instantaneous
response for stages | and Il and are comparegvalues calculated from Figure 7-7, there
is a slight underestimation of the uniform strais,seen by the negative errors in Table 7-2.
The two stages of work hardening for X70 are ineagrent with the results of
Zimmermann who claimed that Hollomon fitting canpoedict the flow behavior of X70
between yield and 0.5% of strain. [265].

The decrement of work hardening rate from a higiainvalue possibly relates then
to a reordering of the dislocations [207]. The asten of stages 1 and 2 are slightly
reduced in the presence of hydrogen, indicating tha mobility of dislocations is
decreased by hydrogen. During stage |, the straidemning rate is decreased significantly,
whereas it decreases slightly during stage Ilwhich some slip systems are deactivated
[268]. Besides the embrittling effect, hydrogenuess the tensile strength, decreasing the
stress level, which in turn delays the attainmeénthe value of the work hardening rate
needed to satisfy Considére's Criterion for neck®¥]. It can be seen from Table 7-2 that
ny decreases when the atmosphere is changed from &rdxyydrogen at room temperature.
However, n increases with increasing temperatudeua hydrogen atmosphere in stage Il,
which occurs over a relatively large strain intérwaith a gradual reduction of work
hardening rate because of re-arrangement of distosa generated in the first stage into
lower energy configurations, such as dislocatids @@ microbands [269-272].
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The work hardening exponent results (Table 7-3)caté that hydrogen strongly
lowers the work hardening exponent of both X70 B¥i70 for tests conducted at room
temperature. However, the effect is more markedit®, suggesting that it is more prone
to gaseous hydrogen embrittlement than MX70 forsiten deformation at room

temperature.

7.4 Fractography

The effects of the hydrogen exposure on the fradha@haviour were analysed using
fracture surface observations of X70 samples. Tmeparison of the fracture surface of an
X70 sample tested under 10 MPa hydrogen gas vetboitinterpart tested under argon gas
Is shown in Figure 7-8.

The main difference in behaviour of the hydroged angon-charged specimens is
that the argon specimen exhibited typical ductiéeture behaviour with severe necking. In
contrast, the hydrogen charged specimen showed mamiymal necking before fracture,
indicating a substantial loss of ductility.

The fracture surfaces after argon charging areachenised by dimples, as shown in
Figure 7-9. The mean diameter of the dimples T&@3 um. However, predominantly
brittle fracture was observed in the hydrogen-cedrgpecimen at 25°C (Figure 7-10). In
all cases of hydrogen atmosphere testing, pantiabmplete brittle fracture was observed.
However, the area of cleavage surface decreasé#teasmperature was raised to 100°C
with a corresponding increase the area of dimpladtdire. The size of the dimples was
smaller for the X70 sample charged in hydrogen0@' @ (Figure 7-11) compared to that
charged with argon at room temperature (Figure. 7Fis observation is in agreement
with the measured tensile strength and elongaticablé 7-1). The mean diameter of
dimples for hydrogen-charged X70 tested at 100°Z10.2 um.

One of the most significant differences shown iguré 7-9 and Figure 7-10 is the
wall thickness: dynamic shear deformation in tleeknof the argon-charged specimen
(Figure 7-9) substantially reduced the cross-seati area, with the wall thickness being
less than 40 % of the initial wall thickness. Imtrast, there was much less necking under
hydrogen gas (Figure 7-10) with the wall thickndssng about 85 % of the initial
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thickness. Further, dynamic shear deformation didoccur at the hydrogen-exposed inner
wall of the specimen, contrary to the surfaces sgdao argon gas. The ductile fracture
surface in Figure 7-9 has a slope in the loadimgcton, but the fracture formed in the
sample exposed to hydrogen gas (Figure 7-10) spogdominantly brittle, outward crack
growth perpendicular to the loading direction.

The X70 specimen that fractured in hydrogen gadGf@’C (Figure 7-11) also
displayed a fracture morphology partially similarthat fractured at 25 °C, but the extent
of brittle fracture was reduced to about 18 % thu¢he contribution of ductile fracture.
Figure 7-11 shows brittle fracture around theesdgf the fracture surface where the
material was exposed to hydrogen. Beyond the drdtiea the fracture surface of this
specimen shows evidence of ductile fracture. Thesgmce of mixed fracture modes
(cleavage facets together with dimples), indicdtigber plastic deformation levels during
the fracture process compared to X70 sample chavghadydrogen at room temperature.

The widths of the brittle fracture surfaces in Fgd-11 can be related to the critical
concentration of hydrogen: at 100°C, the mobitifyhydrogen atoms is higher, with a
reduction in the probability of localised accumidatof hydrogen at traps to the critical
concentration required to induce hydrogen crackiignce, less brittle fracture is to be

expected.

34 40 SEI 22 30 SEI

Figure 7-8 SEM images of X70 samples showing ed@minantly brittle fracture after tensile
testing with hydrogen at 25°C (a); and mostly dactracture after tensile testing with argon at
25°C (b).
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4 g

20kV X100 100pm 16 32 SEI 20kV  X1,000 10pm

Figure 7-9 SEM images from the fracture surfacaroX70 specimen tested with 10 MPa
argon at 25°C.

10 MPa Hydrogen charged space

15kV X100 100pm 12 30 SEI 15kVv X1,000 10pm

Figure 7-10 SEM images from the fracture surfat@n X70 specimen tested with 10
MPa hydrogen at 25°C.

e

A

20kV X100 100pm 14 32 SEI 20kV X850 20pm 14 32 SEI

Figure 7-11 SEM images from the fracture surfacanoX70 specimen tested with 10 MPa
hydrogen at 100°C, the red line indicates the ttiamsline between ductile and brittle
fracture.
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The micro-voids in the argon-charged samples amegelted in the tensile loading
direction, whereas the voids in the hydrogen-chduael 00°C sample appear to be nearly
spherical. These observations indicate that thedyeh-charged specimen tested at 100°C
undergoes lower elongation before fracture tharatjen-charged specimen at 25°C.

These are consistent with results of Lee et al}, Who conducted the same tensile
test on X65 hollow cylindrical samples with hydrager nitrogen inside. They also found
brittle fracture surface with almost no necking enddydrogen charging.

A series of low resolution SEM images were takemfithe fracture surface of all
samples. The percentages of ductile and predontynarittle fracture were then calculated
for two samples per condition (Figure 7-12).
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Figure 7-12 Percentages of predominantly brittlé ductile fracture areas (+ 12% standard

deviation).

7.5 Conclusions

» Tensile testing of the gas-charged tubular specsnresulted in approximately
similar stress-strain curves, with nearly the sawmerk-hardening behaviour
regardless of the charging gas or temperature. Merveéhe uniform elongations
and the total elongations at fracture were sigaifity lower in the hydrogen-

charged specimens than for the argon-charged spasim
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Since the stress-strain curves of all samplesateitetwo work hardening stages,
Hollomon equation was unable to fit the whole wbdcdening rate curve using a
single set of parameters, however could approxipatpresent the flow curve
using the separate set of parameters for each ok \Wwardening. The work
hardening exponent decreased rapidly in the fiesjesand more gradually in the
second stage.

In presence of hydrogen, the work hardening capaxditX70 was affected more
than that of MX70. This is because the balance éetwvoid formation and
cleavage fracture was slightly shifted towards wmdlescence in the MX70 which
exhibits a lower strength compared to X70. This banexplained by Beachem
model [52].

Predominantly quasi-cleavage fractures were obdervall samples tested under
hydrogen gas conditions whereas ductile fracturéases were evident in those
tested under argon atmosphere. The fraction oflddcacture in hydrogen charged
samples increased with an increase in test temperat

The most significant impact of hydrogen-charged cspens on the tensile
behaviour was reduction in the elongation at fract’he embrittlement indexes
estimated from these data were 36%, 25% and 22%h&NTB, X70 and MX70
specimens, respectively.

Elevated temperatures (up to 100°C) increased uhiéorm elongation and
decreased the yield and tensile strengths of hyir@fparged specimens compared
to room temperature specimens, due to both theuwst®n of the embirittling effect
of hydrogen and the increased mobility of dislomadi

Increase in ferrite grain size from X70 to NTB,sexd the susceptibility to gaseous
hydrogen embrittlement. Presence of less trappiteg slue to lower numbers of
dislocation and grain boundaries in NTB, which kdd faster accumulation of

hydrogen in traps, could be a reason for this.
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8 GENERAL DISCUSSION, CONCLUSIONS AND
FUTURE DIRECTIONS

The influence of composition, steel processing mamctostructure on susceptibility to
HIC has been investigated for high strength pigelsteels with Mn contents of 1.2%
(standard X70) and 0.5% (medium X70), designateM’430 steel. In addition to the as-
processed X70 and MX70 strip steels (10 mm thigk)Q transfer bar (28 mm thick) was
investigated in the as-processed and normalizedittons. Further, as weld fabrication by
ERW is commonly employed in pipe-making, simulatédlZ structures were produced.
In addition to these six sample sets representirftereht composition/processing
conditions, three samples of X70 steel were prepase annealing to produce equiaxed
ferrite microstructures with mean grain sizes bf, 46 and 120 pum.

Therefore, a wide range of ferrite-based microstmas were produced by these nine sets
of composition/processing combinations. A majofjeotive of the research was to
establish and rationalise differences in hydrog&k-pp, trapping and transport, and

particularly, susceptibility to HE.
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8.1 General Discussion

8.1.1 Interaction of microstructure and hydrogen

Optical microscopy revealed that the microstructafehe TB sample changed
from predominantly polygonal ferrite (PF) with istés of pearlite near the top surface of
the bar to a structure of granular bainite towaadd in the centre. The presence of a
bainitic structure in the bar interior is unexpekctes it typically forms at faster cooling
rates than that required for transformation todhserved structure of ferrite and pearlite
near the surface which cools more rapidly thaninkerior. Therefore, other hardenability
factors, such as an austenite grain size gradiehtalloy segregation must counteract the
effect of cooling rate in producing a bainitic stiwre in the core of the bar. After
normalising the TB sample, the microstructure waioum, consisting of equiaxed ferrite
grains with small fraction of pearlite.

The as-received X70 and MX70 strip samples disglaydiomogeneous ferrite-
pearlite microstructures, whereas HAZ microstruetcompromises coarse bainitic ferrite
laths and martensite or austenite interlayers.cAdgiin pearlite banding was more evident in
the hot rolled X70, the number densities of finegipitates were found to be significantly
higher in the MX70 than in X70. The number per warga of nitrides was more than an
order of magnitude higher in MX70 than X70. Furthbe number density of oxides in the
MX70 strip was almost double that observed forXf@. Since the average sizes of oxide
precipitates were similar, the volume fraction afdes in MX70 was significantly higher
than for X70. Therefore, changing the alloy dedigrdecreasing Mn and increasing Cr had
a major impact on the precipitate/inclusion disitibns, except for the number density of
sulphides which was almost the same in both steels.

For the same electrolytic charging conditions (ghry time, electrolyte, current
density and sample geometry) and no externallyieghpbad, the measured concentrations
of diffusible hydrogen for X70 samples increasedhwhe structural sequence: equiaxed
ferrite-pearlite microstructure (NTB); as receiv@dnded) ferrite-pearlite microstructure;
mixed quasi-polygonal ferrite and bainite microstawme (TB); and simulated HAZ
microstructure. In contrast, the HAZ microstructesnibited the lowest residual (trapped)

hydrogen content and the residual hydrogen contereased in the sequence: NTB
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microstructure; TB microstructure; and as receiv&dp microstructure. The HAZ
microstructure had the highest dislocation dengitpviding weak traps which readily
released diffusible hydrogen during hydrogen meament. There was evidently little
hydrogen available for concentration in strong drapich as particle interfaces, as the
residual hydrogen concentration was low. The nsicuture that most strongly trapped
hydrogen was the as received X70 strip which ctedisf fine grained, banded ferrite and
pearlite. It is concluded that the ferrite-peariiteerfaces were major contributors to strong
trapping.

Accumulation of hydrogen at trapping sites insile taterial produced during
electrolytical charging without external loadinggdl to the formation of micro-cracks
within the samples and blisters on the surfaceidtappearance of blisters occurred in the
samples with the highest concentrations of residhyalrogen i.e. those with the largest
concentration of permanent trapping sites sucthasainded ferrite-pearlite structure, as
discussed in Chapter 5. The rapid development dfdgen containing cavities at trap sites
resulted in build-up of gas pressure that extented cracking and produced surface
blisters. The crack initiation sites were also agged with Al and Ca oxide particles,
consistent with the data in the literature [11]wéwer, it should be noted that, although it
also contained the oxide particles, the simulatéd® lample did not develop HIC and
blisters after 24 hours of charging. In this cdmdritical hydrogen concentrations required
for crack initiation at strong traps were not ob&al because of the reduced hydrogen atom
mobility arising from the abundance of weak trajgsipcations, lath interfaces and
retained austenite).

The investigation of the effect of ferrite grairzesion hydrogen transport through
the steel samples confirmed that an intermediaténgsize exists that maximises the
diffusion rate, with smaller grain sizes exertingteonger trapping function because of the
greater density of boundary junctions and coarsgEngizes minimising the surface area of

grain boundaries which can act as fast diffusiaimpays.
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8.1.2 Hydrogen embrittlement and fracture toughness

The observed differences in the fracture toughmessviour of X70 and MX70,
with the latter showing lower HE resistance, canekplained by size distribution of the
different precipitates in these two steels. On Haisis, the lowerglvalues observed for the
charged MX70 strip may be attributable, at leagtart, to the presence of higher densities
of coarse oxide inclusions and/or (Ti,Nb)(C,N) pp#eates, since these particles can
effectively trap hydrogen to the critical level toduce particle cracking or interfacial
decohesion, leading to local void growth and caaese or to cleavage fracture. This
interpretation is consistent with the literaturg [2

The TPB results for the HAZ samples showed a sobatadecrease in fracture
toughness even though there was no evidence of afiC blisters in samples charged
without any external loading. The high stress catre¢ion induced by the notch and the
application of bending stress in the TPB testsraaewith the high concentration of
diffusible hydrogen atoms to initiate HIC and reéulee fracture toughness. In contrast, the
as received strip was characterised by lower diffasand higher residual hydrogen
contents and so the accumulation of hydrogen attpaf high stress concentration was
more limited. The NTB samples also exhibited aniicant loss in fracture toughness
upon hydrogen charging, despite lower diffusiblé aesidual hydrogen contents than for
the X70 strip, which showed only a small loss iacfure toughness after charging. This
result is likely to be caused by the inherently éovstrength of NTB structure and its
response to the high stress concentrating effedh@fnotch. Initiation and motion of
dislocations in the stress concentration zonestskiby the presence of hydrogen are
likely to enhance the HE effect.

For gaseous charging, the total elongations aturaavere lower in the hydrogen-
charged specimens than for the argon-charged spasiraven though the stress-strain
curves of all samples reflected two work hardensteges. The Hollomon equation can
approximately represent the flow curve using twakvbardening exponents across the
plastic deformation range, but unable to fit theveuwith a single set of parameters.
However, the work hardening rate exponent decreesgdly in the first stage and more

gradually in the second stage. X70 exhibited atgrdass in work hardening capacity and
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a lower total elongation in the presence of gaséwydsogen than MX70. The lower total
elongation for X70 corresponds to an embrittlemedéex of 25% compared with 22% for
MX70 tested at 25°C. This difference is probablg duhigher tendency for crack progress
by quasi-cleavage in X70 compared to the slightlydr strength microstructure of MX70.
No externally applied stress-concentrating notcls waesent and, applying the Beachem
model [52], the two structures responded to therdyeh gradient by fracturing in the
mode that was most characteristic of the microstres. The balance between void
formation and cleavage fracture was slightly sHiftewards void coalescence (micro-
plastic failure) in the lower strength structure MX70. The presence of a higher
concentration of hydrogen trapping particles instbieel over X70 did not appear to
increase the HE effect in MX70.

While ductile fracture surfaces were observed urateargon atmosphere, quasi-
cleavage fractures were identified under hydrogas gonditions regardless of the test
temperature. However, the fraction of predominatutfiftie fracture decreased with an
increase in test temperature. Hydrogen charged Isamgt room temperature were
characterised by the effective absence of neckimdy @ fully quasi-cleavage fracture
surface. Gaseous hydrogen did not have a signifiefiact on the yield strength of both
steels, but slightly lowered the tensile strengthis observation is consistent with the
contribution of hydrogen cracking to fracture dbwer stress compared to testing in the
absence of hydrogen. The NTB sample showed theinmiax embrittlement index,
consistent with the results of TPB testing repoite@hapter 6.

Tensile behaviour under 10 MPa hydrogen at eleviaegeratures (50 and 100°C)
has not previously been reported for X70 steelr&laee only reports for tensile test under
gaseous hydrogen of X65 steel at room temperaf#g §tainless steel at -20 to -250°C
[273] or medium carbon steel at room temperatuvd].2Since pipelines located in desert
environment are under slow strain deformation aal reach 50°C and over, the current
work attempted to simulate this service condition.

Elevated temperatures (up to 100°C) increased thiéorm elongation and
decreased the yield and tensile strengths of hgar@parged specimens compared to room

temperature specimens, due to both the attenuafidime embrittling effect of hydrogen
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and the increased mobility of dislocations. Alltéessamples responded similarly to the
effect of temperature.

The X70 was less susceptible to HE compared to MMdh@n electrolytically
hydrogen pre-charged samples were subjected tot@8B, but it was more susceptible to
HE for tensile testing under 10 MPa hydrogen pnesdua the latter case hydrogen diffuses
inwards while the sample is being strained. Sin@irdgen charging was carried out in the
presence of an external stress, hydrogen transpdiie specimen was by means of a
combination of diffusion mechanism and a dislogati@nsport mechanism. In the case of
for TPB testing of X70 hydrogen atoms have to ttacoss the layers of pearlite in the
normal direction, and therefore diffusivity is Ioi@lmost one third of transverse direction
according to Lee [60]). However, upon gaseous c¢hgrgince hollow cylindrical samples
were cut along the rolling direction within thiclsseof the strip, hydrogen will diffuse in
both the transverse and normal directions. It ballmuch easier for hydrogen to diffuse in
the transverse direction. Normal direction diffusiwill be much slower for X70 due to
pearlite banding causing more hydrogen to diffusetransverse direction along the
pearlite-ferrite bands. With the help of dislocatimovement due to plastic deformation, a
lot of hydrogen will be trapped at the ferrite-gearinterfaces and band boundaries where
cracks can be initiated [59, 60, 230]. In MX70 s&shydrogen, will diffuse faster in both
the transverse and normal directions, but hydrag#érbe removed from circulation by the
high density of particles and precipitates that eat as traps and cause better HIC
resistance compared to X70.

In the case of NTB, the dislocation and grain baugdlensities are lower than for
X70 and MX70. However, grain boundaries will becohyelrogen-saturated quickly and
cracks will initiate causing the observed highe€Htiidex for NTB.

8.2 Conclusions
Two methods of hydrogen charging, electrolytic gadeous, have been used in this
work to study the susceptibility of X70 type pipeisteels to hydrogen embrittlement, both

for external loading and under load-free conditioB&ectrolytic charging was used to

generate conditions appropriate for internal hydrog@mbrittiement both for unstressed
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samples and for testing of notched samples by T@3B tn contrast, gaseous charging
provided conditions for external hydrogen embnittént during tensile testing of tubular
samples.

Electrolytic charging introduced hydrogen concemdres of 2 or 4 ppm, which are
typical levels that can occur through arc weldimgcesses used for girth welding and in-
service repair of pipelines [215]. The gaseousgihgrexperiments were used to simulate
the effect of external tensile stress on the tensdhaviour of X70 pipeline steels under
service conditions involving hydrogen gas transgah. Hydrogen at a pressure of 10
MPa hydrogen was used in internally gas-chargethdytal test pieces, under tensile
loading, to ascertain the extent of HE. The presstas limited to 10 MPa, as it has been
reported that higher pressures did not show anwifgignt change in the material’s
response to HE [275].

Different types of hydrogen charging were usedis work which do not necessarily
trap hydrogen with the same mechanism. It was tedd276] that electrolytic charging
causes hydrogen trapping near grain boundariesaatite interfaces of small precipitates
with relatively low activation energies, on the @thhand, charging with the gaseous
hydrogen results in hydrogen trapping at incohemmecipitates/matrix interfaces with
higher activation energy.

Although one or other of these techniques hasn bagplied previously in
investigations of HIC-susceptibility of pipelineests, there are no reports of the
application of both methods, and no studies thae lmldressed the issue of the effect on
HIC-susceptibility of a major X70 alloy re-desigm terms of Mn content. In addition to
this major research objective, the research adeddeddferences in the response of a wide
range of ferritic microstructures to the take-upansport and embrittling effect of
hydrogen. Different microstructures were produced the same steel composition and

systematically studied.

The main outcomes of the work are as follows.
1. Significant differences have been demonstrated Hgdrogen transport and
accumulation as a function of the type of the fermmicrostructure. As-received

X70 strip with  ferrite-pearlite banding display#te highest trapping capacity
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(highest residual hydrogen content), whereas simailddAZ structure had the
lowest residual and the highest diffusible hydrogentents. TB and NTB samples
showed an intermediate diffusible/residual hydrogentents.

. The most rapid formation of blisters with underlyirlIC occurred for the banded
ferrite-pearlite microstructure, whereas no  blisig was observed for HAZ
structure after 24 hours. These observations camatienalised in terms of the
capacity of the microstructures to allow the buijg- of critical hydrogen
concentrations at potential crack sites under ¢mmdi of no external loading.

. The standard X70 steel (1.2% Mn) had higher yield gensile strengths than the
medium Mn (0.5%) grade and was much “cleaner” irmge of non-metallic
inclusions and nitride precipitates. These factarsntributed to superior
performance of H-charged notched samples testedPiBycompared to the MX70
grade.

. For gaseous charging, the total elongations aturaavere lower in the hydrogen-
charged specimens than for the argon-charged spasinand the extent of HE,
measured by the embrittlement index, was higher X@0 than MX70. This
contradictory result compared to TPB testing arisesause of the difference in
stress state (tensile as opposed to bending), résemce of a stress-concentrating
notch for the TPB tests, and the difference inhlidrogen charging (internal for
TPB and external for the tensile testing of tubglamples). These differences are
likely to promote a higher tendency for crack pesy by quasi-cleavage in X70
compared to the slightly lower strength microstowetof MX70.

. Exposure of the X70 and MX70 steels to gaseousdggir resulted in degradation
of their work hardening characteristics, particiylaior X70 due to the greater
tendency for quasi-cleavage in the presence ofdyglr.

. The results indicate that the use of a lower Mwyallesign for X70 does not

significantly increase the susceptibility to hydeagembrittlement.
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8.3 Future Directions

Similar gaseous charging tensile tests are recometkto be undertaken for
temperatures below ambient in order to determimestisceptibility to HE in
colder in-service conditions.

The current study did not consider hydrogen pickdupng girth welding of
pipelines in the field. Additional research on tesponse of MX70 steel to girth
welding would provide useful information to assrsits application as pipeline
material.

Analysis of hydrogen-induced cracking after gasech&rging using electron
back scattering diffraction is recommended in ortteevaluate the effect of
texture and grain boundary character. This inforomatcould assist in
modification of processing schedules to controlrdgpuired texture.

Conduct of thermal desorption spectroscopy on X#elswith different
microstructures would be useful in order to distish between the different
types of microstructural hydrogen traps based enathalysis of the different
peak temperatures at which hydrogen desorbs frenmiierial during heating.
This can provide important information on the pbksimechanisms for
hydrogen embrittlement.

Slow strain rate testing (SSRT) can be utilisedntare precisely simulate the
condition of pipeline in operation, since in thisnk the strain rate capacity of
hydraulic controlled tensile test machine was nlmwsenough for such

simulation.
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