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Summary

“Factors Limiting the In-Service Lifetime of CrMoV Steels and
Weldments for Pressure Equipment”

PhD, 2004, University of Wales Swansea

Giustino Manna

This research project addresses the factors limiting the lifetime of industrial components

for pressure equipment used in particular in the petrochemical industry but also strongly
linked conventional energy production plants.

Hydrogen éttack,.and the combined effect of both creep and hydrogen attack, are the key
phenomena forming the object of study. These are frequently the cause of damage and
catastrophic failures, with huge economic impact on the affected plants.

As the st}ldy is of industrial relevance, tests repfesentative of the industrial reality have
been carried out under simulated conditions. Three steels have been selected: the standard
2.25Cr-1Mo steel, which is the conventional commercial steel used for the construction of
pressure vessels for petrochemical plants; the V-modified 2.25 Cr-1Mo steels, which
represents the steel of new generation pressurized equipment; and the V-modified 3Cr-_
1Mo, which is also a newly designed alloy for pressure equipment use. Each of these

materials was supplied with an industrial scale weldment and each test piece contained
weld material. - :

The experimental part of the thesis, which included, among the others, tests on tubular
specimens pressurized with high-temperature hydrogen or argon, has been realized using
the unique hydrogen creep facilities available at the Institute for Energy of the Joint
Research Centre. Moreover, interrupted creep tests, mainly carried out in hydrogen,
allowed to gain more insight into the evolution of the damage in the different
metallurgical zones of the chosen weldments. The tested specimens underwent extended

microstructural characterization by means of optical microscope, scanning electron and
transmission electron microscopes '

Whilst the sample made of V-modified 3Cr-1Mo steel failed in the base metal, those

mgde wgth standard 2.25Cr-1Mo steel, or with its V-modified grade, exhibited Type IV

failure, in both hydrogen and air. Based on the synergies between hydrogen attack and

creep, conclusions on the evolution of the damage and the steps leading to failure are

drawn. Hydrogen attack, howevér limited for more resistant steels, is still expected to

Fontnbuge to premature failure in the weldments, and great care should be taken when
| introducing even improved steels into hydrogen bearing environments.
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1 Introduction

This section summarizes the main material issues found in the petrochemical industry and

in the production of reactor pressure vessels, placing particular emphasis on the need for
new materials.

~Q~

Processes such as hydrocracking, desulphurisation,' hydrogen treating and chemical
synthesis of ammonia operate in conditions vu;here the structural steels of hydroprocessing
equipment are exposed to high pressures of hydrogen at temperatures above 573K
(300°C). The industrial need to continuously improve productivity and efficiency of plant
operations, .and to meet environmental controls, increases the demand for large size
reactors and more severe service conditions [Tahara, 1994]. In particular, the construction
of coal gasification and liquefaction processes, proposed as an answer to the energy crisis,
resulted in heavier requirements for the structural steels [Norris, 1976]. Coal conversion
processes may require massive pressure vessels (40 m high, 6 m in dlameter 300-400 mm
wall thickness), to be suitable for processes involving hydrogen and hydrogen sulphlde
gases at pressures up to 20 MPa and temperatures in the range 723-1173K (450-900 °C) .
[Todd, 1983). Moreover, the construction of ultra super critical fossil power plants
requires structural steels able to withstand a temperature of 873K (600 °C), whiqh would

‘produce, as additional beneficial effect, a considerable reduction in CO; ‘emissions
[Albert, 2004].

The structural steels of hydroprocessing equipment, exposed to high pressures of
hydrogen and temperatures above 573K (300°C), may appear unaffected for long periods,
even for years. Then, inA a relaﬁvely short time, they can exhibit degradation of
mechanical properties, mainly toughness and ductility, and, as a consequence, fail without
warning [Kim, 2002]. The cause of this behaviour is a phenomenon of degradation called
“hydrogen attack”, which arises from the nucleation, growth and coalescence of methane

bubbles to form fissures, mainly along the grain boundaries [Shewmon, 1985].

The phenomenon of hydrogen attack was discovered about 80 years ago in Germany,

during the development of the process for the chemical synthesis of ammonia. Since then,
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it has been a subject of major concern to the petroleum industry, which started to build
large pressure vessels for the hydrogenation of feedstock. Afterwards, the construction of
large plant for the gasification of coal extended the interest in the subject to another sector
[Shewmon, ibidem). In this way, the industrial failures due to hydrogen attack are an
integral part of the wider category of failures due to hydrogen damage, where related
accidents had been estimated in the USA as equivalent to about 100 billion dollars/year

and are responsible for several deaths and many injuries of workers [Trmmms, 1997;
Kim, 2002]. '

The basis of the steel selection for the design of equipment operating in the presence
of hot, high-pressurized hydrogen, are the Nelson curves, published for the first time in
1951 and occasionally updated. They collect data available from industrial experience and
indicate the pressure-temperature ranges in which certain steels may be used without.
experiencing hydrogen attack [API, 1997]. These empirtcal curves are occasionally
revised and, as a consequence, service equipment earlier considered safe could be unsafe.

Besides, the Nelson diagrams give no information about new materials.

-

Selected on the basis of its overall characteristics, the standard (or conventional)
2.25Cr-1Mo steel, had been the material used for almost all the hydroprocessing reactors
built during the 30 years up to the end of the 1990°s. This structural steel is not suitable
for design temperatures beyond 727K (454°C) For pressure vessels desrgned for
Htemperatures higher than 727K (454°C), in accordance with ASME Sec. VIIL, the design
stress value is governed by creep rupture stress and rapidly decreases at higher
temperatures, leading to the need for very thick walls, in some cases more than SOOmm
thick, which make it difficult for welding, NDE, transportation and erection. The
transportation is mamly made by barge or ship, but the transportation from the fabrication
shop to the ship loading facilities is usualty made by multi-wheeled transpert Even then,

most ports do not have facilities to lift a 9MN (~895 tonne) load off a ship [Antalffy, -
1994] .

Another problem found in heavy structures made of 2.25Cr-1Mo steel is the variation

in microstructure and mechanicalpropenies on quenching, due to the limited rates of heat
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transfer. The formation of polygonal ferrite at the quarter and centre thickness locations,

causes the deterioration of hardenability and mechanical properties.

The need for higher design stress intensity values, resulting in reduced wall thickness
reactors, had been the driving force to develop new structural steels. Besides, the
operating conditions of the new industrial processes require steels having good resistance
to creep, hydrogen attack, hydrogen embrittlement and fatigue, combined with good

weldability and toughness. For these applications, new grades of vanadium modified
2.25%Cr and 3% Cr steels were introduced during the 1990°s.

" The knowledge about the in-service behaviour of these alloys and particularly their
respective weldments is still incomplete, so further study is necessary to define the
boundary of the service conditions in which the use of the industrial cdmponents made of
these materials is safe. These needs led several pmﬁem, representative of all the chain,
from the steel producer to the end user (the petroleum companies), to integrate their
research efforts in the Brite/Euram Project 1835 (PREDICH). The aim of this European
consortium, conducted by Usinor Industeel (the previous name was Creusot-Loire

Industrie), was to acquire data for the evaluation of the lifetime of pressure vessels made
with new steels.

The scientific contribution of the Institute for Energy (the previous name was Institute
for Advanced Materials) of the Joint Research Centre of the European Commission to the
PREDICH Project consisted mainly in the work of Baker [1999; 2000] on the synergistic
effects of creep and hydrogen attack in the standard 2.25Cr-1Mo steel, now extended
through the present work. Whilst Baker’s research was focused on the behaviour in creep
and hydrogen attack conditions of the 2.25 Cr-1Mo steel, as base metal, the present study
explores the damage mechamsms which intervenes in the prescribed condmons in the

welded joints made of conventlonal and new structural low-alloy steels.

. This thesis was prepared for a Doctoral Dissertation at the University of Wales
Swansea. The thesis may be useful as a reference book for scholars aimed at investigating
the degradation of steels in high-temperature conditions and, in partlcular in presence of

hydrogen. This study is also intended for a broader audience in the engmeermg sciences.
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It is hoped that researchers in fields such as materials science, metallurgy, fossil and
petrochemical plant engineering, NDT methodologies, as well as field engineers and plant

managers, will find this work useful. -
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2 Literature Review

2.1 Evolution of Structural Steels for Hydroprocessing Reactors

The previous section introduced the main issues of the petrochemical sector and its need
for more advanced materials. The following section will brief the reader about the
evolution of hydroprocessing reactors, which is not limited to material advances but
includes advances in design, fabricatiqn, inspection and testing. Some of the ~alloys

hereafter mentioned had been tested in the present work.

~Q~

2.1.1 Historical Background

The evolution of modem reactor technology is in genergl traced Bélck to the mid 1920’s,
when quenched and tempered chrome-molybdenum steels came in use in Germany for the
Production of reactors of high-pressure hydrogenation plants for the conversion of coal in
transport fuels and of plants for ammonia synthesis. In the former process, the service
temperatures ranged between 673 and 823K (400-550°C) with hydrogen pressures up to
69 MPa (690 bars). In the latter process, the temperatures ranged between 573 and 873K
(300-600°C), and the pressure of hydrogen ranged between 21 MPa (210baxs) and 96
MPa (960 bars) [Shewmon, 1985]). Since that period, the max1mum pressures have been

decreased and the lifetime of the equlpment increased.

After a few decades of -experienc;, the 2.25Cr-1Mo steel, mainly in the annealed
conditions, appeared to be the most suitable for such industrial applications. The first
large hydrocrackmg reactors, made of annealed 2.25Cr-1Mo steel, were built in 1955.
During the 1960’s, Chevron, together with several pressure vessels supphers, carried out
a deV°1°Pment programme, with the purpose of assessing the suitability of 2.25Cr-1Mo,

in quenched and tempered conditions, for the production of hydrocrackmg reactors. In
1966, exght reactors built W1th this material were put into service.

The 2.25Cr-1Mo steel had been predominantly used for reactor fabrication up to the
end of the 1990’s. In the 1980°s, in the framework of worldwide programmes such as
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AP/MPC ™ in USA, NEDO  and JWES ®/ECM in Japan, studies on Cr-Mo steels with
higher design stress and excellent resistance to hydrogen attack were carried out [Tahara,
1990s]. In the middle of the 1980s, the Japan Steel Works started the development of the
3Cr-1Mo-0.25V alloy and, in 1989, the first two commercial reactors had been put into
service in Alberta, Canada. Meanwhile, the development work on 2.25Cr-1Mo-0.25V
steel was carried out. In 1997, Nuovo Pignone completed the fabrication of the first two
hydroprocessing reactors made with this steel. Today, more than 100 reactors, already
built or in the fabrication stige, are made of V-modified 3Cr-1Mo and 2.25Cr-1Mo
alloys, which are expected to dominate the market of the hydroprocessing reactors for the
next several decades [Antalffy, 2002]. )

The fifth generation of hydroprocessing reactor technology, that of the 1990’s, uses
operating conditions ranging from 673K (400°C), with 10.3MPa hydrogen partial
pressure to above 755K (482°C), with corresponding h.ydrogen partial pressures up to
34.5MPa [Antalffy, 1994]. The newly developed hydroprocessing processes, most of
which are not yet commercialised, require more severe operating conditions. In the petro-
chemical industry, an issue is the increase of the efficiency of conventional chemical
plants and build up of coal liquefying plants [Tsuchida, 2004]. Higher temperatures are
already in use in the power generation sector, where the steam operation equipment works
at temperatures higher than 811K (538°C). For these applications, alloys with higher
chromium content had been developed and used, in particular the 9Cr-1Mo-V (Grade 91),
the 9Cr-2W and the 12Cr-2W steels. - |

2.1.2  Performance of Cr-Mo Steels

On the 'basis of what has been mentioned, it is evident that the petrochemical sector
achieved up to now a wide experience of the performances of the 2.25Cr-1Mo in the
current hydroprocessing conditions. Wide experience had been also accumulated with
respect to the material fabrication and welding technology. Antalffy et al [2002] report
that, at the present time, the toughness at 233K (-40°C), measured on the standard

: API=American Petroleum Institute; MPC=Materials Prdperties Council
« NEDO=New Energy and Industrial Technology Organization
JWES=Japan Welding Engineering Society
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2.25Cr-1Mo steel by the Charpy V- Notch (CVN) test, is 547 for the base metal, the weld
metal and the heat-affected zone (HAZ). For the new generation 2.25Cr-1Mo0-0.25V and
3Cr-1M0-0.25V steels, the authors refer that the same requirements are met for the base
metal and the HAZ, whilst for the weld me‘tal the minimum achievable toughness is at
244K (-29°C). For hydroprocessing applications, and taking in consideration the
hydrogen attack phenomenon, the American Petroleum Institute (AP]) prescribes the
temperature limitations of 755K (482°C) for 2.25Cr-1Mo steel, and 783K (510°C) for
2.25Cr-1Mo-0.25V, 3Cr-1Mo and 3Cr-1Mo0-0.25V.

2.1.3 In-service Degradation Phenomena Affecting Cr-Mo Steels

Two main forms of hydrogen degradation occur in the hydroprocessing reactors, and they

are universally known as hydrogen attack and hydrogen embrittlement [Antalffy, 1994,
2002]. '

The hydrogen embrittlement is a phenomenon occurring below 422K (149°C), during
shutdown conditions. The consequent cracking, also called delayed cracking, is due to the
hydrogen concentration accumulated in the reactor steels at service temperatures and
pressures, and may occur when the reactor is cooled down too quickly to allow the
outgassing of the steel. The 2.25Cr-1Mo and 3Cr-1Mo steels with high strength (higher
than 758MPa) are more sensitive to the phenomenon than lower strength steels.
Conversely, the hydrogen attack is a phenomenon registered at higher temperatures,
above 573K (300°C).

These forms of hydrogen degradation set limits for the maximum operating
temperature and strength level of the steels used for the vessel fabrication. The |
publication API 94 1 [1997] sets the safe limits for 2.25Cr-1Mo hydroprocessing reactors
at 727K (454°C) and at partial pressures higher than 13.8MPa. For the 3Cr-1Mo and the
V-modified 2.25Cr-IMo and 3Cr-1Mo steels, the temperature limit is set at 783K
(510°C), whilst the 9Cr and 12Cr alloys mentioned above are not susceptible to hydrogen
attack at the design temperature of 839K (566°C).
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The V-modified steels are less sensitive to hydrogen attack and, in a certain measure,
to hydrogen embrittlement [e.g. Bocquet, 2001; Gingell, 2001]. The reason for this is that
the finely dispersed vanadium carbides, precipitated into the alloy, tend to trap the
hydrogen, reducing its diffusivity into the steel. This effect is more apparent’ in the low Cr
alloys than in the 9Cr and 12 Cr steels. Besides, the vanadium addition to the 2.25Cr-1Mo
and 3Cr-1Mo steels reduces their inherent susceptibility to the phenomenon of temper
embrittlement, which occurs when alloy steels are held within or cooled slowly through
the embrittling temperature range of 643-828K (370-555°C), and whose major effect is

the increase in ductile to brittle transition temperature.

2.1.4 Thermal Treatments

During the fabrication of coméonents for hydroprocessing plapts, the Cr-Mo steels
undergo differént thermal treatments: dehydrogenation heat treatment (DHT),
intermediate stress relieving (ISR) and post-weld-heat-treatment (PWHT). The DHT and
ISR rerﬁove the hydrogen absorbed in the weld metal during the welding process and, in
addition, the ISR reduces the weld metal stresses. For low Cr-Mo steels a DHT a;t 589K
(316°C) is practlsed for unrestrained joints such as circumferential glrth joints. An ISR at
894K (621°C) is usually carried out for restrained joints, such as nozzle to shell welds.

For vanadium-modified steels, the ISR is necessary to prevent cold cracking.

The PWHTs both relieve weld metal stresses and temper the steels in such a way to
confer the required pfoperties. For the standard 2.25Cr-1Mo alloy, the final PWHT is
usually set at 964K (691°C) whilst, for vanadium-modified low-chrome alloys, it is set at
91K (718°C) The weldlng experience on 2.25Cr-1Mo steel taught that the toughness m '
the weld metal could be xmproved by increasing the time for PWHT [Berzolla, 1994].
However, other authors [e.g. Bocquet, 2001] warn that increasing the PWHT has a

detrimental effect on other mechanical properties (e.g. creep resistance).
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2.1.5 Pressure Vessels Protection Against the Internal Corrosion

To be suitable to operate in aggressive service conditions, the hydroprocessing reactors
must be protected from high-temperature ¢orrosion, due to the presence of sulphur in the
process. The most common form of protection adopted in thick wall reactors is a stainless
steel weld overlay over the base metal, having a nominal 18%Cr 8%Ni composition.
Different combinations of overlay compositions have given good results. The current
industry practice, in the production of Cr-Mo reactors, is the use of a two-pass stainless
steel overlay combination of type 309L and a type 347 final pass [Antalffy, 2002].

A sensitive related problem, encountered in the hydroprocessing reactors, is weld
overlay debondmg The phenomenon, observed in some cases of reactor cool-down, is
characterized by a cracking along the interface transition zone between the weld overlay
and the Cr-Mo base metal. The tendency for debonding .seems to increase when the
hydrogen partial pressures, the operating temperatures and the cooling rates are increased.
The crack propagation is mainly registered in zones where the carbide precipitation
mostly occurs, i.e. along the grain boundaries in the overlay near the interface with the
base metal. Differently from the conventional low Cr-Mo steels, the modern vanadium-
modified 2.25Cr-1Mo and 3Cr-1Mo steels do not exhibit a great susceptibility to the weld
overlay debonding. This is another advantage of these steels, and underpins their use and

~ exploitation.

2.1.6 Details of Construction of hydroprocessing Reactors

Because the welds exhibit lower creep rupture strength than the base metal, to eliminate
any potential risk due to this difference, the purchase specxﬁcatlons of the steel reactors

usually incorporate the following requirements [Andersson, 1994; Tahara, 1994].

¢ Heavy wall pressure vessels are one-piece and fabricated from forged shell rings,
. in order to minimize weld seams. In this way, the delivery time and the shut down
time for maintenance inspection are reduced. Besides, the machined shell forging,

which allows fully mechanized welding processes, permits more accurate
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dimensional control, which is an advantage for weight control, since it has to

respect transportation restrictions

® The shell forging allows the elimination of highly stressed longitudinal weld

seems.

¢ Girth joihts of cylindrical shells and heads are usually welded by means of narrow

gap submerged arc welding techniques

¢ The PWHT is targeted to achieve é. good balance between strength, toughness and

hardness of the finished reactor.

e The hardnéss should be controlled; the maximum acceptable value for hydrogen
service is HV250 (238 BHN) [Andersson, 1994].

Most of these requirements are also adopted for the construction of reactor pressure
vessels (RPV) for nuclear power plants [AMES, 1997]. All the RPVs of nuclear power
plants built in eastern as in western Europezin countries use low-alloy ferritic steels with |
bainitié microstructure [AMES, ibidem). -
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2.2 Hydrogen Attack: A Comparative Review

The previous section provides some information about the design of the reactor pressure
vessels and the evolution of their structural materials. This section presents a review of
the hydrogen attack, one of the two forms of hydrogen degradation in reactor steels. The

combined effect of hydrogen attack and creep constitute the subject of the present work.

2.2.1 The Effect of Hydrogen on Steels

Hydrogen plays an important role in hydroprocessing reactors. This element may be
introduced into steel during pickfing, electroplating, melting, heat treating and welding. It
may also enter during the operation of structures in hydrogen étmosphere at elevated
temperatures. Two different forms of steels degradation had been identified: the attack at
low teniperature, below 422K (149°C), which affects mainly high-strength steels, and the
high-temperature hydrogen attack, or simply hydrogen attack. Both these forms of
degradation produce embrittlement of the steel and reduction of strength. Whilst the low-
temperature hydrogen attack produces a reversible embrittlement, which can be recovered
by annealing, the high-temperature hydrogen attack, from now reported in the present
work as hydrogen attack, rhay damage the material pe_rmanently [Allen, 1961].

‘Recent studies have pointed out suitable hypotheses concerning the effect of hydrogen
on the mobility of the dislocations. By performing compression test at 923K (650°C) on
2.25Cr-1Mo steel, hydrogenated up to 4.5wt.ppm, and strain rates of 5%/h and 10%/h, it
has been found that, at the lower strain rate, a remarkable decrease of the compreésive
mechanical] properties of the steel is observed, which led to a surprising softening effect.
It is suggested that the presence of hydrogen in the 2.25Cr-1Mo steel favours the
- movement of dislocations and, consequently, the process of fecovery [Zander, 2003].
These findings may add further understanding of the processes occurring in CrMoV

steels, during exposure to hot high-pressurized hydrogen, in the presence of superimposed
stresses,
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2.2.2 Generalities on Hydrogen Attack

Early fundamental work had been performed on this subject by: Inglis, Naumann,
Schuyten, Nelson, Ciuffreda, Weiner [Inglis, 1933; Naumann, 1937; Schuyten, 1947;
Nelson, 1955; Ciuffreda, 1957, Weiner, 1961]. The main aspects of the damage are:

" Loss of strength and ductility
®* Decarburisation

* Formation of microscopic cracks and fissures
" Blistering

The formation of fissures and blisters is believed to be due to the formation of
methane, which cannot diffuse tﬁrough the steel and, censequently, is trapped giving rise
to high localized pressures. Hydrogen attack exhibits two main features: the surface
decarburisation and the internal decarburisation, The latter leads to [Sundararajan, 1980,
1981; Erwin, 1982):

% The formation along the grain boundaries of cavities, which are believed to be
methane-filled bubbles

* The bubble growth, driven by the methane pressure
® Their link-up into fissures

With respect to the formation of creep cavities in metals, an extensive recent review is
that of Kassner and Hayes [2003] to which the present work will refer further. The
authors conclude that the mechanism by which cavities nucleate (independently of ‘
cnv1ronmental factors) is still not well established, although lt is universally accepted that
the grain boundaries, in particular those oriented transverse to the acting stress, represent
preferential sites for the nucleation. Kassner and Hayes also mentlon that, accordmg to
- recent studies, the creep cavitation of metals appears to be a continuous process without
1ncubatxon time. The same authors conclude that it is still not clear if the cavity growth, at
high temperature and along the grain boundaries, is controlled by diffusion and flow of

vacancies, even though much of the earlier literature has suggested the vacancy diffusion
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is involved in the process of cavity growth [Kassner, ibidem]. The growth and link-up of

cavities, in the presence of hydrogen attack, are governed by the so-called methane

s v
reaction.

2.2.3 The Methane Reaction

It is well known that hydrogen attack occurs in the presence of carbon in the steel. In the
absence of carbon, the attack cannot occur [Thoma, 1966]. In fact, the driving force for
cavity growth is essentially the internal methane pressure, because the internal and
external hydrogen pressures are approximately equal, as a result of the high hydrogen
diffusivity [Sagiiés, 1978]. It is not possible to draw any valid conclusion about the
mechanism of hydrogen-attack-induced bubble growth, if the pressure driving the bubble
expansion is not known. The gron of the bubbles is a slow-rate phenomenon.
Consequently, it is assumed that, at high temperature, the equilibrium methane pressure is
achieved inside the bubbles. On the other hand, wheh the bubbles coalesce to form
ﬁssures', the existence of an equilibrium pressure is less clear [Shewmon, 1985]. The

same consideration is valid at lower temperatures, when the formation of methane is
slow,

The equation of the reaction
The methane formation is due to the reaction between carbon and hydrogen:
yC) + 2yH2i = yCHyg, Eq.2.2-1

Where y indicates the number of moles. However, within steel, most of the carbon is tied ‘

up in carbides and, thus the reaction equation should be written as:
'yM;Cy + 2Hagy = CHay + *,M) Eq.2.2-2

where M,C, is the metal carbide present in the steel. Thjs reaction can be split into two

parts, to simplify the thexmodynamic calculations:

1. That of carbide dissolution M,Cy = xM + yC);
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2. That of the methane reaction itself [Eq. 2.2-1].

The growth rate of bubbles increases monotonically with the methane pressure in the
bubble at a given temperature and hydrogen pressure. The rate of methane formation
varies linearly with carbon activity. Consequently, the bubble growth rate should be

proportional to carbon activity {Sundararajan, 1980].

The methane pressure and the methane fugacity

The first kinetic models assumed the rﬁethane pressure to be equal to the methane
fugacity. As a result of this assumption, the predicted methane pressures were very high
and the common conclusion was that the bubbles grow by creep [Shewmon, 1985]. As \
reported by Shewmon, the equation of state for methane, developed by Odette and
Vagarali, is described by the equaiion: |

f. = P, explC(T)R, ]

Eq.2.2-3
Where
C(T) = .2'3T75 +1.78x107 . >10*MPa
C(T)= 1‘1;37 +3.09x10™ 10° < f, <10*MPa
C(T)=0.005  f.<10°MPa

The relationship between methane pressure and methane fugacity is plotted, for different
temperatures, in Figure 2.2-1. This shows that at low hydrogen pressures and high -
temperatures the log-log plot approaches the slope of PPy, which is indicative of an
ideal gas behaviour. In contrast, at high hydrogen pressures and low temperatures,
methane behaves as a non-ideal gas and its pressure becomes mdependent of Py, which
,means that there is a nearly pressure-independent behaviour for hydrogen attack. For

Fe;C, the fugacity of methane is given by the equation .
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Inf, =—13.3+1—§—;79-9+21nP,,

Eq. 2.2-4

Where Py is the hydrogen pressure and hydrogen is assumed to behave ideally.

Rate controlling factors of the methane reaction

Hydrogen diffusion is not expected to be a rate-controlling factor, because it is too rapid
and it takes only a few seconds for the elément to diffuse from the surface to the centre of
the samples. The rapidity of the hydrogen diffusion explains the simultaneous attack
throughout the entire volume of the sample [Allen, 1962b]. The rate of diffusion of

carbon, and the rate at which the carbides are decomposed, are expected to control the
rate of methane reaction. |

2.2.4 Surface Decarburisation

Steels exposed to hot high-pressurised hydrogen experience - the phenomenon of
decarburisétion. As shown by Figure 2.2-2, the surface directly exposed to hydrogen
environment experiences a phenomenon of pure decarburisation and, as a consequence, a
low derisity of cavities is registered. It is argued by some scholars [e.g. Baker, 2000] that
surface decarburiSation and cavitation are competitive processes. In fact, in the case of
pure cavitation, the bubbles contain the equilibrium methane pressure, methane forms
SIOWIY and there is iittle decarburisation of the surrounding matrix. For the surface
€xposed to hydrogen, the. formation of methane can take place outside the steel.
Furthermore, if there are fissures, especially if the fissures communicate with the external -
surface, the methane can vent to the surface and forms as rapidly as carbon can diffuse to
the fissure surface. In this case, the decarburisation of the regions around the fissures

proceeds rapidly [Shewmon, 1985]. The decarburised layer has a thickness depending on:

* The operational (or tesfing) conditions

* The composition of the steel

The history of the steel (treatment received, eventual cold work, etc.)
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» The geometry of the component (e.g. the thickness)

»  Surface finish

Assuming that surface decarburisation due to hydrogen attack is limited by carbon

diffusion to the free surface, Erwin [1982] used the following equation, solution for one-

dimensional diffusion in a semi-infinite medium, to determine the diffusion coefficient:

X

' C(x,t)=C, xerf

Where
X = distance from free surface
= time
D = diffusion coefficient
C, = initial carbon concentration in the steel

C(x,t) = carbon concentration at a distance x, for time t

erf = mathematical error function

(2J'1>7)

Eq.2.2-5

The temperature dependence of decarburisation is included in Eq. 2.2-5 within the

diffusion coefficient:
9
D =D, exp(———=
o XP(= )
Where
D = diffusion coefficient
D, = constant
/ Q =activation energy
T = absolute temperature
R =ideal gas constant
16

Eqn 202'6
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A value for the diffusion coefficient of carbon in iron is provided by the work of Wert
[1950], who finds Q equal ta 8410Q J/mole and D, equal ta 0.02 cm?/s.

The equation for a semi-infinite medium is applicable to thick-wall reactor vessels, in
which diffusion is really one-dimensional and the ratios of vessel length (or
circumference) to wall thickness are approximately infinite. In the real situation of a
reactor pressure vessel, the strucnxral steel does not come in direct contact with the
aggressive.environment. The thick-wall reactor pressure vessels are usually internally
clad with stainless steel, up to 7 inch thick (~18cm). However, Erwin {1982] showed that

the presence of the stainless steel cladding does not prevent decarburisation at
temperatures where it is expected to occur. 4

2.2.5 Bulk Decarburisation

Bubble and fissure formation

The other effect of hydrogen attack is internal decarburisation. For example, 2.25Cr-1Mo
steel exposed at 20.67 MPa pressurized hydrogen, at temperatﬁres of 769 and 783K (496
aﬁd 510°C), exhibited a decrease in the carbon content of the bulk, which produced a

reduction of the yield and tensile strength [Erwin, 1982]. Furthermore, Yokogawa et al
- [1989], registered a marked decrease in the carbon content of a low carbon steel
(0.011%C, 0.01%Si, 0.32%Mn), exposed to hydrogen at 773K (500°C) and a pressure of
9.9MPa (99 bars), until a final constant value was reached.

The internal decarburisation leads to the formation of methane that cannot escape
outside the steel ahd, for this reason, is trapped to form cavities which are methane-filled
bubbles. The formation of cavities takes place mainly along grain boundaries. The growth
and coalescence of bubbles nucleated along grain boundaries produce; fissures, which are
much larger than the original bubbles and can be also detected by naked-eye inspection,
especially in the case of severe attack [Sakai, 1980; Erwin, 1982]. The strength of the
steel matrix and the cohesion of the grain boundaries, due to the presence of suitable
alloying elements, account for the incubation time before the bubbles grow to a size

sufficient to degrade the mechamcal properties and to be rcllably detected by non-
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destructive examination techniques [Shewmon, 1985]. On the basis of its morphology and
effects, this form of attack had been divided into three different stages.

1.

First Stage. The first stage does not affect the mechanical properties of the steel
and is characterized by the nucleation and growth of bubbles, without

coalescence. This stage is referred, after Vitovec [1982), as the incubation period.

Second Stage. In the second stage, the bubbles coalesce to form grain boundaries
fissures which initially-are about as long as the grain diameter and can then extend
to many diameters in length forming fracture paths that produce a substantial loss

of mechanical properties [Sundararajan, 1980].

Third Stage. In the third stage, the material is heavily deteriorated and a saturation
of the degradation is registered.

Several investigations have been devoted to the incubation stage, because. it is

generally believed that the hydrogen attack kinetics depends strongly on the bubble
density [Parthasarathy, 1987). The first investigations go back to the end of the 1970’s

and the early 1980°s, when very sensitive dilatometers (strain sensitivity less than 10%)

and high magnification microscopes became available.

> Hakkarinen et al [1980] reported that the nucleation may occur in a few hours

and they proved that at most the nucleation can happen in a few weeks, depending

on temperature, hydrogen pressure and applied stress.

Sundararajan and Shcwmbn [1980], who measured the sample expansion rate due
to the mefhane-ﬁlled bubble formation, found that, for all the steels they tested,
the expansion started immediately, once the example was exposed to high .
hydrogen préssures and iemperatures. Consequently, they argued for the presence
in the samplés of pre-existing voids, which start to grow in less than 1-2 hours,
when the samples are exposed to hydrogen. The work of Sundararajan and

Shewmon provides the first data available in the literature on the kinetics of the

incubation period.
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> Hakkarainen et al [Hakkarainen, ibidem]™ with the transmission electron
microscope, observed bubbles having dimension of 0.02-0.1 um, then too small to

be detected even with the scanning electron microscope

» Shewmon [1985] reports that a sensitive nucleation of bubbles was registered in
carbon steels exposed to a pressure of hydrogen of 20MPa at temperatures higher
than 648K (375°C). He also agrees on the pre-existence of voids in samples made
of quenched and tempered (QT) 2.25Cr-1Mo steel, which become ﬁlled with
methane, if exposed to a hydrogen pressure of 20MPa at 773K (500°C). The
author did not register nucleation of additional bubbles in the base metal, weld
metal and heat affected zone (HAZ) of this steel [Shewmon, ibidem). According‘
to this reference, the only work that shows evidence of nucleation of bubbles in
2.25Cr-1Mo steel, is the work of Thygeson and Molstad who exposed the steel at
773K (500°C) and a pressure of 100MPa.

> Also Yokogawa et al [1989] support the thesis that methane forms in micro-pores

already present into the steel.

-

As a résult. of what has been reported, it is possible to argue that the nucleation of
additional bubbles can take place in the Cr-Mo steels, but under pressures significantly
higher than those able to induce nucleation in carbon steels. Because the hydrogen attack
resistance of a steel is shown by the density of bubbles formed, when exposed in hot
hydrogen environment, the higher resistance of the 2.25Cr-1Mo steels, with respecf to

carbon steels, is attributed to the fact that the former steels develop less bubbles than the
latter ones [Parthasarathy, 1987).

Erwin [1982] pointed out that an important factor to be considered is the grain size: as the
bubbles tend to form preferehtially along grain boundaries, the smaller the grain
dimension, the higﬁer the planar grain boundéry area and the higher the extent of the
nucleation. Differently from other scholars, Erwin believes that the key issue is not the
"nucleation of bubbles, but rather the bubble density, tﬁc bubble size and the rate of bubble

growth. According to this author, the major question is to understand under which

? The reader will note the limitations imposed by the SEM technology of 24 years ago!
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conditions in steel the bubbles grow so slowly that they never coalesce to form fissures,
so that the steel is always in the incubation stage. He used two parameters to characterize
the extent of the bubbles formation: the average diameter and the average planar density
(total number of bubbles on the total sampled area). Figure 2.2-3 shows the variation of

the average bubble diameter as function of the time of exposure, for two different
temperatures.

In the bare specimens exposed by Erwin, the bubble size was found to increase with the
temperature and the exposure time. The cladding did not affect the size of the bubbles. In
the case of steels having a ferrite and pearlite structure, the density of bubbles on \
ferrite/pearlite grain boundaries was higher than the density of bubbles along the
ferrite/ferrite grain boundary. In the case of steels havipg an upper bainite structpre, the
bubbles formed along the prior-austenite grain boundaries.

Rate of Bubble Growth.

With the purpose of extrapolating the testing results to long times, sevqral authors
correlate the rate of bubble growth to the strain attributable to the bubble growth [Sagiiés,
1978; Sundararajan, v1980; Erwin, 1982]. For this strain, Erwin suggests the relation:

4) ) ’ _
£=bm (3) Eq.2.2-7

Where

les]

= strain attributable to bubble growth

= planar bubble density

d = average bubble diameter

@)

The equation measures a two-dimensional strain, whilst Sundararajan and Shewmon
measure a linear strain and Sagiiés a volume strain, The mentioned investigators [Sagiiés;
Sundararajan; Erwin; ibidem] report that the bubble growth exhibits two forms of
behaviour, In a first stage, the growth of isolated bubbles is registered. In this stage, the

strain is linearly proportional to time. In the second stage, the strain increases
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1

exponentially with time. Sundararajan and Shewmon [1980] believe that this stage
corresponds to the bubble coalescence. Because, in the first stage, the bubbles grow
isolated, their growth is not influenced by neighbour cavities. For this reason, the bubble
growth rate, E, is expected to depend only on temperature and hydrogen pressure.

Assuming the bubble growth be a thermally activated process, Erwin used the equation
suggested by Yu and Shewmon:

E—A(P )"'e‘"f?’
B Eq.2.2-8

Where:

E= linear bubble growth rate with time
Puz2 = hydrogen partial pressure

T = absolute temperature

Q = activation energy

R =ideal gaé constant

A,n = constants

In the reported testing conditions, Erwin found for Q the value of 113kJ/mole, a value
which is in disagreement with the value found by Yu and Shewmon: 209+37.6 kJ/mole.
Erwin found also ﬂaat the presence of cladding does not change the bubble growth rate
[Erwin, ibidem] and, since the clad is expected to decrease the concentration of hydrogen

in the steel, the author suggested that the methane bubble formanon is not rate-limited by
the hydrogen concentration in the steel.

The total drivihg force for the bubble growth is [Shewmon, 1985]:

4
F=(P +0,-%
Faran - Eq. 2.2-9

Where

Pm = the pressure of methane
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6y = the static stress acting normally to the grain boundary and due to the applied stress
a= the bubble radius

Y= is the surface tension

Y¥/a = is the tension pressure

If the material undergoes creep, this will accelerate the bubble growth. According to
Shewmon [1985], Dyson found that in a sample undergoing creep the voids form only on
a fraction of the grain boundaries, and, if this fraction is small, there is a “cage” of grains
with uncavitated boundaries surrounding the cavitated boundary. This group of
uncavztated grains may act as a constraint for the cavitated boundaries. This is called the

“cage effect”. Shewmon argues that, in case of hydrogen attack of Cr-Mo steels, more
resistant to the attack and to creep than the carbon steels, the cage effect may be present.
But he reports that, on the contrary, Parthasarathy believes tha.t~ for hydrogen attacked
commercial Cr-Mo steels, the fraction of boundaries with bubbleé is sufficiently high that
the cage effect does not exist. |

Shewmon also reports that, by means of very sensitive dilatometer, the growth rate of the
bubbles had been found to be:

£= CP} exp(— 9% - . K
RT Eq.2.2-10
Where

Py = the pressure of hydrogen. If the pressure of methane is used, the equation becomes:

. Q
£ = CP] exp(—=%
&= Chiexp(=3p) Eq.2.2-11

Where P,, is the methane pressure. Qn contains only the temperature dependence of the -
diffusion process limiting the motion of iron atoms, while Qy contains both the

temperature dependence and the dependence of methane pressure on temperature at
constant hydrogen pressure [Shewmon, ibidem).
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The Effect of Microstructure and Composition on the Bubble Formation

As reported by Erwin [1982], two important factors are responsible for low rates of
methane bubble growth in 2.25Cr-1Mo steel:

1. The presence of stable carbides.

2. The high creep strength of quenched and tempered bainitic steel containing 1 %
molybdenum.

As reported by other authors [Van der.Burg, 1996], the presence of carbides in the steel
subtracts carbon to the matrix, and, the higher the carbide thermodynamic stability, the
lower the carbide rate of dissolution in the matrix. Thus, stable carbides tie up the carbon,
which is then not available for the reaction of methanation. Furthermo.re, the fully bainitic
microstructure of the quenched and temperéd 2.25Cr-1Mo steel exhibits higher creep
resistance than normalized and tempered steels, where a significant amount of ferrite is
present. In this respect, Lundin ez al [1984] found in the literature enough evidence about
the contribution of Mo to the formation of the bainitic phase of the steel, and on the fact
that one weight percent molybdenum in solution is sufficient to saturate the dislocation

network, which is expeéted to have an additional impact on the creep properties.

According to Erwin [1982], the growth of methane-filled bubbles may be hindered by
.the development of an elastic back-stress around isolated bubbles. The higher the creep
strength, the higher the magnitude of this resisting stress. Moreover, Erwin reports the
rate of stresé-induced bubble growth in qixenched and tempered 2.25Cr-1Mo to be about
10 times slower than in the normalized and tempered conditions. Sundararajan and
Shewmon [1981] interpreted the link between Mo additions and the increase in creep
strength on the basis of the assumption that Mo does not have an effect on the activity of |
carbon in the steel. This assumption appears refuted by the WRC Bulletin 315 [Lundin,

1984], which underlines the high affinity of Mo for C, which makes the molybdenum a
strong carbide former. : |
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2.2.6 The Kinetics of Hydrogen Attack

Up to the beginning of the 1980’s, two main works had been carried out with the purpose

of characterizing the kinetics of hydrogen attack also in the incubation period:
1. The work of Sagiiés et al [1978].
2. The work of Sundararajan and Shewmon [1980].

The former authors built and used a highly sénsitivé dilatometer to study the rate of
hydrogen attack, measured by the swélling rate, for specimens exposed to various
hydrogen pressures and temperaturesj the latter studied the kinetics of the early period in ™
three high-strength low alloy (HSLA) steels, in 2.25Cr-1Mo steel and in carbon steel,

using a high-sensitivity capacitance dilatometer. The main findings of these authors can
be summarized as follows:

* The early period is characterized by a linear dependence of the expansion rate

from the exposure time. Accordihg to Sundararajan and Shewmon, this period is
due to the growth of isolated methane-filled bubbles.

After the early period, the accelerating expansion period (or accelerating swelling
period, as it was called by Sagiiés et al) proceeds at a rate that is approximately

exponential in time. Sundararajan and Shewmon correlate this behaviour to the
link-up of bubbles. ‘ »

The point of passage between the early stage and the accelerating stage is termed
breakaway expansion after Sundararajan and Shewmon, whereas Sagilés and co-

workers arbitrarily defined it as the time required to reach a swelling value of 10,

Under the testing conditions, respectively P=6.2MPa, T=748K (475°C), and
P=21MPa, T=623-783K (350-510°C), the breakaway expansion is found
respectively after 40 hours and less than 40 hours.

If the hydrogen pressure or the temperature is changed, the expansion, aﬁer a

transition period, continues at a new rate without any delay. If the temperature is
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brought back to the same initial value, after some yariation, substantially the same

expansion rate is obtained.

Sagilés et al ascribe three regimes:

1. Low T (~548K) or h;thz (3.10MPa). The calculated methane pressures are

below the equilibrium value and the cavities grow by creep;

2. Intermediate T (~648K) and Py (1.55MPa). The calculated methane pressure is

the equilibrium pressure and decreases with T. The growth rate is creep-controlled

and decreases as the temperature increases;

3. High T (748K) and P (3.1 OMPa). Methane is present at low equilibrium

pressures. The rate-controlling mechanism, especially when the bubbles are small,

is the grain-boundary diffusion.

The existing models proposed up to the beginning of the 1980’s, to explain the kinetics of
hydrogen attack, can be divided into: '

*  Grain boundary diffusion controlled models.

Power-law dislocation-creep-controlled bubble growth model.

Grain boundary models predlct bubble growth rates which vary linearly with methane
pressure, suggesting that the creep strength of the material has no effect on the growth
rate itself, The material between bubbles remains elastic and the bubble growth occurs by
diffusion of the material away from the bubble The creep-controlled models predict
growth rates that are strongly dependent on both methane pressure and bubble radius.
These models are madequate to explain the data obtamed for both the carbon and low
alloy steels, with respect to the incubation period [Sundararajan, 1981]. According to the
reference, this is because the models are not complete and they assume that the surface
diffusion of Fe atoms along the cavity surface, and the thlckemng of the cavitated gram
boundary, are too rapid to be rate controlling. The difference between the two models, is
that, for the former, the bubble growth rate is not influenced by the creep of the material;

differently, for the latter, the bubble growth is by creep of the surrounding material, not
only by diffusional growth [Chen, 1995].
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2.2.7 The Nelson Curves

The limits of hydrogen pressure and temperature at which carbon and certain low alloy
steels could be employed safely are defined by the Nelson diagrams [AP], 19971,

published for the first time in 1951 and occasionally updated [Norris, 1976). They are
empirical diagrams, based on the data available from industrial experience, and indicate,
for different steels, the range of temperature and pressure in which hydrogen attack has
been observed. These diagrams are still the main reference for the design of systems and
components that operate in presence of hydrogen, and are revised to more conservative
hmrts every time new failures are reported. These revisions have a huge economic impact
on the industry and, besides, the Nelson curves are not applicable to the design of systems
employing newly developed alloys. To overcome the inherent weaknesses of these
empirical curves, a mechanistic understandmg of the hydrogen attack is requlred For this
purpose, it is necessary to characterize the effect of hydrogen pressure, temperature and

stress on the incubation and development of the attack [Sagiiés, 1978].

2.2.8 Factors Influencing rhe Effect of Hydrogen Attack on Steels
Dependence of Hydrogen Attack on Pressure

The dependence of hydrogen attack on hydrogen pressure is clearly expresse& by the
Nelson curves, which, as said, describe for a given steel the Temperamre/Pressure domain
where the hydrogen attack occurs. The line bounding this region changes slope
remarkably by passing from low to hlgh pressures. In fact, hydrogen attack has been not
observed in carbon steel for hydrogen part1a1 pressures lower than IMPa [Shewmon,
1985] Shewmon et al [1980] devoted a study to this topic80]. They showed that the
increase in pressure speeds up the attack and can change the morphology of the initial
stage of it. As reported by Erwin [1982], the hydrogen attack process is dependent on

pressure. Allen [1961] considers that the effect of pressure on the rate of the hydrogen
attack i is temperature dependent, and glven by the equation:
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K o
= pr Plpp) Eq. 2.2-12

Where

t = exposure time for 50 per cent of the property change
K,n = constants

P = hydrogen partial pressure

Q = activation energy

R = gas constant

T= absolute test temperature in degrees Kelvin

In case of creep ‘tests in hydrogen, it was observed, as a general trend, the decrease of
ductility with increasing hydrogen pressure and, at high stresses, the small influence on
strength caused by variations of hydrogen pressure [Allen, 1962a]. This finding is

consistent with the more recent views of Zander et al [2003], who suggest that hydrogen
favours the movement of dislocations.

Sutherland et al t1965] also carried out a systematic study on the effect of pressure on
hydrogen attack. They investigated the effects of pressure and applied stress on the rate of
attack in 0.5% Mo steel and 1%Cr-0.5%Mo steel, reporting that the rupture lives of the
Mo-steel specimens are progressively reduced by an increase of the hydrogen pressure on
all the range of pressure investigated, up to 9.6 MPa (96bars). This effect is marked in the
presence of iow-applied stresses and small in the presence of high-applied stresses. The
behaviour of the 1Cr-0.5Mo steel is found similar, but slightly different, to that of the
0.5% Mo steel, because no further reduction of the rupture time is reglstered by the
authors for hydrogen pressures higher than 6.2MPa (62 bar).

The testing of SAE 1020 steel shows the dependence of the incubation period on the
hydrogen pressure. It is found that, at 811K (538°C), and at a hydrdgen pressure of
2.8MPA (28bars), the incubation period for this steel extends beyond 250 hours, whereas
it becomes 30 hours in hydrogen at 6.2MPA (62 bars) [Coombs, 19651.
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More recently, Chen and Shewmon [1995] showed that the pressure of hydrogen plays
a determinant role on the growth of cracks in steel samples exposed to hydrogen, and that
the crack rate drops when the hydrogen pressure is reduced, whilst maintaining constant
temperature, More recent studies, carried out at the Institute for Energy of the Joint
Research Centre on tubular specimens made of 2.25Cr-1Mo pressurized with hydrogen,
provided further coherent data on the iﬁﬂuence of stress and hydrogen pressure on the

steel, confirming that stresses enhance the hydrogen attack [Baker, 2000].

The dependence of hydrogen attack on pressure is, of course, influenced by
temperature. This is expressed by the equation of Odette and Vagarali [1982], which
é"aphically shows that for hydrogen pressures higher than 2MPa (20bars) and for low
temperatures, just above 573K (300°C), the methane pressure is high but about
independent from the hydrogen pressure. Consequently, also for hydrogen attack, a
pressure independent behaviour is expected [Shewmon, 1985]. ' '

Dependence of Hydrogen Attack on Temperature

The incubation time of the attack decreases rapidly when the temperature increases.
Corresponding to a certain hydrogen pressure, there is a temperature below which the
incubation time exceeds the life of the component, so no hydrogen attack is detected
{Shewmon, 1985)]. Chen [1995]. reports that prior studies show that the processes of creep
and diffusion, producing crack growth, are thermally activated and exhibit an exponential
dependence on temperature and a linear dependence on time. As already mentioned (see
Egs. 2.2-5,6), the equnential dependence of the carbon diffusion on temperature was
reported by Erwin [1982). Furthermore, the Egs. 2.2-8,10,11 [Shewmon, 1985] show that
an increase in temperature detenhines an increase in the growth rate of the bubbles, and
Eq. 2.2-12 [Allen, 1961] presents an exponential dependence on the inverse of

temperature of the time needed for a marked reduction of the mechanical properties of the
steel,
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Dependence of Hydrogen Attack on the A lied Stress

Some alloy steels, resistant to hydrogen attack in the unstressed condition, are readily
attacked when a stress is applied. In many sections of engineering structures, high stresses
are concentrated in small regions, resulting in non-uniform stress distributions. At
temperatures ranging between 700K (427 °C) and 873K (600°C), the application of
stresses between 10.1 and 23.5MPa to low alloy steels is found to promote bubble
nucleation and coalescence [Sakai, 1980]. Erwin [1982] reports the increase of bubble
density of normalized and tempered 2.25Cr-1Mo steel, hydrogen exposed at high
temperature, in combined conditions of creep and hydrogen attack. Chen and Shewmon
[1995] register a higher density of bubbles along the grain boundaries of samples that
experience higher stress. Besides, they proved that the stress/strain field around the crack™
tip accelerates the nucleation and growth of methane filled bubbles [Chen, ibidem].
Conversely, Yokogawa et al [1989], who performed on low carbon steel stress-free
exposures at 873K (500°C) 9.9MPa (99bars), and creep tests in presence of an applied
load of 94MPa, find that the applied stress has a little effect on the bubble density. |

In the presence of applied stresses, the voids and fissures are still located along grain
boundaries, as in the unstressed situation, but the time to produce them can be shorter by
a factor of several hurrdred, as in the case of 0.5Mo steel and 1Cr-0.5Mo steel

[Sutherland, 1965]. Sutherland et al suggest that the movement of dislocations i)lays an
important role in the hydrogen aﬁack, arguing that dislocation motion could aid the
transport of hydrogen to reaction sites, favouring in this way the nucleation and growth of
fissures. This can be interestingly correlated to the more recent studies of Zander et al
[2003], who state that the hydrogen increases the mobility of dislocations. Other
investigators [Allen, 1962a; Coombs, 1965) suggesr that the ai)plied stress may promote
the initiation of grain boundary microfissures, which may explain the intergranular
fracture occurring in the presence of hydrogen attack. These fissures are expected to be

methane-ﬁlled which means that the methane pressure contributes, together with the
apphed stress, to the coalescence and link up of bubbles.

In the case of carbon steel, the rate of the methane reaction is'hi‘gh, and the only

pressure of methane may drive the growth of the bubbles into fissures, although the
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application of stresses is expected to increase the growth rate. In the case of the 2 ' Cr-
1Mo steel, and more so of its vanadium-modified grade, the rate of the methane reaction
is low and the hydrogen attack may become marlgg:d only in the presence of applied stress
whilst, in the unstressed situation, low or no attack would be observed. The effects of
hydrogen pressure and applied stress on the rupture live of the steels are represented (in
particular, for the SAE 1020 steel) by Figure 2.2-4. The curve shows three stages:

1. First Stage. The first stage could be associate to the incubation period, during

which no microstructural changes can be detected.

c 2, ~Second Stage. The second siage is characterized by significant hydrogen attack

and the rupture stress becomes markedly reduced.

3. Third Stage. In the third stage, hydrogen attack and decarburisation are essentially

complete and they result in a reduction of the slope of the curve [Coombs, 1965].

The same authors report that, in hydrogen, the stress reduces drastically the incubation
period and that, cdmpared to what is observed in argon, higher stresses enhance the extent
of the third stage creep at the expense of the second stage creep. The applied stress also
seems to increase the process. of decarburisation. Sponseller et al [1966] find a strong
reduction of the bulk carbon concentration (from the initial value of 0.13% to the final
average value of 0.10%) of samples made of 2.25Cr-1Mo steel, creep-ruptured after 163
hours in hydrogen at a temperature of 811K (538°C), a hydrogen pressure of 6.2MPA (62
bars), and a stress of 365 MPa. Similarly, they find a reduction of the average bulk carbon
concentration of 0.5%Mo-0.006%B steel, failed after 78.8 hours, in the same conditions
of temperature and pressure, and under an applied stress of 358 MPa, from the initial
concentration of 0.14% to the final 0.065%. This effect could be related to the role that,
according to Sutherland et al, the movement of dislocations plays on the hydrogen attack
(Sutherland, ibidem). Similarly, Yokogawa et al [1989] agree that the decarburisation
occurs more quwkly In creep specimens than in speclmens exposed to hydrogen in the
absence of supenmposed stresses. However, they ﬁnd that, after a certain time, very

similar for both cases, the creep samples and the stress-free exposed tend towards the
same hmltmg carbon content (0.004%).
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Dependence of Hydrogen Attack on the Alloy elements of the Steel

In principle, because hydrogen attack is due to the reaction of hydrogen with carbon, one
would think that by reducing the carbon content of a steel it is automatically reduced its
susceptibility to attack. In reality, the reduction of the carbon content, as suggested by
Thoma et al [1966], is not an effective way for increasing the hydrogen attack resistance,
because steels with a few hundredths per cent of carbon are still attacked [Shewmon,
1985]. It is sound, instead, to opt for a solution which ties up the carbon in the steel, in
such a way the element is less available for the reaction of methanation. This solution
involves the addition of appropriate alloy elements, which exhibit hlgh affinity for
carbon. The molybdenum addition, for instance, increases both the rupture stress and the

time necessary for its complete decarburisation [Coombs, 1965]. The same source states
that: '

* In the same testing conditions, the 0.5%Mo steel has an incubation period more

extended than the commercial: SAE 1020 steel and 1Cr-0.5Mo steel has an

incubation period still more extended.

The number of cracks registered in tested specimens made of 1Cr-0.5Mo steel is

smaller than that registered in specimens made of 0.5Mo steél.l '

The higher resistance of the 2.25Cr-1Mo steel, with respect to the 1Cr-0.5 Mo steel
and the 0.5Mo steel, is due to the higher concentration of Cr and Mo. It is well known
that the two elements exert a carbide-stabilizing action into the steel, in this way lowering

the internal pressure which provides the driving force for bubble growth, and increasing
the resistance to the attack [Sakai, 1980].

As reported by Sponseller et al {1966}, a previous work of Naumann shows that the
increase in the Cr content alone, from 1% to 2.25%, shifts up the limiting service
temperature approximately 29K, and the increase in the Mo content alone, from 0.5% to
1%, produces a comparable increase of 24K. Besides, as suggested by Rosenthal [1963],
the segregation of Mo to grain boundaries reduces the grain boundary energy, in this way
making more difficult the formation of new surface areas associated with cavities and

microfissures. Also the paper of Song ef al [2000] mentions the evidence in the literature
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of the tole of Mo in increasing the grain boundary cohesion. Another mechanism by
which Cr and Mo may reduce hydrogen damage is through the reduction of carbon
diffusion [Sponseller, 1966].

The addition of boron (~ 0.006%) to the 0.5%Mo steel, is reported to increase the
hydrogen attack resistance of the steel. According to the author, the result is consistent
with information reported by Rosenthal on steel containing 0.004%B and 0.14%C. The B
tends to segregate at grain boundaries, reducing the interfacial energy and opposmg to the
creation of bubbles and, consequently, microfissures. Besides, the B in Mo-containing
steels leads to the formation of bainitic ferrite in place of polygonal ferrite during air- -
coohng The bainitic ferrite has a fine grain size and high dislocation density, in this way
improving the yield and tensile strengths of the steel. This strengthening mechanism is
expected to maintain its effectiveness, also in presence ofa part1a1 decarburisation of the

bulk, because it does not require the presence of carbides.

Vanadium is also reported to improve the hydrogen attack resistance, in particular due
to the formation of stable VC carbides [Todd, 1983]. Also Nagae ef al [1987} find in the
literature evidence of the beneficial effects of V, Cr, Mo, W, Ti on the hydrogen attack
resistance, whilst the effects of Nb are controversial, even though it is a strong carbide
former. Bocquet ef al [2001] show that the tensile properties of the V-modified 2.25Cr-
1Mo steel are less degraded by hydrogen attack than the homologous propertles of the
standard steel. Moreover, they observe that the ductility of the V-modified stcels remains
unchanged even for the longest exposures to hydrogen at temperature up to 923K (650°C)
and pressure of 18MPA (180bars), whilst the standard steel shows a remarkable reduction
in ductility (Figure 2.2- 5) |

Alloy elements can act as trapping sites for hydrogen. This happens if the elements are
metallic and have a higher affinity for hydrogen than Fe. For example, V, Ti, Nb, Ta, Zr,
and Y. These elements form in Fe effecti\}e trap sites, influencing solubility and
diffusivity, For instance, the addition of vanadium to the steel reduces the diffusion
coefficient and increases the solubility of hydrogen [Brouwer, 1992]. As a result of the
higher solubility of hydrogen in the V_-modiﬁed steels, the hydrogen ectivity (and the
hydrogen fugacity) is also expected to be lower than in V-free steels. On the basis of what
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has been reported, Brouwer considers too conservative for V-modified steels the limit of
concentration of 3 ppm wt% for h).'drogen in the V-free alloys, set by the American
Petroleum Institute (API). The present section relates to the hydrogen attack resistance of
steels. It is well established in the literature the connection in service conditions between
the hydrogén attack resistance and the creep resistance of steels. For this reason, and with
respect to the creep properties of steels, it is worth mentioning that the addition of Cr
reduces the ‘alloy creep resistance [Lundin, 1984; Shewmon, 1985], whilst the addition of
Ti or V enhances the creep strength [Shéwmon, ibidem]. Bocquet et al [2001] report that

the addition of vanadium increases the creep strength of the steel, both in air and in A
hydrogen.

Dependence of Hydrogen Attack on the presence of Impurity Elements in the Steel

Impurity elements, mainly P, As, Sn, Sb and Si, may influence the grain boundary
embrittlement of the steel termed “temper embrittlement”. Step cooling treatment (SCT)
is known to favour the segregation of impurities along grain boundaries, enhancing the
effect that these elements may have on the temper embrittlement. Because hydrogen
attack is characterized by the formation of bubbles, which nucleate mainly at carbides
along grain boundaries, the presence of impurities along grain boundaries has been shown

to affect the resistance of the steel to hydrogen attack (Figure 2.2-6) [Sakai, 1981].

In the caée of the 2.250‘r-1Mo steel, exposed to hydrogen at a temperature of 843K

(570°C), a pressure of 31.4MPa (314bars), and up to 320, 400 and 500 hours, it had been
found that: '

P and As decrease the bubble dens_ity and SCT reduces the bubbles
diameter;

Sn increases the bubble density and diameter, but SCT does not enhance
this effect;

Sb incfeases the bubble density but reduces the bubble diameter;

Si increases the bubble density and diameter.

33 ~ Giustino Manna ~ Ph.D, Thesis



Chap. 2 LITERATURE REVIEW Literature Review

These effects are influenced by the time of exposure, the increase of the exposure time
enhancing the effect of some elements while reducing that of others. In particular, the

respective effects of P and Sn had been explained in this way:

» The adsorption of P to the bubble surface promotes the nucleation by
lowering the surface energy. Additionally, its presence on the bubble
surface hinders the adsorption of C and H, in this way inhibiting the

methane reaction.

» Sn does not segregate along grain boundaries and does not produce temper
embrittlement. The strong repulsive interaction between Sn and C reduces
the presence of the element in solution; in this way C is more available to

participate in the methane reaction.

Dependence of Hydrogen Attack on the Surface Conditions

Hydrogen attack is a complex phenomen;)n involving several different mechanisms:
hydrogen adsorption, dissociation, absorption, diffusion, desorption, recombination or
reaction with carbon, carbon diffusion and creep [Allen, 1961]. Dissociation and
adsorption of hydrogen ’are phenomena happening at the metal ‘surface. Allen et al
[1962b] studied the effect of the surface finishing on SAE 1020 and Ferrovac 1020. They
found that specimens polished with diamond are more rapidly attacked than thosevhaving

surface ground with 400-grit emery paper, also showing .more extensive surface
decarburisation and fissuring.

Dependence of hydrogen attack on_the deoxidation of the steel

It is worthwhile to quote the study of Shewmon et al [1980], concerning two plain carbon
steels, having similar composition, fully deoxidised, one electroslag-refined (ESR), the

other aluminium-killed, exposed to hydrogen, at 688K (415°C) and respectively 6.4 and

17MPa. At low pressure, the Al-killed steel was more resistant to hydrogen attack than

the ESR one. The modes of development of the attack registered in the two steels became
different in the case of the application of a pressure of 17MPa. In the ESR-steel, the

hydrogen attack produced the nucleation, growth and coalescence of bubbles to form
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fissures. Together with fissures, the grain boundaries of the ESR steel showed the
presence of arrays of bubbles. Conversely, the attack in the Al-killed steel consisted of a
distribution of intergranular fissures, randomly oriented, with no presence of arrays of
bubbles detected at the grain boundaries. This difference is attributed to the presence of
impurities at grain boundaries that may favour the nucleation of bubbles in one case, and,

in the other, the growth of one or a few bubbles along grain boundaries, before other
bubbles can nucleate and grow,

Dependence of Hydrogen Attack on the Prior Thermal Treatment of the Steel

Both industrial experience and research work indicate that the post-weld-heat-treatment
(PWHT) of Cr-Mo steels for hydrogen service improves the re81stance to hydrogen
attack, because it leads to the formation of more stable carbides in the steel, reducing the

activity of carbon and, then, the equilibrium methane pressure [Parthasarathy, 1984;
Berzolla, 1994; Timmis, 1997]. In particular,

* Berzolla et al report that the reduction of the tempering parameter produces an

increase of the hydrogen attack sensitivity for both 2.25Cr-1Mo steel and
2.25Cr-1Mo-%V steels. The authors did not study the analogous behaviour of
the 3Cr-1Mo-V steel, but expect the same effect for it.

Timmis proposes that both high temperatures and longer times are beneficial.
In fact, 2.25Cr-1MoAsteel, post weld heat treated for 16h at 963K (690°C)
became more resistant to hydrogen attack than the same steel post-weld-heat-
treated for 24h at 903K (630°C). The same beneficial effect, produced by the

higher treatment temperature, was observed in 1Cr-0.5Mo steel and 1.25Cr-
0.5Mo steel.

Also Shewmon [1985] confirms that part of the literaﬁne supports the thesis that the
resistance to hydrogen attack of quénched and tempered 2.25Cr-1Mo ‘steel increases
appreciably with tempering, due to the replacement of the M;C carbide with the more
Stable M;;Cs and M;Cj. Unfortunately, a work of Parthasarathy and Shewmon, who
measured the carbon activity and the dilatometric strain rates of quenched and tempered

2.25Cr-1Mo steel, at 823K (550°C) and as a function of the tempering parameter, shows
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that the carbon activity - and the hydrogen attack - drops continuously with the increasing
of the tempering time, but with an asymptotic trend (Figure 2.2- 7) [Shewmon, ibidem). In
addition to this, Bocquet et al [2001] find that mcreasmg the tempering time deteriorates
the creep strength of the weldment. These findings suggest a need to limit the tempering

parameter in order to confer enough creep strength to the steel weldment.

In conclusion, the optimal tempering treatment (TP parameter) is the one that offers
the best ratio (beneficial effects)/(treatment), where “beneficial effects” include both the
resistance against hydrogen attack and the creep strength, and “treatment”’ means its

typology, its duration and its cost.

2.2.9 Degradation of Steel Mechanical Properties due to Hydrogen Attack

General Issues

The major effect of hydrogen exposure on the tensile properties is the decrease in
strength, which can be explained by bulk decarburisation. The coalescence of bubbles
along grain boundaries (without formation of fissures) is believed not to affect the room-
- temperature tensile properties, whereas they may affect the creep propertles, because they
can act as sites to initiate premature intergranular creep fracture. In fact, grain boundary
sliding and cavity formation is one possible creep deformation mechanism. The work
performed by Allen et al [1961, 1962b] on steels such as the high-purity carbon steel,
Ferrovac 1020, and the commercial SAE 1020 investigates the effect of the attack on
specific mechanical propertxes, mcludmg yxeld strength ultxmate strength, true fracture
stress (defined as load at fracture divided by the minimum cross-sect;onal area), strain to

fracture, reduction of area, in the case of tensile tests, critical bending moment and angle

of bend at initiation of a crack, in the case of notched bend test and hardness. Their work
shows that:

_«  The mechanical properties under consideration are reduced by hydrogen attack.
In particular, the true stress at fracture and the reduction of area appears as the

_ most sensitive to the occurrence of the hydrogen attack.
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The variation with time of exposure to hydrogen is similar for all the properties
considered and is due to: 1) the formation and growth of fissures, 2)

decarburisation, 3) recovery and recrystallisation.

The rapid change of properties is preceded by an induction period. At an
advanced stage of attack, the rate of attack decreases and the property changes
becomes asymptotic to a final value, depending on the composition of the steel

and on the testing conditions.

The rate of drop in propérties increases with the increase of the degree of cold
work. '

The reduction of the mechanical properties is promoted by the development of
fissures along the former austenite grain boundaries and at the interface between

ferrite grains and pearlite colonies.

The growth of fissures is found to occur by increasihg separation of the grain

boundaries, rather than by lengthwise increase along grain boundaries.

The final shape of the fissures appears to be dependent upon the history of the steel,
i.e. prior thermal treatmerits and cold work. In particular, the ﬁssui'es; of the annealed SAE
1020 showed a spheroid shape, and the bridges between the blisters fracture only after
large plastic strain has occurred, indicating an expansion by creep and a high duc;;ility of
the material under the test conditions (Figure 2.2-8). In contrast, the previously cold-
worked steel exhibits fissures of more prismatic shape, resulting from the alignment of
the nucleation sites for the fissures after cold work. The fissuring and the cold work may
produce channels in the steel through which methanc or hydrogen can escape, limiting the
maximum gas pressure in the fissures. Yokogawa et al [1989] comment that, for low

carbon steels, hydrogen attack degrades the reduction of area more than the elongation, in
the case of both tensile and creep tests.

Hyl drogen Attack and Creep

The understanding of the mechanisms of hydrogen attack in steels is, according to

Shewmon (19851, “another way to study the processes that limit creep ductility in alloys™,
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In fact, hydrogen attack affects the tensile, bending, hardness and specific gravity of
steels [Allen, 1961], and also the creep properties. In particular, the hydrogen attack is
combined with phenomena of decarburisation, recovery and recrystallisation, which are
expected to influence the creep behaviour. Reciprocally, creep plays an important role in
the process of growth of bubbles, blisters and fissures, and, as result of the creep of the
steel, it is expected to enhance bubble growth rate and nucleation of bubbles. The creep
strength of the metal matrix is a constraint for the bubble growth under the action of the
maximum equilibrium methane pressure that develops within the steel. In addition, the
atomic processes leading to the growth of methane bubbles present many similarities to )
the slow growth of gram-boundary voids in the creep of alloys, and the formation of

fissures due to hydrogen attack corresponds to the fracture of the creep sample For these

reasons, the models explaining the methane bubble growth owe much to the creep models

[Shewmon, 1985].

The creep and rupture testing of solid specimens, in a controlled gas environmenﬁ at
high temperature and pressure, dates back to the end of 1950’s and the beginning of the
- 1960’s. In that period, special equipment was built to carry out the tests [Allen, 1962;
Coombs, 1965] Allen et al [1962a] performed one of the first studies on creep and testing
in hydrogen and argon at high pressure and temperature. Their findings are the followmg

* Hydrogen attack decreases the creep properties. This reductlon 1s due to the

internal decarburisation, which leads to the formation of ﬁssures along grain
boundaries.

The effect of hydrogen attack is higher in the presence of low applied stresses,

which means long testing times, and is lower in presence of hlgh -applied stresses,
which means shorter testing times.

The ductility reduces with hydrogen attack, and the general trend is towards lower
ductility with increasing hydrogen pressure.

* The hydrogen attack promotes the 1mt1anon of inter-crystalline crackmg
Sutherland et al [1965] report for the 1Cr-0.5 Mo steel an initial increase of ducnhty

when the hydrogen pressure is increased up to 6.2MPa. The metallographic investigations
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show that, in spite of the increased stability of the carbides in the steel, due to the addition
of Cr and Mo, decarburisation of the ferrite occurs, producing this change of ductility in
hydrogen [Coombs, 1965]. Coombs suggests that, in the hydrogen environment, the
stresses necessary to obtain the same value -of minimum creep rate are lower. These
findings are in agreement with those reported by Allen ef al [1962a], who registered an
increase in the ductility of the steel with increasing hydrogen pressure. The experimental
results of Yokogawa et al [1989] also denote an increase in secondary creep rate, while
the conclusions of Zander et al [2003] suggest that the hydrogen favours the movement of
dislocations. Moreover, as observed by Sutherland ef al [1965], the increased mobility of

the dislocations is expected to facilitate the transport of hydrogen to the reaction sites.

Yokogawa et al [1989] carried out creep tests on low carbon steel in hydrogen and in
argon, at a temperature of 773K (500°C), a pressure of 9.9MPa (99 bars) and under an
applied stress of 94MPa. They report in hydrogen a shorter rupture tune, creep elongation
and extent of the secondary creep stage, with respect té the test carried in argon, whilst
the secondary creep rate is higher. The creep samples of Yokogawa et al show dimpled
transgranular fracture in argon for all testing times (from ~10 hours to ~ 3000h), whilst, in
hydrogen, transgranular fracture occurred only for very short rupture times (less than 13
hours), After that time, dimpled grain boundary fracture was observed together with the
transgranular fracture, and the amount of the first type of fracture increased with the

rupture time. Void formanon in the creep spec1mens was observed m the tertiary creep
stage.

In the context of the reported Bnte/Euram Project 1835 (PREDICH), Bocquet et al

[2001] performed creep-rupture tests on either parent metal and cross-weld specimens

made of standard 2.25Cr-lMo steel, V-modified 2.25Cr-1Mo steel, 3Cr-1Mo-V-Ti-B
steel, in air and hydrogen, in the range of tempérannes between 803-903K (530-630°C).
In the case of the standard 2.25Cr-1Mo steel, the applied stress was 100MPa. For its V-
modified counterpart, three stresses had been applied, namely 120, 150, 190 MPa. The
hydrogen pressure was in all cases 18MPa (180 bars). Their results show that hydrogen
has an effect on the creep behaviour of the steels, but the creep properties of the V-

modified 2.25Cr-1Mo steel are less degraded than the propetties of the standard steel;
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Moreover, the hydrogen effect is more apparent towards the lower temperatures. The
same authors found that the 3Cr-1Mo-V-Ti-B steel shows similar creep strength in air and
in hydrogen, which means that it is even less sensitive to hydrogen attack. The cross-weld

specimens tested by Bocquet et al failed in the following zones [Bocquet, ibidem]:

- ® Fine-grain heat-affected-zone (FGHAZ), for the standard 2.25Cr-1Mo steel and its
 V-modified counterpart;

" Base metal (BM), for the V-modified 3Cr-1Mo steel.

In Chapter 5, these results will be compared with the findings of the present work.

The Effect of Hydrogen Attack on Impact Properties

Hydrogen attack is manifested by the formation of fissures at grain boundaries and\ at
inclusion interfaces, which cause the reduction of the mechanical properties, in particular
impact properties and ductility [Coombs, 1965]. Wlth reference to the early works of
Naumann [1937] and of Wiener [1961], ‘Shewmon [1985] reports that the mechanical
properties first and most affected by hydrogen attack are the impact propertlcs, and next
the d\ictility. The “last and least” affected are the ultimafe tensile strength and the yield

stress.

The impact tests, carried out by Sponseller et al [1966] on miniature Izod-type
specimens, show that specimens made of 2.25Cr-1Mo steel, exposed for 148 hours in
hydrogen at 811K (538°C), a hydrogen pressure of 6.2MPa (62 bars), absorbed, at all
"testing temperatures, quantities of energy slightly higher than their unexposed
éounterparts. The authors attribute the increase in energy absorption to the
decarburisation of the steel. The same authors find that specimens made of 0.5%Mo-
0.006%B steel, expoéed in hydrogen at the same temperature and pressure for up to 515
houré, exhibit a reduction in energy absorption, due to the reduction of the carbon content
from 0.14% to 0.011%. .

In the work of Todd and Chung [1983], quenched and témpered 2.25Cr-1Mo steel,
exposed in hydrogen at 823K (550°C), 10MPA (100 bars), up to 1000 hours, present a
shift in the 67 (50 fi-Ib) impact transition temperature of 40K. Scanning electron
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micrographs of 2.25Cr-1Mo steel, fractured at 77K, show mixed cleavage and
intergranular fracture, but no presence of methane bubbles at prior austenite grain
boundaries. The authors conclude that the change in impact properties is attributable to
tempering and segregation of impurities during the isothermal ageing, more than to
hydrogen attack. By increasing the pressure to 13.8MPa (138 bars), the authors register a
reduction in the upper shelf toughness level and a shift of the 67J impact transition
temperature of more than 130K, which is interpreted as due to hydrogen attack methane

bubbles formation on grain boundaries. -

The 2.25Cr-1Mo steel, exposed for 1000 hours at 873K (600°C) and 29.4MPa (294 -
bars) hydrogen pressure, shows a huge reduction in the shelf energy, as does the standard
3Cr-1Mo steel. This reduction is completely eliminated by the addition of 0.32%
vanadium to the steel, whilst the addition of Nb up to O. 04% shghtly reduces this
improved hydrogen attack resistance [Nagae, 1987]).

2.2.10 The Role of Carbides on the Resistance to Hydrogen Attack

The driving force for the hydro gen attack is the reaction of methanation, which allows the
hydrogen to link with the carbon of the steel to form methane (see §2.2. 3). An effective
way of increasing the resistance of the steel to hydrogen attack is the formation of stable
carbides (see §2.2.5), which limits the availability of carbon for the methane formation.

The formation of stable carbides is achieved by the addition of elements are V, Mo, Ti,

Cr, W, B, which present high affinity to carbon and are consequently strong carbides
formers (see §2.2.8). According to Allen [1962b], the effect of alloy elements on the

stabilization of carbides had been demonstrated by an early work of Naumann.

Afterwards, several authors investigated the role of carbides on the hydrogen attack of
steels, and the literature sugg

ests that the distribution of bubbles depends on that of the
carbides [Sakai, 1980].

- Hydrogen is expected to adsorb, to dissociate and to absorb into the metal, where it
ﬂﬁgrates to the reaction sites to form methane. The carbon, necessary for the reaction, is
present within the ferrite matrix and in the form of carbides. It is assumed that hydrogen

does not react directly with carbides [Allen, 1962b]. Initially, the carbon of the ferrite
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matrix is used in the methane reaction. This leads to the depletion in carbon of the matrix,
which introduces a non-equilibrium condition that causes the driving force for the
decomposition of carbides. As reported by Todd [1983], the elimination of Fe;C .fromv the
microstructure contributes to improve the hydrogen attack resistance of the steel. The
author suggests that high resistance to hydrogen attack could be achieved by tempering
times long enough to replace Fe,C in the microstructure with a stable alloy' carbiqe
distribution.
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2.3 The CrMoV Steels

The current section is devoted to the steels mainly used in the construction of reactor
pressure vessels: the CrMoV steels. The section is divided in two parts: the first
introduces the standard 2.25Cr-1Mo steel, which is the steel most used in the world for
this application; the second considers the V-modified low Cr-Mo steels, which constitute
the second generation of steels for reactor pressure vessels for the (pgtro)chemical
industry,

~O~

The use of CrMoV steels started in the 1950s, for applications requiring high creep -
resistance, as casings and rotors of high-pressure turbines for power plants. Currently, the

choice of the pressure vessels fabricators fells between the following steels (Table 2.3-1):

*  Conventional 2.25Cr-1Mo alloy

* Enhanced 2.25Cr-1Mo alloy (Code Case 1960-2)
*  2.25Cr-1Mo, % vanadium alloy (Code Case 2098-1, introduced in August 1990 in
the ASME Code)
. Convéntional 3 Cr-1Mo alloy 1 | .
. 3Cr-1Mo, Y. V, Ti, B alloy (formerly Code Case 1961, intro;iuced in December
1984 in the ASME code) ‘
% 3Cr-1Mo,V, Cb, Ca alloy (Code Case 2151)

The creep resistance of the new CrtMoV steels is remarkably higher than that of the
conv'entional and enhanced 2.25Cr-1Mo steels, and of the old CrMoV steels, produced
during the 1960’s, probably due to higher V content and lower Si content [Berzolla,
1994).
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2.3.1 The 2.25Cr-1Mo Steel

Introduction

The 2.25Cr-1Mo steel had been favourably considered for a number of applications in the
energy field. For example, in recent decades it has been widely used for the production of
hydroprocessing reactors, including the pressure-containing shell of the thick-wall reactor
vessel. The good creep resxstance, conferred by elements as Cr and Mo to the steel, also
make it suitable for }ugh temperature power-generation applications, such as steam
headers, which are thick-walled manifolds (~0.1m), of large diameter (~1m) gathering

steam from sets of boiler tubes.

The steel has been used in the construction of several European fast breeder reactors
and for the supefheaters in the Russian BOR-350 project [Lundin, 1984]. In more recent
times, and for the first time in its history, the 2.25Cr-1Mo steel has been selected by the
Japan Atomic Energy Research Institute (JAERI) for the construction of the High
Temperature engineering Test Reactor (HTTR), a precursor to the development of the
High Temperature Gas Cooled Reactor (HTGR), as example of the new generation of
multi-purpose nuclear reactors [Sato, 1997]. The reasons for this large variety of
applications are the strength of the steel for high-temperature applications, its satisfactory

resistance to corrosion and oxidation, its good formability, weldability and its reasonable

cost [Lundin, 1984).

- Thick-wall reactor vessels generally use water-quenched and tempered 2.25Cr-1Mo
steel, with a bainitic microstructure. In general, they meet the composition and
mechanical property reqﬁiréments of ASME Code Specifications SA-387, Grade 22,
Class 2, or SA-336, Grade F22. On the other hand, many components of the high-pressure
hydroprocessing plants, such as piéing and thin-wall vessels, use annealed 2.25Cr-1Mo
steel. The first improvement to the 2.25Cr-1Mo steel was obtained with the practice of the
Water quenching and tempering, together with the reduction of impurities (mainly S and
P) and the vacuum treatment of the molten steel [Berzolla, 1994]. The conventional
2 :25Cr-1Mo alloys and the enhanced 2.25Cr-1Mo alloy (ASME Code Case 1960-2) are

the steels mostly chosen for construction of hydroprocessmg reactors The dlfference

44  Giustino Manna — Ph.D. Thesis



Chap. 2 LITERATURE REVIEW Literature Review

between the two steels is given by the different final tempering (PWHT) that, for the
enhanced steel, is carried out at a lower temperature to assure higher tensile strength. The

limitations due to the enhancement consist of:
8@ Higher hydrogen embrittlement.
Q Higher susceptibility to hydrogen attack.

As a result of the potentially adverse effects of hydrogen, the following limits have been

set for this category of steels:

* Maximum operating temperature of 727K (454°C) (by API 941, limitation
" imposed by hydrogen attack). '

* Maximum strength level of steel 689 MPa‘(for conventional 2.25Cr-1Mo steel,

limitation imposed by hydrogen embrittlement);

* In absence of outgassing procedures at shutdown, the maximum safe hydrogen

content in the steel of 3ppm is suggested.

The conventional steel has been widely used, whilst a limited number of reactors have

been built using the Code Case 1960-2 (Figure 2.3-1) [Antalffy, 1994; Tahara, 1994].

Resistance to Hydrogen Attack of 2.25Cr-1Mo Steel

The 2.25Cr-1Mo steel is wi.dely used for reactor vessels operéting in high temperature
and hydrogen i)ressure, because of its good general properties. The work of Sponseller et
al 1966] seems to be the first on the resistance of 2.25Cr-1Mo steel to hydrogen attack.
In spite of the short testing times, respectively 163 and 78.8 hours for the 2. 25Cr-1 Mo in
normahzed-and-tempered condition and for the 0.5%Mo-0.006%B steel, their results
Prove the former steel to be more resistant to hydrogen attack than the latter. Furthermore

- both are more resistant than the 1Cr-0.5Mo steel and the 0.5Mo steel studied in previous
Works [Sutherland, 1965; Coombs, 1965].

Up to the end of the 1970’s, the literature reponed only decarbunsatlon effects in
2 25Cr-1Mo steel exposed to hot hydrogen. For instance, the work of Norris and Sticha
[1976] on quenched and tempered (Q&T)-2.25Cr-1Mo steel, tested in hydrogcn at 693K
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(420 °C) to 783K (510°C), and pressures of 13.8MPa (138 bars) and 20.7MPa (207 bars),
under stresses from 248 to 434 MPa, does not refer to evident effects of hydrogen attack
(with the exception of decarburisation), although the lifetimes range from several
hundreds to several thousands hours. On the other hand, the work of Hakkarainen et al
[1980] documents the formation of methane bubbles in the steel, after exposure to
hydrogen for 20 days at a temperature of 873K (600°C) and a pressure of 13.8MPa. The
bubbles were 200 to 1000A in size and had been detected via TEM analysis. Their
preferential sites of nucleation were Fe/Fe-Mo on grain boundaries and MnS inclusions.

As consequence of the methane reaction, almost all the cementite (FesC) disappeared. ‘

Evolution of the Mechanical Properties of the 2.25Cr-1Mo after Thermal Treatments

Several authors have studied the change of the mechanical properties of the 2.25Cr-1Mo
steel, due to the evolution of the steel micéostructure during ageing. Yang and Kim [2001]
exposed the steel at 803K (530°C) up to 500, 1000 and 5000 hours. They comparegl the
€xposed material with in-service aged material, pari of the elbow tube of a steel pipe,

used at 803K up to 10000 hours. Their findings are the following:

®* A rapid decrease of the tensile properties with ageing: the decrease was more

pronounced in the case of the in-service aged material.
* An about linear decrease of the hardness as function of the ageing time.

* An evolution of energy transition temperature, obtained from Charpy V-notched
impact tests, given by the function

' ‘ 06 _
To=-37+0.1027x¢ Eq. 2.3-1

suggested by the authors for the estimation of the degradation of the steel aﬁe;

exposure at high temperature. '

The fatigue crack growth rate versus the intensity factor did not change remarkably with

the ageing, both artificial and in-service, in spite of the -changes occurring in the
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morphology and distribution of carbides. The authors argued that the changes in carbides

population are not relevant to fatigue cycling.

Microstructural Changes Induced by Ageing in 2.25Cr-1Mo Steel

The knowledge of the microstructure of steels is fundamental for understanding the
evolution of the mechanical properties during the operating conditions of components of
petro-chemical plants and of plants for energy production. It is necessary to gain a better
insight, if accelerated testing is to be confidently applied. More recently, the precipitate
characterization has been used as source of valuable information for remnant life

assessment [Senior, 1988].

The ageing of 2.25Cr-1Mo steels has been extensively studied, although most of the
work had been performed, for practical reasons, on material that underwent accelerating
ageing at temperatures higher than those used in service. Because temperature strongly
influences the kinetics and thermodynamics of carbide evolution, the limiting, aspect of
this approach is that the resulting microstructure cannot be representative of that
encountered in the real service conditions. On the othef hand, to perform research studies
on part of in-service equipment offers certain advantages, as it allows exploring realistic
situations, but also presents evident disadvantages. First, the materi;ﬂs available usually
differ slightly in composition, the thermal processing histories are different, and also the
Operating regimes may differ. As a consequence, meahingful test certificate and
Operational data of the components are absent. These issues had been identified as

limiting factors in the assessment of operational plants [Mitchell, 2001}

The good creep resistance of Cr-Mo steels make them suitable for high-temperature

applications as steam headers. These components are usually forged, welded and

Underwent, after welding, PWHT. As reported by Mitchell and Ball [ibidem], the
tempering of 2.25Cr-1Mo at 973K (00°C) for 10h, converts all the MC in alloy
Carbides. This treatment is usually adopted for PWHTs. For the considered industrial

_ 3pplications, the microstructure of 2.25Cr-1Mo steel usually consists of pro-eutectoid
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ferrite and bainite, conferring good creep resistance in the short term. In fact, this
microstructure is unstable and changes quite slowly during service lives beyond 20 years
and at a range of operating temperatures from 793K (520 °C) to 833K (560°C). These
microstructural changes modify the mechanical properties, affecting the creep resistance,
which is of particular concern in the steam headers, because it is their life-determining
factor. The carbides in the pro-eutectoid ferrite are mainly MzC’s, whilst the bainite

shows various carbides, as M7C3 and M23Cs type [Mitchell, ibidem].

In the normalized-and-tempered 2.25Cr-1Mo steel, Kleuh [1974] has found a creep
resistance unexpectedly higher than that registered in quenched-and-tempered 2.25Cr-
1Mo steel .The reason for this difference, with reference to the work of Baker and Nutting
[1959], is in the different kinetics of the carbide reactions occurring in the constituents of
the steel. In the former case, the steel microstructure shows a considerable amount of
Proeutectoid ferrite whilst, in the latter ease, it is mainly made of bainite. For both
constituents, the reaction kinetics are different. In fact, whilst in bainite the first carbide to
be formed is cementite (which changes in Mo,C and Cr;,Cs, with the subsequent
formation of M3;Cs and MeC), in ferrite the first precipitate to be formed is Mo;C (or
M,X, if also it includes other alloy elements), which directly changes in M¢C. Baker and
Nutting (ibidem] refer that mainly the Mo;C is responsible of the enhancement of the
Creep strength of the steel.

In the balnltlc phase of the 2. 25Cr-1Mo steel, the M23C6, usually of globular shape,
forms at the expense of the Mo,C and does not 1mprove considerably the creep strength.
In bainite, the intermediate reaction of the Mo,C in M23Cs is rapid and, as consequence,
the disappearance of the former carbide in bainite is faster than in ferrite. The M23Cs
Carbide is found mainly along the grain and lath boundaries [Lundin, 1984; Senior, 1988].
In general, the ageing phenomena confer to the grains more spherical shape and cause the
. 8rowth of carbides at the grain boundaries. This produces an increasing sensitivity of the

grain boundaries to the crack initiation and the steel may become brittle.

Depending on the previous thermal history, the carbides in the as-received and agf%_j

Condition may be M,C, M3C, M2;Cs, and M;C; [Yang, 2001]. The volume fraction ef

M;C; and My;Cs is expected to increase with the ageing time, according to the work of
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Baker and Nutting [1959]. In the bainitic phase of the 2.25Cr-1Mo steel, the M;C;
carbide is usually rod-like, whilst M3C is circular-shaped and the M,C appears as a very
tiny acicular particle scattered witﬁin the bainitic sub-units [Tsai, 2003]. Tsai et al
[ibidem], who also studied the effect of ageing phenomena on 2.25Cr-1Mo steel,
conclude that the carbide transformation sequences in bainite and martensite are similar.
They report for M3Cs a shape similar to that of M;Cs, but with a slightly smaller size. In
the same phase, the Cr contént in M23Cg carbides had been found lower than that in M;C;
carbides and vice versa for the Mo content. The carbide transformation occurring in

2.25Cr-1Mo, as result of .ageing phenomena, are summarized in Figure 2.3-2.

Probably, one of the few studies investigating the influence during ageing in air of
exposure time, temperature and applied stress on the microstructural evolution of 2.25Cr-
1Mo steel, is that of Gope et al [1993]. The authors carried out TEM investigations on the
shoulders and the gauges of samples that underwent creep-rupture tests in air at 813K
(540°C) and 853K (580°C). In both cases, the superimposed stress was calculated in such
a way to have two values of rupture time: one close to 7000 hours, the other close to
16000 hours. The results confirm for the 2.25Cr-1Mo steel the carbide evolution reported
by Baker and Nutting [ibidem]. In particular, the authors conclude that the ageing of the
steel in stress-free conditions produces an increase in size of the M,C carbides, whilst the
supt‘-rimpositioﬁ of stresses accelerates the dissolution of these éarbides and promotes the
formation of MC carbides. Baker ef al [2000] who carried out TEM investigations on
Samples exposed to hot high-pressurized hydrogen at 873K (600°C), pressures ranging
from 19.5 to 26MPa, and durations from 123 to 715 hours, in absence of applied extemal
Stresses, réport the presence of M¢C-type carbides in the decarburised layer undemeath
the surface exposed to hydrogen, together with the presence of M¢C, M;C3 and of traces
Of M,C in the bulk material. |
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2.3.2 The Vanadium-modified Steels

Introduction

The increased use of heavy oil in refineries and the development of new processes, such
as for coal liquefaction, require steels of improved strength at temperatures up to 755K
(482°C) and higher resistance to hydrogen attack than the standard 2.25Cr-1Mo steel.
Similarly, modern fossil fired power plants require 1mproved high temperature strength
[Tsuchida, 2004].

In 1983, the APUMPC “Program to Study Material for Pressure Vessels Service with

Hydrogen at High Temperature and Pressure” was started in USA. The purpose was to

develop and standardize to ASME aﬁd ASTM, modified 2._25Cr-1Mo steel, with higher .
strength and resistance to hydrogen attack [Nagae, 1987). The ASME Boilers and

Pressure Vessels Code, Sec. VIII Div. 2, prescribes for the standard 2.25Cr-1Mo steel the

acceptable stress at temperatures up to 755K (482°C), but this stress decreases rapidly for

temperatures higher than 727K (454°C).

Tests carried out by Nagae et al on steels exposed for 1000 hours at 873K (600°C) and
29.4MPa hydrogen pressure, showed that the standard 2.25Cr-1Mo steel is strongly
attacked under this testing éonditions. The addition of 0.32%V to the standard 2.25Cr-
1Mo steel confers higher resistance to 'hydrogen attack even under these test conditions,
Wwhile the addition of Nb up to 0.04 % slightly decreases this hydrogen attack resistance,
even though both steels display attack resistance better than the standard 2.25Cr-1Mo and
3Cr-1Mo stcels [Nagae, 1987]. ’ '

The 2 Y, Cr-1Mo-V steel

The steel has been fabncated to operate in a range of temperatures up to 755 (482°C)
and under hydrogen partial pressure as much as 20.7MPa. Up to this temperature, the
Steel shows high creep rupture strength [Tsuchida, 2004]. For this reason, it is regarded as
4 candidate material for the construction of fossil power plants, coai liquefying plants and

Conventional chemical plants with higher efficiency.
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Tsuchida et al report that the creep rupture strength of the V-modified 2.25Cr-1Mo
steel is similar to that of the V-modified 9Cr-1Mo steel and 9Cr-1Mo-W steel, up to a
temperature of 823K (550°C), but decreases for higher temperatures and longer rupture
times. Conversely, the creep rupture elongation increases under these conditions, showing
a reduced susceptibility to brittle creep rupture [Tsuchida, ibidem]. The authors attribute
the lower creep strength of the V-modified 2.25Cr-1Mo steel, with respect to the
modified 9Cr-1Mo steels, to the larger interspacing of the grain-boundary carbides

registered in the former steels.

The use of the modified 9Cr-1Mo steel had been limited by reheat cracking of the
HAZ, but this matter had been solved by means of calcium treatments that stabilize the
impurities, such as sulphur which segregates mainly to grain boundaries. These impurities
reduce the grain bonding, in this wéy giving rise to grain_' boundary fracture [Shinya,
1998].

The 3Cr-1Mo-%V-Ti-B Steel

After an extended test campaign, this steel was found to be an excellent material for
heavy wall pressure vessels for hydrogenation processes. In 1986, the material was
certified by TUV in Germariy. Then, in 1989, it was authorized as a material specified in
ASME Section II and Section VIII, Division 1 and 2. The distribution in 1993 of reactors
built with this steel is given in‘Figure 2.3-3. The advantages presenfcd by this steel, with
Iespect to the 2.25Cr-1Mo steel, are:

* Higher allowable stress at the design temperature of 727K (454°C) per ASME
Section VIII, Div. 2, than 2%Cr-1Mo quenched and tempered steel in the 517MPa
UTS conditions. This improvement resulted in more reactor volume within the rail

transport weight restrictions.
* Higher resistance to hydrogen attack.

* Higher resistance to hydrogen embrittlement, with comparable resistance to

temper embrittlement.
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e Higher resistance to debonding, due to the hydrogen trapping effects of
precipitated VC carbides.

These metallurgical characteristics allow lower pressurizing temperatures, reducing
the start-up time. Besides, the possibility to use the material at higher temperatures
provides more operating flexibility and time to react to an eventual temperature excursion

of the process, before depressurising the unit [Andersson, 1994).

2.3.3 Creep Strengthening Techniques in Low-alloy Ferritic Steels

Two main mechanisms are considered: Carbide Dispersion Strengthening and Solid

Solution Strengthening.

Carbide Dispersion Strengthening

When alloy elements are present in the steel in low concentration, they cah go into
solution in fﬁe ferrite matrix or in cementite. In higher concentrations, they can form alloy
carbides thermodynamically more stable than cementite. The elements that contribute to
the formation of carbides with enthalpies of formation higher than cementite are Cr, Mo,
V, W, Nb and Ti. In parﬁcular, at 973K (700°C), the affinity of some of these alloys
¢lements for carbon can be written as V>Mo>Cr>Fe [Senior, 1988]. Mn is a weak carbide
former and Ni, Cu and Co do hot form carbides. In confrast, Mo, V, Nb and Ti are strong
Carbide forming elements [Kuzuku, 1998]. Ni is reported to increase the austenite stability
and speed up the precipifation of VC-type carbides [Slugen, 1999]. | |

The sites where carbides preferentially form are dislocations, grain boundaries and
Sub-boundaries, which provide paths for the rapid diffusion of solute elements. Usually,
the precipitation does not lead to the formation of the equilibrium carbide [Thomson,
2000]. As reported by Tsai et al [Tsai, 2003], Honeycombe and Bhadeshia suggested in
1995 two mechanisms of carbide formation: “in-situ transformation” and “separate
Nucleation”, In the former case, the new alloy carbide nucleates at the interface between
the original carbide and matrix, and grows at the expense of the original carbide, which

tends to disappear. In the latter case, the new alloy carbide nucleates separately at new
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sites, mainly dislocations, and it grows whilst the original carbide dissolves in the ferrite
matrix. The carbides that are usually found in alloy steels are [Senior, 1988; Thomson,
2000]:

* MC pype, which is considered among the most stable compounds in nature. It is a
vanadium-rich carbide, frequently referred to as M4Cs or V4Cs. Its structure is fcc,
similar to that of NaCl, but with covalent bonding. The most common are TiC,
NbC, VC. Senior [ibidem et passim] reports that several studies have showﬁ that
the carbide may contain a large amount of Mo, dependent on alloy composition
and initial heat treatment. The same author states that, in austenitized and
tempered 1Cr-Mo-V steel, the MC type carbides are plate-like and nucleate
preferentially on dislocations within prior bainite lathes. At high temperatures —
around 873K (600°C) — the carﬁides tends to be coarse, with the replacement of V
by Mo. According to Senior, the MC carbides may give rise to the nucleation of -
M,C. The formation of the Mo-rich carbide depletes the matrix in Mo and may
lead to the re-solution of Mo from MC. This suggested mechanism results in a

very low coarsening rate, or partial dissolution, of the MC carbides.

" M3;Cs type, usually Cr-rich carbide with the complex cubic structure of Crz;Ce. In
steels containing Mo, it can have the formula Fe; Mo,Cs whilst, in steels
‘containing both Cr and Mo, the carbide formula can be between the two reported
values. This carbide can also contain Mn and W, leading‘t'o the formation of
Cr;;W>Cs. In low-alloy CrMoV steels, its formation has been registered mainly

along grain and lath boundaries [Lundin, 1984; Senior, 1988].

* M,C; type,.usually Cr-rich carbide with the trigonal structure of Cr,Cs [Thomsqn,
2000]. Senior reports a pseudohexégonal structure {ibidem]. In it, Fe is soluble up
to 60% and more. Other elements soluble in these carbides are, in order of
solubility, Mn, V and Mo. The formation 9f M;C; is expected to happen “in situ”,
close to cementite or at the interface cementite/ferrite, with some scholars
suggesting there is not enough Cr in the ferrite matrix for the precipitation of

M-C;.
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* M,C type, Mo-rich carbide. Thomson reports for it a fcc structure [Thomson,
ibidem], whilst Senior a close-packed hexagonal structure [ibidem]. In M,C,
significant quantities of Cr, V, Fe, W are soluble. Usually, its morphology in low-
alloy CrMoV steels is acicular and its nucleation during tempering and ageing is
reported at lath boundaries, close to M;C or at the ends of M4Cs, where it
produces the characteristic H-carbide. M,C is reported to be the main responsible
of the creep strengthening 9f the steel [Baker & Nutting, 1959].

" MC type, which is Mo-rich carbide with fcc structure. Dependent on the Mo
content, it can exist in the range of compositions between Fe,Mo,Cr and
FesMo3C. In this carbide, Cr and V are soluble in small quantities. Usually, it
forms “in situ” at grain boupdaries, where it grows rapidly at the expense of
neighbouring carbides, such as M3Cg¢ and M,C. Oh et al [1999] suggest that the
presence of coarse MgC carbides in the inter-critical heat-affeéted-zone (ICHAZ) :
of 1Cr-1Mo-0.25V, extracted from a turbine rotor after 20 years of service, are
preferential sites for the formation of cavities during creep tests. Conscquently;

they are responsible for the Type IV failure of creep samples cut from this steel.

The strengthening action exerted by the carbides depends on several factors [Lundin,
1984); |

* The shear strength of the carbides. In fact, these particles must be resistant to the
shearing action of an impinging dislocation, otherwise the dislocation could cut

through the particle leaving it permanently sheared.

* The particle spacing. Lundin ez al refer that the strength of the steel is proportionai
to the square root of the volume fraction of precipitates, divided by the radius of
the particle. Consequently, the strength increases with increasing volume fraction

and decreasing particle fadius, which reduces the particle spacing.

-* The magnitude of the strain field around the particle. This strain field influences

the effectiveness of the interaction of the particles with the dislocations.
According to Lundin [1984], the particles coherent with the smomding matrix

generate a larger strain field than those that are not coherent. But, at creep

54 Giustino Manna - Ph.D. Thesis



Chap. 2 LITERATURE REVIEW Literature Review

temperatures, the coherent precipitates are not stable and, by growing, they may
lose their coherency with the matrix. What is reported by Lundin et al [ibidem] in
this respect is surprising. One would expect the strain field generated in the
surrounding matrix by a coherent particle to be lower than that generated by a
non-coherent one, and not vice-versa. In addition, at creep temperatures, one
would expect the growth of non-coherent particles, possessing high particle/matrix

interface energy, to be higher than that of a coherent particle.

* The difference in specific volume between the particle and the matrix. The higher

this difference, apparently the better the particle will be a source of vacancies.

Vacancies help climb of dislocations that have been stopped by an obstacle.

* The particle stability. This means that, at the service temperatures, the particle will

neither modify its size and composition with time, nor will do it at slow rate.
Because the changes in size and composition of a particle are influenced by the
diffusion rate of atoms tllfbugh the matrix, factors that influence the diffusion rate
(e.g surface energy and particle composition) have an impact on the stability of
the particle.

The distribution of precipitated carbides depends on the composition of the steel, on
the time (e.g. tempering time) and on previous thermomechanical treatments. For
instance, an extended temperihg produces a reduction in the volume fraction of intra-lath
Carbides and a coarsening of grain boundary carbides [Senior, 1988]. Finally, there is a
Counter effect implied by the precipitation of carbides: the fact that théir presence in the
Matrix may give rise to cavitation. In fact, second-phase particles may be sites for stress
Concentration updn application of a stress, and may increase the nucleation of cavities
along the grain boundaries through the increase of its free energy, and facilitating, in this

Way, the concentratiog of vacancies [Kassner, 2003].

Solig Solution Strengthening

The strengthening of low-alloy ferritic steels is mainly achigved by means of carbide
Precipitation. Another, but less influential mechanism, is by means of solid solution

Strengthening. This mechanism is due to the interactions among interstitial elements (e.g.
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carbon and nitrogen) and substitutional alloying elements able to form carbides and
nitrides. The interactions among interstitial and substitutional elements, as well as those
among only substitutional elements, may lead to the formation of clusters which are too
small for precipitation, but big enough to produce a strain field in the surrounding matrix,
that inhibits the movement of the dislocations. This movement may be also inhibited by
the mechanism of solute drag, which is caused by a strong interaction between the
dislocations and the interstitials, and by the consequent formation of solute atmoépheres
around dislocations [Lundin, 192;4]. According to the referred Lundin et al, the related
literature states that, at about 866K (593°C), the binding energies of Mo atoms with
dislocations are about 10 times higher than those of the Cr atoms, whereas the interaction
energies of both atoms with carbon are comparable. Song et al [2000] report that the
Segregation of Mo to grain boundaries may enhance the grain bonding, an effect that had

been confirmed both theoretically and experimentally.

Carbides in Cr-Mo(-V) Steels

In 2.25Cr-1Mo steel, the carbide that mainly produces creep strengthening is the
acicular M;C type [Baker & Nutting, 1959]. Under typical in-service conditions, this
Carbide may undergo changes due to the initial microstructure, the service temperature,
the duration of the permanence in the service conditions. As a consequence, the MC
Carbides may coarsen and dissolve, affecting the creep properties of the steel. In fact, as
Teported above, the increase of “the inter-particle spacing between the precipitates

Produces a decrease in creep strength.

An industrial example shows that the weld metal of a pipe, in service at 839K (566°C)
for 31 yeafs, showed coarse Cr-rich carbides, namely M23Cs, M6C and M,C,;, along the
ferrite grain boundaries. Besides, some intragranular M,C carbides were detected. Creep
Tupture and creep crack-growth tests, carried out on specimens extracted from the
Weldment, jllustrated the detrimental role exerted by the coarse carbides precipitated
along the grain-boundaries with fespect to the creép properties of the steel. These carbides

3Ppeared as preferential sites for the nucleation of voids [Liaw, 1991].
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The addition to the steel of strong carbide formers, such as V, Ti and Nb, leads to the
formation of carbides of the MC type, which are more stable than M,C and similarly
effective in promoting the creep strength. In Cr-Mo-V steel, the V-carbides are usually
dispersed within the grains and are very stable. In fact, the coarsening of these carbides is
slight, so does not affect the creep properties of the steel even in the case of a steam pipe
kept in service up to 15 years of service at 813K (540°C) and a hoop stress of 70MPa
[Singh, 1997]. The precipitation of carbides is obviously influenced by the diffusion rate
of alloying elements in the matri).('. For instance, vanadium has a higher afﬁrﬁty to carbon
than chromium or molybdenum. In spite of this, the precipitation of VC happens at higher
temperatures and at lower rate than the precipitation of Cr carbides [Slugen, 1999].

In other studies, devoted to Cr-Mo-V steels thermally treated at temperatures ranging
between 773K (500°C) and 973K (700°C), it was confirmed that M3C is metastable at all
temperatures investigated. M3C; is stable for the lower temperatures 6f the range, whilst-
the carbide M,C; exists in equilibrium and MC is the carbide of equilibrium of all steels
Containing vanadium over the range of temperatures considered, [Vyrostkova, 1998]. The
addition of strong carbide-forming elements inhibits and in part prevents the formation of
M23Cs, because the carbon is subtracted for the formation of MC. Moreover, if Mo is
added to Cr steel, the first element tends to replace the second in the structure of M23;C. It
had been found that the ‘reported strong carbide-forming elements reduce the
thermodynamic stability ‘of Mj;Cs and decrease their dissolution temperatures and
energies [Kuzuku, 1998]. In particular, the addition of Nb to standard 2.25Cr-1Mo and
3Cr-1Mo - steels produces the formation in the grains of fine Nb carbides, having

dimension of 100-200 A.

In the V-modified 2.25Cr-1Mo steel, coarse carbides of Fe, Cr, Mo, as M23Cs, M;C,
MeC, and acicular Mo,C carbides are scarce, and fine precipitates of 500 A diameter are
Uniformly dispersed in the gréins. The carbides consist mainly of Mo, V and Cr. The
addition of Nb to the V-modified steel makes these carbides finer and substitutes, in the
Chemica] composition, the Nb with the Cr [Nagae, 1987]. In generai, the amount of Cr,
Mo and V in carbides before post-weld-heat-treatment (PWHT) is significantly smaller
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than the bulk content. The amounts of these elements precipitated as carbides increases

after PWHT, as the tempering parameter increases.

2.3.4 Effect of Thermal Ageing on the Impact Properties of Cr-Mo Steels

The ageing of 2.25Cr-1Mo steel at 803K (530°C) up to 500, 1000, 5000 hours, had
been found to increase the ductile-brittle transition temperature (DBTT) according to the
relation [Yang, 2001]

To=-37+0.1027x¢*¢
Eq. 2.3-2
The ageing of Cr-Mo steels is expected to lead to the formation of M13Cs, and,
afterwards, of MsC, which precipitates as coarse particles along grain boundaries. These
carbides are detrimental to the toughness of the steel [Kuzuku, 1998]. The addition of
Strong carbide-forming elements to the steel reduces the amount of carbon in solution, so

less is available for the formation of coarse M33Cs carbides.

24 Weldments

The large-scale pressurized components used in the (petro)chemical and power
8eneration sectors inevitably contain weldments. For this reason, the structural steels used
in the production of these components are not only present as base metals but also as
Welded joints. The present section introduces the main features of weldments and the

differences in mechanical behaviour between the weldments and the base metal.

241 Design of Pressurized Components

 The majority of creep failures in pressurized compb‘nentts are associated with weldg
[Smith, 2003]. Weldments are critical parts of the industrial components, mainly due to
the Microstructural ché.nges which give rise to marked variations in creep prgpenies.

PreSSlirized components o f electricity generating stations and petro-chemical plants
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Operate for long periods at temperatures where creep may occur. At the design stage, the

appropriate wall thickness of these components can be calculated by using the expression:

_PD
(SE +P) Eq. 2.4-1

Where

t=wall thickness.

P = internal pressure.
D = outside diameter.
E = efficiency factor.

S = allowable component stress.

The allowable stress is calculated via different procedures, dependmg on the
Considered code (e.g. ASME B3l 1). The stress values are determined by cxtrapolatxon of
the uniaxial creep data of the structural materials under consideration, and, in spite of the
Uncertainties due to the extrapolation process, the industrial experlence gives evidence
that the long-term operation of the components is usually guaranteed without failure if the
°peratmg conditions are kept within the designed limits. This evidence proves that, in
general, the compoﬁent design is conservative, justifying the praptice of extending the

OPeration of large-scale plants beyond the original design life [Parker, 1995].

The design of industrial components operating in creep regimé takes in consideration
that the cross-weld material exhibits rupture strength lower than the parent material and
dependent on thé applied stress and temperature. For this reason, it is common practice to
introduce weld reduction factors (WRF) which, for CtMoV steels, are in the range 20-
60%, reflecting the degree to which the presence of cross-welds lowers the rupture
Strength with respect to the parent metal [Middleton, 2001]. The choice of WRF values is
baseq on the available test data, but, as reported by Middleton et al [ibidem], the available

labol'atory cross-weld data are insufficient to define precisely the WRFs at long times for
®ach ajloy,
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2.4.2 Relevance of Weldments for the Service Life of Components

The satisfactory performance of low alloy steel weldments often determines the safe
operation of high-energy piping systen;s and pressure vessels in electricity generating
Systems and petrochemical plants. Service experience indicates relatively short-term
failures are a consequence of microstructural features, which exhibit high strength and
low ductility or low strength and high ductility [Parker, 1994]. Design recommendations
in general do not take into consideration the presence of weldments, whilst most of the
service failures of industrial equipment made of Cr-Mo steels have been reported to occur
in the welds, mainly in the HAZ. The performance of weldments had been identified as .
the limiting factor in applications where creep is important. Consequently, much research
has been devoted to the correlation between the weld microstructure and its mechanical
Properties, with the purpose of achieving improved in-service performance, via developed
Welding practices and fabrication procedures.-In particular, research and development
Wwork has been devoted to the standard 2.25Cr-1Mo, and, as a consequence, current
Welding and fabrication technology confer good impact properties to the weld metal and
HAZ after a minimum post welding heat treatment (PWHT) cycle. As far as the V-
modified 2.25Cr;lMo and 3Cr-1Mo steels are concerned, it is reported that the vanadium
Present in'the low chrome steels does not affect the hardenability and weldability of the
Steel, and the effects in terms of susceptibility to reheat or stress relief cracking are not
Televant [ Antalffy, 1994 2002].

The chemical composmon and the microstructure of the weldments are influenced by

different factors, namely:

® The chemical composition of the electrode.

* Its flux coating (if flux coated electrodes are used).
The welding process.

* The process parameters.

Th“S, the microstructure of the HAZ depends on the composition of the alloy in use and
S controlled both by the thermal fields, produced by the thermal input occurring during
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the welding process, and by the phase transformations of the material being welded. In

Particular, very important are the time at peak temperature and the cooling rate. The HAZ

is usually divided into different sub-zones, each with a different type of microstructure

and different mechanical properties [Mannan, 1996].

Q

The coarse-grain heat-affected zone (CGHAZ), which is near the fusion boundary
and experiences temperatures well above ACs. The exposure to these temperatures
dissolves the carbide dispersion, which is the main obstacle to the growth of the
austenitic grains, and ‘the formation of coarse-grained austenite occurs. On
cooling, because the cooling rates are relatively high, the austenite tends to

transform to bainite within the prior coarse austenite grains.

The fine-grain heat-affected zone (FGHAZ), which experiences lower
temperatures, although still above AC;. The growth of the austenite grains -is

limited by the rate of dissolution of the carbide population.

The intercritical heat-affected zone (ICHAZ), which experiences temperatures
between AC; and AC3, and, for this reason, partially transforms to austenite. In
this regibn, the cooling rates are relatively low and, consequently, the austenite
transforms to ferrite surrounded by untransformed material, which has been

tempered. .

Overtempered zone, also called subcritical heat-affected zone (SCHAZ), which

experiences temperatures below AC;.

According to Parker [1995], for low alloy steels, the prior austgnite grain size could be

Telated to the peak temperature by the equation:

| | -0
D*-D;* =kt °"P[§'T‘ | Eq.2.4-2

Where

D

° = Initial grain size.

t= grain size developed after time t at temperature T.
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k, R = constants.
Q = activation energy for grain growth.

The equation describes the formation of a coarse grained region where the peak
temperature is the highest, which means close to the fusion boundary. Moving towards

regions which experiences lower peak temperatures, the grain size decreases.

It is not only the HAZ Wthh is characterized by different zones: a range of
microstructures also charactenzes the weld metal. Industrial components, having a
multipass structure, contain regions made of columnar grains, limited by the grain
boundaries of prior austenite grains and by coarse and fine zones, which result from the °
HAZs of overlapping beads. For this reason, weldments have inhomogeneous
microstructures and, consequently, non-uniform mechanical properties. Thus, as reported
by Mannan and Laha [1996], there is limited information about the types of carbides in
the different zones of the HAZ. For the low Cr-Mo steels themselves, some information is

given in paragraph 2.3.3.

To reduce the residual stresses introduced by the welding process, and to stabilize
their microstructures, a post-welding heat treatment (PWHT) is usually carried out. To
Maximize the effectiveness/cost of the PWHT, it is necessary to understand its effects on
the mechanical properties of the steel, and to interpret these effects in’the light of the
microstryctural changes it induces. By increasing the PWHT (i.e. by increasing its
duration), the resistance of the steel to hydrogen attack and to creep cavitation increases,
3s a result of carbide stabilization; but some researchers have pointed out that the increase
of the tempering parameter of a PWHT produces a detrimental effect on the mechanical

Properties of the material [Bocquet, 2001].

243 Creep of Weldments

The Creep behaviour of wéldments is traditionally investigated by testing cross-weld
SPecimens, In fact, the damage obtained during laboratory tests is, in general, considered
repreSentative of the damage developed in service conditions. However, the weldments -

A€ not homogeneous and exhibit a range of structures, so the evaluation of their creep
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strain is not an easy matter. One aspect emerges clearly: namely, damage development‘ is
linked to strain accumulation. The current section refers to the major features which

characterise the creep behaviour of weldments, in particular of low Cr-Mo steels.

The T esting of Weldments

Fusion welding of low alloy steels produces different heterogeneous microstructures. The
Microstructure determines the properties of the steel, so the weldments present variations
in strength and ductility (see Figure 2.4-1 and Figure 2.4-2). By testing cross-weld
Specimens, it is thought possible to understand the creep behaviour of weldments. In
general, laboratory tests are carried out under conditions more severe than the operating\
Ones, and a process of extrapolation is required to foresee the behaviour of weldments
under service conditions. This approach is valid if the creep ductility of the different
Structures of the tested samples is similar to those encountered in the plant conditions
[Parker, 1996].

Creep rupture and creep crack growth tests performed on the weld metal of ex-service
Pipes, which had been operating for 31 years at the temperature of 839K (566°C), showed
Creep rates and creep crack propagation rates significantly higher for the weld metals than
for the base metals [Liaw, 1991]. It is also found that the creep deformation and the
Tupture data of the weld metal of the ex-service pipe are inferior to those of the base

Metal. The equation proposed by Liaw et al [ibidem et passim] for the creep rate is

337500

8.32T ) Eq.2.4-3

£=9.5x10"25"% exp(-

Ve

Where T i the temperature in degree Kelvin. Because the exponent of the stress is higher
than S, it is argued that dislocation climb is the rate-controlling process for creep
qef"mlation of the weld. Instead of the Monkman-Grant relationship, Liaw et al report

that the equation that best fits the experimental data for the tested steel is:
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oL (e +t
8 -(—’;-—.3_)_ - 0‘9

For the crack propagation rate, the same authors refer the equation:

94 _g38x 10‘50‘”7

qu 204'5

Where da/dt is measured in (mm‘ h™), and C;in (J m? h'). C, is the creep crack driving
force parameter developed by Saxena and co-workers. The investigation showed that the
degradation of the mechanical properties was due to the formation of voids close to the
Coarse carbides precipitated along grain boundaries. It is arguable that a contribution to
the loss of properties was also due to the partial dissolution of M,C carbides present in the
grains,

Effect of the prior thermal treatment on the creep of weldments

Cross-weld specimens rhade of 1.25Cr-0.5Mo steel, in the as-received (normalized and
tempﬁrtEd) conditions and after two-hour PWHT at 970K (700 °C) or 1023 (750°C) tested
in the temperature range of 833 to 873K (560 to 600°C) and in the stress range of 80 to
162MPa, showed that [Parker, 1996]:

* The level of reduction of area at rupture was linked to the degree of tempering.

* The high-ductility ruptures, registered in samples that underwent severe PWHT,
‘occurred in the. base metal. This behaviour was attributed to the high-tempering
treatment, which led to a horﬁogenisation of the structures. Although the failure
was due to a localized necking, considerable strain was detected in the HAZ and

in the weld metal, not only in the base metal. .

* The more brittle fractures, registered in the samples that underwent lighter or no

PWHT, occurred in the HAZs, as a consequence of the formation of creep cavities
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along grain boundaries. This grain-boundary creep damage was found similar to

the Type IV damage detected in service welds.

Clearly, the fracture behaviour of “parent metal and cross-weld samples is sensitive to
‘the PWHT, which influences both the ductility of the steel and the location of the
registered failure. However, the work of Albert et al [2003] on 11Cr-0.5Mo-2WVND,
tested at 923K (650°C) aﬁd 70MPA, after a PWHT at 1013K (740°C) for 15 minutes to 4
hours, suggested that the duration of the PWHT does not influence. significantly the
Tupture time. Even so, the different PWHTs produce differences in creep properties,
hardness and microstructure. For instance, after creep-rupture testing, the weldments that
underwent long-duration PWHT exhibited a number of creep cavities close to the fracture
Surface sensibly higher than the weldments that underwent short-duration PWHT.
Similarly, after interrupted creep testing, the former weldments showed a large number of
Microcracks and, for the latter, the HAZ is practically crack-free [Albert, ibidem et
Passim). With reference to the results reported by ‘Lundin et al [1984], the findings of
Albert ef o are consistent with reports which point out that the microstructure obtained by
Means of relatively low tempering parameters is less stable. Consequ;:ntly,
Microstructural changes are expected during the in-service conditions, which may induce

4 sensitive decrease in the mechanical properties.

R\ediStribution of stress in the creep of weldments

Finally, jt js important to consider hoop stress redistribution during the creep of
weldmentS, which allows regions of low strength to shed this stress to more resistant
Zones, The redistribution of the stress is more limited when the axial stress is considered..

In this case, the creep rate of the weld metal increases as its creep strength decreases
[(Patker, 1995,

244 Failure of Weldments

Different kinds of failure occur in weldments. They are [Parker, 1994; Mannan, 1996]:

O Zype I failure, which is a transverse weld metal cracking.
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Q Iype Il failure, with cracking originating in the weld metal but extending in the

HAZ.

Q Type Il failure, which is a heat-affected-zone cracking.

Q Type IV cracking, cracking registered in the intercritical region of the HAZ.

A more detailed descripfion of these failures is reported by Mannan and Laha [1996].

The Type I and Typ; I affect mainly low alloyed Cr-Mo steels, whilst the Type
IV, which is a major maintenance and inspection problem of utilities ‘worldwide,

is registered also in high chromium Cr-Mo steel weldments, although it is more

_pronounced in low Cr-Mo steels.

The Type III initiates in the CGHAZ, and';nucleates on prior coarse grain

boundaries. The Type I forms along the prior austenite .grain boundaries in the

coarse columnar weld, while Type IV forms mainly in the intercritical zone

(ICHAZ).

The occurrence of Type IV is attributed to the reduction of creep strength of the
ICHAZ, after depletion of the zone in fine acicular M,C carbides and the

formation of coarse high-order carbides. Because the ICHAZ is the softer zone of

the weldment, strain tends to accumulate in it, decreasing the creep strength of the

weldment.

The occurrence of the Type Il and I can be avoided by using small diameter

electrodes and low input welding, and by performing an adequate PWHT to

- relieve the weiding stresses and fully refine the CGHAZ or reduce its width.

The occurrence of the Type IV can be avoided by reducing the width of the
ICHAZ, which can be achieved by using lower heat input during the welding
process, and by reducing the difference in creep strength among the base metal,
the ICHAZ and the CGHAZ. This latter target can be obtained by modifying the

composition of the steel.
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At least three catastrophic in-service failures of components with longitudinal weldments
are reported in literature [Parker, 1995). To give a measure of the severity of the failure,
that occurred in January 1986, in a hot reheat steam line, was 7 m long and 2 m wide.
Because the consequénces of catastrophic failures are usually very serious, the design of
Pressure vessels has been modified in such a way to eliminate longitudinal weldments and

to reduce in general the presence of weldments in pressurized components (See paragraph
[2.1.6]).

The failure of weldments can be also influenced by an anomalous presence of
inclusjons, Thus, Parker [ibidem] states that the catastrophic failure of January 1986 was
due to the “abnormal high concentration of non-metallic inclusions near to the fusion line

of the submerged arc weldment”.

Lype 1V Failu}'e

It seems appropriate, at this point, to dedicate a separate section to the Type IV failure.
This is a major maintenance and inspection problem of utilities worldwide, resulting from
the creeb damage accumulation in the ICHAZ of ferritic steel pipes during long-term
Service [Smith, 2003). In particular, it has been registered in low Cr-Mo weldments. In
fact, in the case of low Cr-Mo steels, especially 2.25Cr-1Mo steel, weldments creep at a
faster rate than the base and weld metal and, at all stress levels, the weldments exhibit the
19West rupture life [Mannan, 1996]. In the ICHAZ, which is the softer zone with lower

Strength, the creep strain becomes progressively more localized.

The Type IV cracking is, then, a consequence of the low creep strength of a
Inetallurglcal zone at the edge of the HAZ. The reason for this weakness had been
Attributed to the scarce presence of finely dispersed M,C carbides, which are considered
to 8overn the creep strength of these steels. The dissolution of the M;C carbides and the
cons€quent formation of coarse carbides, M23Cs, M;C3 and M¢C type, decreases the
Mechanical properties of the steels, pamcularly the creep strength, i.e. the severe
°0arsemng of the carbides dispersion minimises their precipitation-strengthening role
[Mannan ibidem]. Another factor, occurring as consequence of the welding process,

nﬂuences the weakness of this zone. During welding, the Type IV zone experiences a

!
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peak temperature lower than ACj; and very slow cooling rates, which result in the
formation of a mixture of fine-grained ferrite, with grain diameter lower than Sum, some
large ferrite grains and untransformed base metal. The presence of the fine grains of
ferrite is expected to lower the creep strength [Parker, 1996]. Furthermore, the zone will
contain a high density of fine grains, which reduces the creep strength [Kimmins, 1993].

As pointed out by Parker and Stratford [Parker, ibidem)], if during testing of cross-
weld specimens the displacement measurements are carried out by using the standard
Specimen gauge length, the samples exhibiting Type IV failures show small total
€xtensions. Th1s fact may lead to the wrong conclusion that the Type IV is a bnttle
fracture mode. In reality, a strain-based approach for the assessment of the creep
behaviour of the -weldments, combined with an accurate investigation of the
Mmicrostructural features, demonstrates that Type IV is a high-ductility failure [Kimmins,
1993}, and the low displacement is a result of the localization of the stram accumulatron
With local strains higher than 30%.

One distinctive aspect of the Type IV failure is the combined distribution of stresses.
For lnstance, the analytrcal studies show that when a cross-weld sample is subject to a
Uniaxial load, if the weld presents a weak zone constrained by stronger zones, the weak
Zone experiences a multiaxial stress state [Smlth, 03] In detarl in a cross-weld uniaxial
Sample including a Type IV zone, the strong and weak zones are loaded in series. In this
Case, the soft zones try to deform transversely and, if possrble, neck-down. However, if
the Wéak zone is sufficiently thin, the constraint exerted by the stronger zones inhibits this
effect and the resultant triaxial stress state reduces the equlvalent stress and suppresses
the yielding [Klmm1ns,’93] For this reason, Kimmins et al [memrns, ibidem) suggest
that a multiaxial creep rupture criterion should be considered in the modelling of the

Creep behaviour of cross-weld specimens.

| Moreover, under low applied stresses (<100MPa) the creep strength of the Type IV
Zone js appreciably lower than that of the parent steel; on the other hand, under higher
pplied stresses (>140MPa, for 1/2CtMoV steel), the creep strength ef the cross-weld
joint and that of the parent metal coincide [Smith, ibidem]. Middleton et al [2001] suggest
that thig behaviour is an effect of the hydrostatic stresses induced within the Type IV
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Z0ne, as a result of the support offered by the parent metal. According to these aufhors,
the hydrostatic stresses inhibit the flow processes which govern the rupture in the short-
term (high-stress regime). Conversely, in the long-term (low-stress regime), the rupture is

Controlled by damage processes which are accelerated by hydrostatic tension.

Smith et al [2003] highlight that limited work was carried out on creep cavity
accumulation in the Type IV zone, although recent investigations on the accumulation of
Cavities on grain boundariés of low alloy steels has been published by Walker and by
Walker et al, These studies conclude that the Type IV failure is anticipated by the
formation of cavities at grain boundaries, and mainly develops on the grain boundaries of
fine grains, In general the cavities are not uniformly distributed in the Type IV zone, nor
is there a systematic gradient of dlstrlbutlon in the zone. The abundant nucleation of
Cavities, registered in cross-welded samples, is thought to be due fo the grain boundaries
Slidin'g. In fact, the multiaxial state of stress, induced by the constraint, is relaxed by
Means of grain boundary sliding, which is mainly relevant at lower stresses, because in
this condition the grain boundaries exhibit low resistance to sliding [see also Kimmins
2003]. The mentioned authors report also that the Type IV zone deforms mdependently
from adjacent stronger material; then, it is not constramed For this reason, it is
Meaningful to test simulated Type IV specimens (The fact that no constraint is acting is
“onfirmed by the Von Mises equivalent stress governing the failure). Besides, the Type
v Specimens show proportlonahty between the number of cavities and the reduction of
4r¢a (The authors in the case of cross-weld specimens perform no measurements). Several
lnveStlgators report the close association between creep cavitation and strain (more than

time) [e.g. Kassner, 2003).

2. )
45 Hydrogen Damage in Welds

The limited work carried out up to now on the weld metal shows that it is more sensitive -
hydr(’gen attack than the base metal. Tlus sens1t1v1ty is due to the higher density of
Methane-fijjeq bubbles, which is assumed to be an effect of the hlghel' presence in the

Metallurgical zone of pre-existing voids [Parthasarathy, 1987].
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As reported by Shewmon [1985], the previous data concerning the HAZ of Cr-Mo
steels, in particular of quenched and tempered 2.25Cr-1Mo steel, are few and
contradictory. Consequently, it is not possible to formulate final conclusions concerning
the hydrogen attack of the HAZ. For example, Sakai and Kaji exposed in the same
conditions base metal and its weld heat-affected zone, stress relieved for 10 hours at
950K (677°C). They report that the dimensions of the bubbles in the HAZ are similar to
those found in the base metal, but the bubble density is about 16 times higher. To have
more understanding of the scarce data 'concerning the HAZ, Parthasarathy and Shewmon
[1987] performed specific studies on this metallurgical zone ih quenched and tempered
2.25Cr-1Mo steels. They exposed samples to increasing pressures, respectively 20.5,
245, 28, 31 MPa, and afterwards to the initial pressure of 20.5MPa, while the
temperature was kept constant at 823K (550°C). The same experiment was carried out at
a temperature of 853K (580°C), adopting values of ﬁfessurc slightly diffgrent from those
Mmentioned. After each jump, the authors waited until that the strain rate of expansion had

Teached a steady value. Their main conclusions were:

* Agrecing with previous studies, the HAZ of tile quenched and tempered 2.25Cr-
1Mo steel is more susceptible to hydrogen attack than the base metal, but less than

" the weld metal.

* In presence of high pressures, the nucleation of bubbles can be induced in this

metallurgical zone.

* The nucleation is not homogeneous and due to the growth of a number of pre-
existing voids which appear to grow only under the action of higher pressures of

. hydrogen.

Bocquet .et dlv [2001] for cross-welded s'a.mples made of 2.25Cr-lMo steel, 2.25Cr-
IMo-14V steel, 3Cr-1Mo-V-Ti-B steel and Grade 91, 9Cr-1Mo-V steel, report that all
Samples tested in air and hydrogen ruptured in the FG-HAZ. These findings are in
- greement with their model, which predicts higher creep strain in the FGHAZ than in
Other regions, and, consequently, higher local axial stresses, which accelerate the growth

°f voids in this metallurgical zone.
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2.5 Conclusion of the Literature Review

1.

Histories of failures, registered worldwide, have pointed out the weakness of
weldments in pressurized components of (petro)chemical plants. Several failures

have been registered in welded joints, mainly in the HAZ.

Type IV failure is a major maintenance and inspection problem of utilities
worldwide. Some recent studies on the creep behaviour of cross-welded samples
made of 2. 25Cr-lMo and V-modified 2.25Cr-1Mo failed in the FGHAZ, whilst
those made of 3Cr-1Mo-V steel failed in the base metal.

A lack of experimental data, in particular under complex state of stresses, is noted
with respect to the behaviour of welded joints in hot high-pressurized hydrogen.
This is a result of the high costs and difficulty of the necessary experiments under

these severe conditions. Consequently, the prediction of the lifetime of industrial

rcor'nponents operating in hydroprocessing conditions is still based on the Nelson

curves, an empirical tool which is not rigorous and certainly not applicable to the

design of components which use newly developed steels.

The petrochemical sector has a wide experience of the performances of the
2.25Cr—1Mo in the current hydroprocessing conditions, because this steel has been
used for more than 40 years. Unfortunately, there is a lack of operational data on
the performances of the 3Cr-1Mo-V steel and, in particular, the V-modified
2.25Cr-1Mo steel.

Under uniaxial stresses the mechanical properties of steels are degraded, because

'applied stresses enhance hydrogen attack. This conclusion has been extended by

the work of other researchers to the case of components under multiaxial stresses.
However, very little information is available on the behaviour of welded joints in

hot high-pressurized hydrogen and in presence of complex state of stresses.
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3 Aim of the Thesis

The review of the available literature reveals numerous topics for which new information
is required, in order to understand hydrogen attack in steels and contribute towards the
design and safe and economic operation of petro-refinery reactors. The present

programme was therefore designed to fulfill the following aims:

1. To investigate the creep behaviour of welded joints of commercial low alloy
CrMoV steels developed for peti‘o-reﬁnery applications in hot high-pressurized

environment, allowing comparison with data obtained in air or inert gas..

2. To achieve some insight into the mechanisms governing damage accumulation

and failure.

3. To evaluate the effects of alloying elements, namely Cr and V in Cr-Mo steels, on

the strength of the welded joints, parti;:ularly in the presence of hydrogen attack.

4. To study the effect of applied stresses, both uniaxial and multiaxial, on the

evolution of hydrogen attack damage.
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4 Experimental Techniques

4.1 Uniaxial Creep Testing in Air ,

Uniaxial creep testing in air was completed to provide data reference against which the
data from hydrogen testing could be interpreted, comparing creep behaviour in air and in
hydrogen. Rigorously, one should compare the data from uniaxial creep tests in hydrogen
with equivalent data from uniaxial creep tests in inert gas, in order to eliininate the
influence of oxidation on specimen lifetime. In the framework of the présent work, it has
been assumed that this influence was small ® and the reference uniaxial creep tests have
been performed in air, using standard rigs. The following section describes briefly the
testing set-up and procedures used for carrying out the tests at the Institute for Energy of
the Joint Research Centre, which is Certified ISO 9001 and ISO 14001.

* It has been observed that, for the considered test durations, the thickness of the oxide layer is about
200um. :
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4.1.1 The Uniaxial Creep Rigs

Loading System

The rigs used for testing were MAND™ constant load, dead-weight lever-arm machines,
shown schematically in Figure 4.1-1. The machines used were labelled in the laboratory
as Machine 1 and Machine 2. With Machine 1, the loading was applied through a 39.4:1
lever-arm ratio whilst, with Machine 2, the lever arm ratio was 40.3:1, The loading was
kept constant by maintaining the lever in a horizontal position throughout the test.
Specifically, as the specimen elongates, the loading weights move downwards until they
trip a switch which causes the motor to turn, lifting the weights a small amount to
maintain the lever position. When the first tests were carried out, the set-up did not cater
for the automatic turning off of the furnace after failure of the spec1mens For this reason,
the fracture surfaces of some of the first tested specimens were covered by an oxidized
layer. To overcome this inconvenience, the machines were equipped with a further
switch, which automatically turns off the furnace. Calibration of the loading lever was

performed with a Rein™ proving ring.

Heating System

Specimen heating was applied with a three-zone 3 kllowatt Mike Lockwood“‘ furnace.
Three ‘S’ type control thermocouples were connected to. Eurotherm“‘ temperature
controllers. The specimen temperature was measured with three ‘K’ type thermocouples:
one was positioned about in the middle of the gauge-length, the others were touching the
two extremes of the specimen gauge-length. The thermocouples had been respectively
labelled as: Top, Middle, Bottom. Normal temperature control of +0.9K was obtained at
873K (600°C). This was only obtained by careful insulation at the top and bottom of the
furnace. To ensure accufaby, the thermocouples were usually replaced after about 1500
" hours testing. In addition, each new batch of theffnocouples was checked in a highly

accurate calibration furnace prior to use.
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Measurement of Specimen Elongation

Aluminium oxide extension rods were connected to the top and bottom of the specimen
gauge length by means of grips that were machined to fit the specimen knife-edges. These
rods were led out of the bottom of the furnace via holes cut into the insulation material.
LVDTs with a 50mm range were used to measure the relative displacement between
those rods connected to the top and bottom of the specimen. The use of two LVDTs
allows averaging of their values, which gives more accurate strain results. The LVDTs
were regularly calibrated against high-accuracy ceramic spacer blocks. A typical

calibration sheet is shown in F igure 4.1-2.

412 T, esting“Procedures

Initial Specimen Loading

Before loading, the specimen gauge diameter was measured with a micrometer in five
different positions, so that the average cross sectional area could be calculated. Next, the
extension arms were attached to the specimen, followed by the thermocouples. Finally,
the specimen was screwed into the load train and mounted in the rig, ensuﬁng that the
lever arm was horizontal and that the specimen was in the middle of the furnace. A small

20N load was applied to the specimen, to take up any slack in the system.

Specimen Heating

Temperature set-points were initially set at about 773K (500°C). The motor on the rig was
Set to “automatic”, to ensure that movements caused by thermal expansion were
accounted for. Once stable, the temperature controllers were adjusfed independently, until
the test temperature of 873K (600°C) was reached. It was normélly necessary to leave the

rig overnight to allow the temperatures to settle.
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Specimen Loading

When the specimen temperature had stabilised, the load could be applied. This was done
by first lowering the loading pan unnl it rested on an aluminium spacer. The weights
could then be applied without the risk of shock loading the specimen. Once the correct
amount of load was added for the required stress (gravity taken as 9.813 ms™), the motor
was turned on so that the weights were slowly lifted away from the aluminium spacer.

The motor was then set to “aictomatic” and the test start time recorded. -

Data logging

Both ﬂ}e LVDT voltage signals and the temperature were logged on a Dell™ computer,
with a data acquisition programme written in-house with the 4Labview"‘ programming
language. In- addition, the programme converted the LVDT voltages into sﬁ‘ain |
measurements, recording all the data to file for later manipulation. Data was normally
saved to file every half-houx"l or every hour for longer-term tests. A log book was also

kept and updated daily for manual data
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4.2 Uniaxial Creep Testing in Hydrogen

To carry out these tests, two identical uniaxially-loaded creep testing rigs, for use under
high-pressure hydrogen, have been uséd. The rigs are a unique facility of the Institute for
Energy, designed and built in the framework of the European Project Brite/Euram 1835
(PREDICH). The rigs are designed to be capable of measuring creep strain under
hydrogen pressures up to 22MPa, temperatures reaching 923K (650°C) and loads of up to
10KN. A schematic diagram' of the rigs and a photograph of them are given in Figures
4.2-1 and 4.2-2 respectively. For the design, fabrication and running of such rigs, much
technological innovation énd investment has been necessary, especially in terms of safety.
Few laboratories in the world have been capable of building similar rigs. Consequently,
there are very few guidelines for their construction. The following section aims to

describe the design and function of these hydrogen creep rigs (HCR).

4.2.1 Rig Design

The rigs are designed in such a way as to be capable of loading two specimens in series,
So that a greater volume of test data could be obtained in a given time. This aspect was
desired in the context of the project PREDICH, to allow the testing of a large number of
Specimens. However, another reason prompted the opportunity of testing two samples in
the same testing conditions and in parallel. In fact, both specimens would be under the
Same Joad until one would register failure. For the other specimen, the test would be
Stopped when the specimen is in a seriously damaged state but a little before the failure.
In this way, metallographic examination of the unfailed samples would provide
information on the damage processes. As far as the specimen size and dimensions are
Concerned, the PREDICH partners égreed to use specimens having a gauge length of
S0mm and a gauge diameter of 8mm. This choice influenced the rig design. The
SPecimens used in the experimental part of the current work were smaller than those used
in the PREDICH project. Consequently, it was necessary to build small adapters to allow
these specimens to fit into the HCR load train.
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4.2.2 Active Gas Containment and Safety in the Hydrogen Creep Rigs

Hydrogen Gas Pressure Chamber

The pressure chamber containing the specimens, extensometer gauges and load train are
designed to withstand a total internal pressure of up to 22MPa (220bar) at temperatures
reaching 923K (650°C). Type 316 stainless steel is chosen for the construction, because
of its’ resistance to hydrogen environment, its good weldability and ready availability.
The pressure chamber is also designed to withstand any compressive force applied by the
load train, due to the fact that the load train is anchored to the top of the pressure
chamber. The internal diameter is made as small as possible, compatible with the
accommodation of the extensometers and the load train, to minimise the volume of
hydrogen gas present. The load train is sealed with water-cooled rubber o-rings at the
point where it basses out of the bottom of the pressure vessel, and a swaged type stainless
steel seal prevents leakage at the top of the vessel, where the load train is bolted on.
Separaié active gas inlet and outlets are built into the chamber to allow greater control of
the internal pressure, and to allow a small flow past the specimens during a test. This

ensures continuous refreshment of the hydrogen environment.

Safety Blanket Gas

Just under the hydrogén pressure chamber is located another smaller chamber filled with
a slightly higher pressure of argon. This provides a loW-preSsure gradient across the
Tubber o-rings around the load train, so lowering the risk of hydrogen leakage past those
rings. Furthermore, in case of hydrogen leakage, the gas goes into an inert environment-
where it cannot react explosively with oxygen. To enhance safety, the whole pressure
chamber is surrounded by a large steel bell housing, filled with low-pressure argon. The
Oxygen and hydrogen content of the argon is constantly monitored so that any leak could
-~ be detected, keeping the risk of subsequent explosion as low as possible. In addition, the
argon is kept in constant flow through the bell housing, thereby flushing baway any
Potential build up of hydrogen or oxygen. As a further design safety feature, the volume

of the housing is large enough to contain a catastrophic leak from the pressure chamber
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without the risk of bursting. In the unlikely case of bursting, the concrete safety cell

which surround the rigs provide a further safety boundary.

Compensation of the induced Axial Load on the Load Train

The high pressures used in the gas chamber exert an axial load on the load train, which
must be considered in load calculations. To compensate for the additional load, an
equalising device was constructed, based on an idea that, according to Baker [1999] had
been used in a similar rig by Yokogawa et al. The same device had also been used
successfully in a compact tension specimen testing rig previously constructed at the
Institute for Energy of the JRC [Looney’94], and is shown in Figure 4.2-3. The device is
a piston, which is fed with high-pressure argon from the argon chamber. The piston is
designed to work against, and exﬁctly balance, the internal test pressure. This is achieved
by making the surface area of the piston head equal to the cross séctional area of the load

train as shown in the figure. -

Installation for the hydrogen supply

A diaphragm 'compressor, capable of pressurising hydrogen to over 27MPa (270bar),
provides the high-pressure hydrogen, required for the tests. A rack of two 50 litres bottles,
containing gas at 20MPa (200bar), supplies the compressor. The bottles are connected via
hand-operated pressuré regulators and high-pressure pif)eline, capable of supporting up to
400MPa (4000bar). In case of accidental over pressurization, pressure relief burst valves
are incorporated into the system. Both the compressor and the bottles are stored in a
Separate well-ventilated room outside the laboratory area. All the high-pressure rigs are:
situated within concrete cells with steel doors, which are designed to stop debris in the
event of an explosion. The high-pressure gas is pumped into the rigs via a series of
Manual and automatic valves, the layout of which is shown in the control panel for the rig
. (Figures 4.2-4a and 4.2-4b). The hydrogen pressure is also. controlled by the high-
Pressure argon, which produces a low-pressure differential across the seal at the bottom of
the exposure chamber. Thus, if the argon supply is cut off for any reason, the hydrogen
Will also be cut off.
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The argon blanket gas is fed through both oxygen and hydrogen monitors. In case of
hydrogen leakage and of unacceptable oxygen presence in the bell housing, pre-set alarm
levels of these gases allow the active gas to be dumped through the exhaust valve, and the
furnace to be automatically turned off. In addition, hydrogen detectors are located in the
compressor room, in the test cells and in the control room. All of them are connected to
alarms, which automatically stop the test and dump the pressure if dangerously high
hydrogen levels are detected. To perform leak tests, the hydrogen gas supply can be
switched to helium. A highly sensitive “Leybold UL100 Plus” helium detector is used to
check the presence of helium leaks, especially at joints and 'seals, before hydrogen
pressurisation. Extra checks are also carried out with “Snoop”™ soap solution, which

bubbles in case of leak presence.

4.2.3 Specimen Heating and Temperature Control

Sgecim'e'n Heating Method

The work of ‘Baker [Baker, ibidem et passim] showed that the use of Thermocoax
sheathed resistance wire allows the test temperatures to be reached quickly. The
temperatures chosen were 843K (570°C) for the 2.25Cr-1Mo steel and 873K (600°C) for
the V-modified 2.25Cr-1Mo and 3Cr-1Mo steels. A good control of the temperature had
been obtained by winding the wire into spiral grooves around thé pressure chamber. The
temperature gradient along the specimen is minimised by ﬁxinglanti-convection buffers at
either side of the specimen. To provide even greater temperature stability and control, the
furnace is split into four heating zones consisting of two long (16cm) zones with 2kW-
Power around the specimens, and two shorter (8cm) zones with 1kW power at the top and
bottom of the furnace, to control thermal gradients. The longer zones are designed to be
long enough to account for specimen extension during creep, and thus are slightly offset
towards the top of the specimens. Finally, heat loss from the thermocoax wire is limited
by surrounding the four heating zones with Thermiculite insulation. A schematic

illustration of the completed furnace is shown in Figure 4.2-5.
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Temperature Measurement and Control

To measure the temperature, four sheathed ‘S’ type thermocouples are used, directly
attached to the centre of the four heating zones. These thermocouples send the input into
four Eurotherm 2208e controllers, which could be given independent set points. The
specimen temperatures are measured with two sheathed ‘N’ type thermocouples,
positioned close to the top and bottom shoulders of each specimen. It is not always
possible to measure directly the temperature of the specimen gauge length, because of the
extensometer design. However, according to Baker, previous experiments had shown that
the position of the therrndcouples on the shoulder sections gave a good represéntation of
the true gauge temperature. Moreover, it was found that the temperature gradient across

the length of the specimen could be controlled to within 1K or less.

4.2.4 Creep Specimen Extensometry

The Design Problem

Traditional methods of strain measurement in creep involve the use of extension arms
connected to the top and bottom of the specimén gauge length. In this way, the gauge
length strain can be measured in terms of displacement between those arms using an
LVDT. However, when high-pressure gas is being used, the arms should pass through the
seals, which would induce friction and compromise the reliabilify of the strain readings.
An alternative method is to measure the displacement of the load train somewhere outside
of the furnace. Of course, this technique cannot be used in the case of two sp.ecimens.
being tested in series, as the strain rate of each may differ. A fuﬁt solution adopted at the
Institute for Energy of the JRC consisted of an .in-situ' capacitive displacement tranéduccr,
described in the work of Baker below. The advantages of this system were the small size,
the possibilityA to be used in-situ and the high accuracy. This produces a change in
-Capacitancc, which is converted to a voltage. Several problems had been encountered
during the initial work on development of the capacitive gauges, particularly when
Operating under high temperatures. These were generally associated with concentricity of -

the specimen and electrical shorting between either the two halves of the capacitor, or one
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part of the capacitor with the shielding. It was therefore decided to carry out the majority
of creep tests with single specimens (not two specimens in series in the load train), so that

displacement could be measured with an LVDT attached to the load train.

4.2.5 Creep Specimen Loading

The Loading Device

In the context of the PREDICH project, it was considered that a maximum load of 10KN
would be sufficient for all planned tests. Moreover, in the work of Looney [Looney,’94],
the use in previoué rigs of pneumatic loading devices produced good results. This device
had been chosen for the rigs for uniaxial creep tests in hydrogen [Baker, ibidem]. The
main advantage of such a system is the small size and elimination of the need for difficult
dead—weight loading procedures. In addition, the maximum free movement offered by the
device was 100mm, more than enough for the expected combined strains of two
specimens in series. A HBM load cell, calibrated with a Rein proving ring, was used to
measure the _applied load, while Coreci PID controllers meant that the load was

controllable to within approximately +5N over the range of interest.

Load Train Description

The load train is constructed from 16mm thick stainless steel. Rubber o-ring type seals
are located at all junctions with pressure chambers of argon or hydrogen. The length of
the load train had been calculated on the basis of the expected strain of the two samples,
and to be long enough beneath the furnace to help cooling before passing through the first
S€t of seals. A knuckle-eye joint within the high-pressure argon chamber allows the
assembly of the load train and confers some flexibility. In addition, the seals through to

the hydrogen chamber were designed to accommodate some lateral movement.

Erictional Load Effect of the O-rings

Baker [Baker,’99] noted that the load applied to the specimen is slightly lower than that .
8iven by ihc load cell due to the frictional force exerted on the load train by the o-rings.
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This effect is enhanced under high pressures, due to o-ring compression. During Baker’s
work, the frictional effect was carefully assessed and it was found that the frictional force

exerted by the o-rings at an internal pressure of 22MPa (220bar) is approximately 200N.

4.2.6 Testing Procedures

Before Specimen Fitting

Before fitting the specimen in the rig, it is ultrasonically cleaned in ethanol. Then,
micrometer measurements are taken in at least five different locations. Afterwards, the
average cross-sectional area is used for the calculation of the load necessary to give the

required stress.

Calibration of the Thermocouples

Before fitting the specimen, calibration of the thermocouples is carried out by means of
Isotech Blok Calibrator, type Jupiter 6508, serial nr. 19560/1, with reference sensor PT-
100, serial nr. S317 /2,

Calibration of the Load Train

Calibration of the load of both machines used Proofing Ring Rein 2Mp (Méga Pounds),
Serial Nr. 1084, calibrated once a year by NMi (Nederlands Meetinstituut), Cert. Nr
3806279-01, with Digital Dial Indicator: 1082 Millitast Mahr Nr. 4142 serial number
10115, |

Calibration of the LVDTs

The LVDTSs of both rigs are calibrated with respect to the displacement. The calibration is
Carried out against highly éccurate ceramic spacer blocks, namely Mitutoyo Cera Block |
 Set serial n. 948866. The LVDTSs have a range of + 25Smm. The range had been initially
€xplored by 1.4mm to S50mm using steps of Smm. The results are reported in figure 4.2-6.
In the figure, the range between 15mm and 25mm had been chosen as mofe convenient,
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because the corresponding signal looks linear. A more detailed calibration of the LVDT

had been devoted to this range. The calibration is based on steps of 1mm.

Specimen Fitting

Thermocouples are then attached to the top and bottom shoulders, and the specimen is
mounted in the load train. In this phase of the work, only one specimen at a time was
tested, never two specimens .in series. The rig was then assembled and the LVDT for
external measurement of the creep strain.was placed in position and zeroed. Figure 4.2-7
shows the two halves of a tested specimen, in the load train. The two thermocouples are

also visible.

Calibration of the Load Train

Calibration of the load of both machines used the Proofing Ring Rein 2Mp (Mega
Pounds), Serial Nr. 1084, calibrated once a year by NMi (Nederlands Meetinstituut), Cert.
Nr 3806279-01, with Digital Dial Indicator 1082 Millitast Mahr Nr. 4142, serial number
10115. The measuring load cell of both the machines are type Mill U4000, and have a
Range up to 1000 kg. The calibration is carried out with respect to the range 4.5-5.5kN, a
range that includes the loads used for the planned tests. The calibration procedure starts
with zeroing the offset and setting the gain equal to 1. The load is increased from 4.5kN
to 5.5kN in steps of 0.1kN. In this way, the load system has the possibility of following
the set load progressively. The calibration allows calculation of the true value of the gain.

An example of the Load Calibration curve is shown in Figure 4.2-8.

Leak T esting ,

Before proceeding with the tests, the pressure chamber and gas infrastructure was leak
tested by passing approximately 2MPa (20bar) of helium thropgh the system. For this
Purpose, the valves, which allow the flow of argon and hydrogen in the gas distribution
rack, are closed (Figure 4.2-9) and the valves permitting the flow of helium are opened
(Figure 4.2-10). Particular attention was paid to the seals on the load train. Leak detection
Was carried out with a combination of the helium detector, Snoop soap solution, and

Pressure drop tests, which involve observing the change in pressure within the pressure
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chamber when both the inlet and outlet valves are closed. Once the rigs were confirmed

leak free, the bell housing was put into place, and evacuation of the air commenced.

Evacuation of the Bell Housing

Evacuation of the bell housing involved lowering the pressure to approximately 0.05MPa
(0.5 bar), and back filling with argon gas. This procedure was repeated up to five times,
until the oxygen content of.the bell housing was around 0.3%. To further reduce the
oxygen content, a steady flow of argon at about 0.12MPa (1.2 bar) was fed through the
bell housing. After a few hours, the oxygen content was normally reduced to 0% (within

the resolution limits of the detector). .

Heating

Once the oxygen content was sufficiently reduced, the furnace was turned on and allowed
to heat up to around 773K (500°C). Using the thermocoax heating system, the required
temperature was reached relatively quickly (normally within a couple of hours). The final
heating to 873K (600°C) was then carried out in small, well-controlled steps, in which the

four individual temperature controllers were independently adjusted.

dlarms

Before pressurisation,. the safety alarms had to be cheéked and set (see Figure 4.2-11)
Both forewarning and critical alarm levels were set, with only the critical alarm able to
cause shut down of the experiment. The oxygen alarm levels of the bell housing were set
at 3% and 4.5% respectively. In addition, hydrogen alarms connected to the bell housing'
GXhausf, the garage, the gas trunking and the control room were set at 5 and 10%.

Pressurisation

HYdrogen pressurisation was performed by increasixfg the pressure of argon in the high-
Pressure argon chamber. A mechanical device allowed a sligﬁtly lower (-0.15MPa)
Pressure of hydrogen to be introduced into the hydrogen pressure chamber. In this way,
the hydrogen was controlled by the safety gas, so that if the safety gas supply was cut off,
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so would the hydrogen. All hydrogen detectors were carefully monitored during

pressurisation, and the pressure was introduced slowly, over a period of several minutes.

Loadin

Once pressure and temperature were stable, the uniaxial creep load was applied. This was
applied slowly, using the Coreci PID controllers, over several minutes to avoid accidental

overloading (Figure 4.2-12). Once at the desired test load, the test start time was recorded.

Data Logging

A reference book for each reinforced concrete cell was used to store information about
each test, including start time, temperature, pressure, material, etc. In addition, periodic
readings of the actual temperature, pressure, load and strain from the LVDT were
recorded. However, the majority of data logging took place on a Siemens™ computer
running a data acquisition programme written in the Labview™ programming language.
This programme read the time, temperature, pressure and extensometer signals every few

minutes, and wrote the data to file at specified intervals (normally every Y2 - 1 hour).
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4.3 Internally Pressurised Tube Testing

To perform the testing of internally pressurized tubular components, the rig available at
the Institute for Energy of the Joint Ruesearch Centre has been used. This rig had been set
up and upgraded during previous works performed at the Institute [Looney, 1994; Baker,
1999]. Figure 4.3-1 shows how the rig appears when open, and Figure 4.3-2 provides a
schematic representation. The rig had been used for tests in both hydrogen and argon
environments. Of course, when argon is used, there is no need for the specific safety
features required whilst using hydrogen. To the author’s knowledge, only a limited
number of results have Been published as yet on tests of hydrogen-pressux:ised tubes

where the hoop strain has been continuously measured.

4.3.1 Active Gas Containment and Control in the Tubular Testing Rig

Lay-out of the Equipment

The rig is located in a bunker within the laboratory, called Cell 1, surrounded by thick
concrete walls. The room is closed by means of doors made of thick steel. The
compressor and the bottles supplying the pressurizing gas are located outside the

laboratory, in a separate room.

Specimen Pressurisation

The compressor allows a pressure of over 27MPa (270bar) to be réached. The gas is fed

directly into the top of the specimen via a Tescom PID regulator, and flows away from

the bottom, in such a way to have a continuous flow through the specimen to allow better

control of the pressure. Figure 4.3-3 shows the so-called gas distribution rack, through

Which the supply of gas to the rig is achieved, and Figure 4.3-4 shows part of the rig
Control panel. ‘ '

The Bell-Housing

As the performance of pressurization tests by means of hydrogen requires very strict -

Safety measures, the testing rig, included the furnace, is enclosed in a thick-walled
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aluminium bell-housing. In this way, in case of failure of the specimen, the outﬂov? of
hydrogen is contained to prevent catastrophic consequences. As additional safety
measure, the bell housing is filled with argon at a pressure of about 0.15MPa (1.5 bars)
and the oxygen content of the bell housing is constantly monitored to exclude the
occurrence of a chemical explosion. Previous work performed at the Institute for Energy
of the JRC (JRC-IE) [e.g. Baker, 1999] showed that the rate of hydrogen diffusion
through the specimen wall during a test was significant, and could cause a build-up of
hydrogen within the bell housing, if not removed. For this reason, the rig is equipped with
an extraction system, which keeps the specimen in a constant flow of argon. The
hydrogen content of this flow is monitored, and the content increase indicates that thé

tube is close to bursting

Gas Supply Infrastructure

The gas supply infrastructure is much the same as that for the hydrogen creep rigs (HCR)
rigs, described in section 4.2. The main difference is in the extraction system, which
draws away any hydrogen that has diffused through the specimen wall, as mentioned

above.

4.3.2 Heating System

Heating of the specimen is achieved by means of a three-zone 3 kilowatt Mike Lockwood
furnace. The temperature in each zone of the furnace is measured with a ‘S’ type
thel'mocouple, fof a total of three thermocouples for the entire furnace. These sensors
Provide the input for independent Eurotherm PID controllers. The specimen temperaturé
is monitored with three sheathed ‘N’ type thermocouples, positioned at the top, middle
and bottom of the “gauge length. The previous. experience at the JRC-IE showed that the
best temperature control is achieved by inserting rings of insulating material into the so-
Called “measuring tube”, above and beneath the ~specimen, to reduce heat loss by
Convection. Additional insulation rings placed on top of the furnace further improved the
temperature control. In this way a satisfactorily stable temperature is guaranteed, with a
Maximum driﬁ of + 0.5K, which is within the recommended practice set out by the
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HTMTC [1989]. The temperature differences between the three specimen thermocouples

were normally less than 1K.

4.3.3 Hoop Strain Extensometry

The 12-Gauge Capacitance Transducer

Considering the complexity of the deformation of pressurized -pipes, which is
characterized by a partial bulging, a capacitance system of extensometers was designed
and fabricated at the JRC-IE, jointly with SJB Engineering Bristol, during the previous
work of Baker [1999]. In this system, the specimen forms one plate of the capacitor, and
the gaﬁgés form the other plate. The system is made of twelve independent gauges,
arranged in three horizontal rings of four. The system is shown schematically in Figure -
4.3-5, and realistically in Figure 4.3-6. A more detailed schematic version is given in
Figure 4.3-7. When an alternating voltage is applied across the plates, the capacitive
reactance becomes linear with the gap between the plates. The tube strain is measured by
determining the change in distance between the two plates of each capacitor. In this way,
it is possible‘to achieve comprehensive monitoring of the tube deformation, and the
position of maximum hoop strain can be distinguished. However, the measurement
provided by each individual gauge is subject to potential efror due to concentricity
problems; so, for accﬁrate strain measurements, the averége of each set of four gauges is
taken. The gauges, each measuring ~approximately 1.5 x 1 cm, are mounted into a three-
Section stainless steel pipe, which forms the so-called “measuring tube”. However, for a
Proper operation of the gauges, they must be isolated from this pipe. Isolation was
obtained by spraying the stainless steel housing with aluminium oxide. In this way, the
assembly of the measuring tube became easier, and also the electrical isolation of its three

Sections was obtained.

Calibration of the Gauges

The reliability of the capacitance gauge transducers had been validated during the
Previous work at the Institute for Energy. The calibration performed during the present

Work provided some inputs for the improvement of the system itself. The calibration had
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been made initially at room temperature, using a set of calibration tubes with diameter
ranging between 40mm and 65mm. The respective diameters of the pipes are 40, 45, 50,
55, 60 and 65mm. The range of our interest is between 50 and 60mm. The calibration
consisted of two rounds: in one, the diameter was increased from 40 to 65mm, in the
other, it was reduced back to 40. Figure 4.3-8 shows a reference tube positioned in the

measuring tube of the rig, during the calibration.

For the calibration, the gairi of the acquisition system is set to 1 and the offset to zero.
Before starting the calibration, the oven had been kept for 24 hours at 323K (50°C), to
remove possible traces of humidity, which could affect the signal output. Thé'position of
the sensors inside the measuring tube had also been measured, in such a way that each
reference tube could be positioned in a correct way with respect to all the sensors. Each
time that a reference sample is inserted into the measurement tube, five measurements are
taken for that value of diameter. The time elapsed between a measurement and the next is
~3-7 minutes. It had been noted, by comparing the two results for each tube, that their
value can be influenced by two main factors: firstly, the position of the tube inside the
measuring tube, and, secondly, the slight movement of the measuring tube when a tube is
inserted and then removed after calibration. For this reason, particular care had been
taken by creating constraints for the measuring tube, in suph a way as to avoid its

movement.

Duﬁng the initial calibration of the system, the signal was not constant. This behaviour
Was due to the lack of insulation of the cables. For this reason, the cables had been -
Substituted with bable THERMOCOAX, sheath Ipconel 600 and conductor Inconel 600. Thq
dimensions of the cables are outer diameter 210.03mm, sheath thickness 0.3210.05mm
and conductor diameter 0.34 £0.04mm. In the phase of calibration with the new cables, a
Signal between OV and roughly 0.5V had been obtained, whilst a signal of 10V maximum
amplitude was expected. Some improvement was made to the sensor device. Specifically,
a Cement mixed with water had been used to fill the gap between the sensor and the
CXternal metal plate, to increase the resistance of the capacitive sensor; and the metal
Plates had been substituted with another having a larger surface area to improve the

Magnetic field. The cement (Isolationisms SKA 90 produced by HALDENWANGER -
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Germany) was made mainly of Al;03 (95%, and Si0; (4.75%). It was heated up to remove
any water it contained. In spite of the mentioned modifications, the achieved signal was
still too low. The as-received cables were not coaxial, so they had been converted to
coaxial. The signal continued to be low. It was suspected that the weakness of the signal
was due to the moisture accumulated in the cement. The measurement tube was therefore
heated to 473K (200°C) and maintained for 48 hours at that temperature. After this
thermal treatment, the desired amplitude of the output signal was obtained.

Another calibration was performed and, to have more certainty of the signal reliability,
each calibration tube of the series was kept in the measuring tube for 24 hours at 473K
(200°C). In this Way, the stability of the output signal, as a function of the time, could be
also observed. Furthermore, the stability of the signal had also been verified at 873K
(600°C). In ﬂﬁs case, the calibration tubes had been kept at least for 16h inside the oven
and the constancy of the signal had been observed. This procedure had been followed for
the calibration tubes having respectively diameter of 45mm, 50mm, 55mm and 60mm.
After this step of calibration, the system was cooled down to room temperature and kept

in this condition for a few days.

Next, some other problems had been noted in the data acquisition system of the multiaxial
rig. This trouble was due to the eXposure of the measuring tube in air at 873K (600°C),
which caused tﬁe formation of a layer of oxide between the cables, which prevented the
Passage of the signal. It was necessary to dismount the measuring tube and remove the
oxide layer. Besides, the contact between tube and cables had been guaranteed by
welding a wire of Pt-Rd on tube and cables via spot welding. After this intervention on
the measuring tube, the calibration had been again carried out by means of tubes of 50,
35, 60 and 65 mm diameter. As starting value, 50mm had been chosen, because the
Cxternal diameter of the specimen gauge is 50.3mm. The three sets of 4 values were
veraged during each sequence and, again, the values coming from the two sequcnces
‘Were compared and, if satisfactorily Similar, averaged. The final average values were used
10 set the most suitable values for the experiment of the gain and of the offset. The results
of the averaging are presented in Figure 4.3-9, where it appears evident that the use of a

Wbe 65mm in diameter does not guarantee a constant signal. For this reason it was
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decided to limit the calibration to the range 50-60mm which is, considering the values of

strain expected, the range of our interest.

Calibration of the Control-Pressure

To give a reference value for the applied pressure, the Druck PV 411 hand-pump was
used, which can generate either pneumatic pressure and vacuum or hydraulic pressure.
The range of hydraulic pressure in which it can be operated is 0-70MPa (0-700bar). The
reading is taken by means of Druck DPI 610 Portable Pressure Calibrator. For the
calibration, the range 16.5-19.5MPa (165-195bar) was chosen, because the working
pressure was 18MPa (180bar). Initially, for the pressure were chosen a “zero point” equal
to zero and a gain equal to 1. The calibration had been made in such a way as to have a

deviation of 0.035% in correspohdence of the value of the applied pressure (18MPa).

4.3.4 Testing Procedures

Specimen Fitting

To the specimen are connected, firstly, the gas inlet and outlet tubes, and, then, the
thermocouples (for details about the specimen preparation, see § 4.5). Before mounting
the specimen, the ceramic spacers are positioned around the shoulders, as shown in
Figure 4.3-7. Finally, insulation material is positioned around the gas supply pipes, to

help keep good temperature control during the test.

Leak Testinrg

At this point, the bell housing is closed. Afterwards, a leak test of the testing tube is
Performed. For this purpose, it is pressurized' with helium up to 2MPa (20bar) at room
temperature. The pressure is maintained for 24h and no traces of a leak were detected. For
this purpose, a combination of the helium detector; Snoop soap solution, and pressure
drop tests is used, the latter involving the observation of the change in pressure within the
SPecimen when both the inlet and outlet are closed. When the leaks had been fixed, the

bell housing is mounted and evacuation of the air commences. -
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FEvacuation of Bell Housing

The bell housing is then flushed by' means of Argon, to reduce the presence of oxygen
underneath the safe limit of the detector. For this purpose, six cycles of flushing with
argon are usually carried out, during which the pressure is kept between -0.03MPa (-
0.3bars) and +0.045MPa (0.45bars) in the bell housing. The flushing is performed to
reduce the presence of oxygen in the bell housing to 0.3%. To further reduce the oxygen
content, a steady flow of argon at about 0.15MPa (1.5 bars) is created through the bell

housing. After a few hours, the oxygen content is reduced to minimal traces

Flushing with hydrogen

After ihe tube is flushed three times by means of hydrogen, hydrogen is introduced into
the tube and pressurized up to 1MPa (10bar). Then, the outlet valve is open‘ and the gas
evacuated. After the third flushing, the tube is charged with hydrogen and pressurized up
to 1MPa (10bar).

Heating and Pressurization

The temperature is increased up to about 843K (570°C) with a ramp rate of 1K/min, to
avoid overshooting and to avoid stressing the steel by the induced temperature gradient.
Final adjustment up to 873K (600°C) is usually made with a higher ramp rate (c.g.
SK/min), in order to reach the set-point rapidly. When the final temperature is reached
and stabilized, the pressure is increased to 18MPa (180 bars) at a speed of 0.25 MPa/min -
(2.5bar/min). Aﬁerwards, eventual changes in temperature are carried out to

accommodate any changes in temperature produced by the preséﬁrization.

dlarms

As for the uniaxial creep tests, the alarms are part of the safety system adqpted for the test

tig. Different types of alarms are distinguishable:

1. Fore-alarm and critical alarms: the first is a warning, the second causes the shut
down of the experiment. They monitor the oxygen levels in the argon present in

the bell housing, and their thresholds are set at about 3% and 4.5% respectively.
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2. The hydrogen alarms connected to the extraction tube, the bell housing, the garage
and the control room have their thresholds set at 5 and 10%.

The alarm for the hydrogen gas press;ure shows two set points: a high set point and a low
set point, i.e. about 0.5-1MPa (5-10 bars) above and below the test pressure. In this way,
it is sensitive enough to shut down the hydrogen supply, in case of a sensitive drop in
pressure, which could be due to the failure of the specimen or accidental over-
pressurisation, caused by compressor or controller failure. The threshold guarantees that

the alarm is not sensitive to small fluctuations in pressure.

Data Logging

The data logging is carried out by means of an Olivetti™ computer, running a data
acquisition programme written in the Labview™ programming language. This programme
reads the time, temperature, pressure and extensometer signals every few minutes, since
the starting of the heating {lp phase. The data are written to file at specified intervals
(normally every %-1 hour). In addition, a traditional reference book is used to store
information about each test, including start time, temperature, pressure, material, etc., and
Periodjc readings of the actual temperature, pressure, and voltage signals from the

Capacitance transducer.

4.3.5 Strain Measurements after Test

The methodology, adopted for the strain measurement of pressurized tubular specimens
after testing, has been conceived, modified and improved during the course of the present

research work.

M\easurements on the Cross-welded Tube,_made of 2.25Cr-1Mo Steel

' The measurements are carried out by means of calliper vernier on the external surface of
the specimen. For this purpose, 9 parallel lines, spaced of 20° from each other, had been
drawn on the surface. On each line, the variation of measurement of diameter is taken
very Smm. In correspondence of each point of measurement, a marker is traced (Figure
4.3.1()).

94 Giustino Manna - Ph.D. Thesis



Chap. 4 EXPERIMENTAL TECHNIQUES 4.3 Internally Pressurized Tubes Testing

Measurements on_the Longitudinally-welded Tubes, made of 2.25Cr-1Mo-V Steel

At this point, the methodology of measurement registers a remarkable improvement. The
measurements are no longer measuféments of diameter but measurements of strain. The
measurements are carried out by means of a machine tool. This equipment guarantees
high precision and accuracy in setting rotating angles and translational movements along
the axis X and Y. The translational movements are digitally controlled, with an accuracy
of 0.1mm. The angles are set with the accuracy of 1 degree (Figure 4.3-11). The machine
is equipped with a sensor that lightens, when it touches the surface of the tube (Figure
4.3-12 and Figure 4.3-13). The measurements are carried out along lines spaced of
determined angles. Along each line, the spacing of the measurements is of at Smm. With
the purpose of having a detailed mapping of the strain of the tube, high numbers of
measurements (along lines spaced at small angles) are performed in the zones which
registered higher deformation (Figure 4.3-14). However, fewer measurements (along lines
separated by bigger angles) are carried out in zones that registered very low (or no) strain
(Figure 4.3-15).
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Chap. 4 EXPERIMENTAL TECHNIQUES 4.4 The Materials

4.4.2 The 2.25Cr-1Mo-V welded Joint

The material was received from the same producer, in the form of two coupons: the first
coupon, having dimensions equal to 80mm x 150mm x 250mm, was received and tested
in the framework of the PREDICH Project; the second coupon (see Figure 4.4-1),
requested for the purposes of the present work, had dimensions equal to 56mm x 351mm
x 396mm. The ingot contained four equidistant weldments, all obtained in the 351mm
dimension: three with pris;natic section, and the fourth with rectangular section. The
weldments were submerged-arc multipass weldments: 9 passes for the weldment with
rectangular section, 12 passes for the others. Both coupons underwent similar thermal
treatments, consisting of water quenching from 1223K (950°C) and tempering of the base
metal at 923K (650°C), with PWHT consisting of 10 h at 978K (705°C). Again, the base
metal was bainitic, with some fine carbides precipitated mainly along the 'grain
boundaries at the edges of bainite plates. The HAZ was also mostly bainitic, with some
precipitates of proeutectoidwferrite, while the weld metal was a mixture of ferrite and a

lath arrangement of upper bainite.

4.4.3 The 3Cr-1Mo-V welded Joint

This material, also recelved in the form of a welded coupon, was a leftover of the
PREDICH Project. The coupon was a parallelepiped, measuring 70mm x 130mm x
280mm, which had a cross-weldment at about middle-length. This material also .
underwent a thermal treatment consisting of water quenchihg from 1223K (950°C) and
tempering at 923K (650°C) of the base métal, with PWHT consisting of 10h at 978K
(705°C). The resulting microstructure was similar to those encountered in the 2.25Cr-

1Mo standard steel and in its V-modified grade.
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4.5 Specimen Preparation

In this section, the procedure adopted for the preparation of both the uniaxial and

multiaxial test-pieces is described

4.5.1 Specimens for Uniaxial Creep Testing

The creep specimens were. designed in accordance with British Standard 3500 “Creep
and Rupture Testing of Metals” [BS3500, 1969], which states several dimensional
ratios designed to reduce the effect of stress concentrations (Figure 4.5-1). The first
stage of the specimen preparation involved cutting of 14mm diameter cylinders from
the original block, by means of wire erosion. After machining, the specimens were
cleaned, given a polish with 800-grit emery paper and washed again with acetone
prior to tesifng. The storage of the Samples was accomplished 'by immersing them in

acetone to prevent corrosion.

4.5.2 Specimens for Multiaxial Creep Testing.

Speqimens for internally pressurized tubes testing had been obtained from the coupons
made of 2.25Cr-1Mo standard steel and from 2.25Cr-1Mo-V steel. In the former case,
one tube was Bearing a circumferential weldment at about middle-length of its gauge
length. In the latter case, two tubes having a longitudinal weldment were obtained, one
for hydrogen pressurization and the other for pressurisation by means of argon. More

details about the testing are to be found in section 4.6.

The besiﬂ of the Tubular Specimen

On the basis of the work of Baker on tubular sp¢cimens [1999] and of the uniaxial
creep results of PREDICH, it was decided to test the tubes in the presence of an
internal pressure of 18MPa (180bars) and at temperatures that would realize a state
Well above that described by the Nelson Curves [APL, 1997] (see §4.6). The design of
the tubes refers to the code of practice suggested by the High Temperature Mechanical
Testing Committee [HTMTC, 1989]. In addition, the wall thickness is set to ensure a
shallow hydrogen concentration gradient across it, such that the effect of the hydrogen
could be clearly seen. To conform to the PREDICH project, a temperature of 843K
(570°C) waé chosen for the tests on welded 2.25Cr-1Mo standard steel, and a
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temperature of 873K (600°C) for tests on its V-modified grade. It was decided to
apply to the tube made of standard 2.25Cr-1Mo steel a stress of 100MPa, in order to
have evidence of hydrogen attack in the different metallurgical zones of the weldment.
From the results of the first uniaxial tests carried out on the V-modified 2.25Cr-1Mo
steel, a stress of 120MPa was selected for the tubular specimens made with this steel.
This stress was expressed as mean diameter hoop stress given by

Pd '

z tion 4.5-1]:
> [Equatio ]

o=

where P is pressure, dn, is the mean diameter, and t is the thickness. Table 4.5-1 gives
the comparison between the adopted design parameters and the recommended ones for
all the tested tubes [HTMTC, 1989]. It is normal practice to use a gauge length
somewhat longer than the minimum value suggested. The stress raising effect of the
shoulders is minimised when the shoulder thickness is 1.2 times the gauge thickness.
However, JRC experience';lemonstrates that a ratio of 1.5 is better, as it reduces strain
in the shoulder area. It should also be noted that the shoulder length may also be

shorter than the recommended 2d,, without adversely affecting the test.

Filler Bars

The inside of the tube is occupied by a filler bar, having diameter of 37mm, slightly
lower than the inner diameter of the tube (44mm). In this work, the filler bars are
obtained from the same coupon used to produce the tube, i.e. with the weldment. This

design feature has a twofold purpose:

e To minimise the volume of hydrogen gas and, hence, the explosive potential

inside the tubes.

* To have the same welded joint exposedA in the absence of superimposed
stresses. By comparing the pressurised tube and the filler bar, it is possible to
speculate on the role of the applied stress on the enhancement of the damage in

the different metallurgical zones.

Tube Preparation Procedure

A cylinder having an internal diameter of 51mm, with an external diameter of 35mm

and 327mm long, is cut from the received coupon by means of spark erosion. The
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cutting procedure allows a bar having a diameter of 37mm and length 295mm to be
provided from the same ingot. From the first piece, a tubular specimen is machined in
conformity with the Code of Practice suggested by the High Temperature Mechanical
Testing Committee, and its surface is finished to 800-grit paper. (Figure 4.5-2). The
second piece is also surface finished with 800-grit paper (Figure 4.5-3). The hole on
the base, and the narrow cut on the lateral surface, are both produced by the wire
erosion. From the base metal of the ingot, two end caps are machined, and their
geometrical features are given by Figure 4.5-4, Figure 4.5-5, Figure 4.5-6. To have
good fit of the end cap, the inside ends of the tube are machined (Figure 4.5-7) and the
local inner diameter of the tube thickness is increased from 43mm to 44mm. In
correspondence of the shoulders the tube diameter is reduced from 54mm to 44mm
(Figure 4.5-2). Figure 4.5-8 shows the complete set for a tubular specimen: tube, filler

bar and end cups.

On the other end of the filler bar a groove is introduced, together with some narrow
channels that put the groove in contact with the outer surface (see Figure 4.5-9).
Afterwards, the holes produced by the wire erosion are closed as well as the lateral cut
of the ﬁllef bar by welding (see Figure 4.5-10 and Figure 4.5-11). In this way, the
filler bar becomes a solid bar. The groove produced at one end allows the stable
vertical positioning of the filler bar on the end cap when the tube will be positioned
vertically during the test (see Figure 4.5-12, Figure 4.5-113). The gas is injected via the
end caps, and the d'esign detail prbduced on one baée of the cylinder leaves open some
lateral windows, which allow the gas to flow on the external surface of the filler bar
(see Figure 4.5-14). In this way, hydrogen can diffuse from the external surface -
toward the inner of the steel filler bar. This allows the investigation of the eventual
gradient of the damage due to hydrogen attack. The groove and its lateral mini-
Channels are a design detail which had been devised for the 2..25Cr-1Mo-V tubes. The
tube made of the standard grade, previously manufactured, did X.lot> exhibit this feature.
Figures 4.5-15, 4.5-16, 4.5-17, and 4.5-18, show the assembly sequence for the tubular

Specimen. Figure 4.5-19 shows the twin tubular specimens.

\We[ding of the Tube

For preparation of the tube made of 2.25Cr-1Mo standard steel, the end-caps were
Attached to the tubes using electron beam welds, producing a high-quality weld with a
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minimum of specimen distortion. This weldment technique had been also adopted in

the previous work of Baker, who found that:

¢ In some cases, the electron beam weldments could leak hydrogen, due to lack
of penetration of the weld, which creates a stress concentration at the weld

root.

¢ Having three welds next to each other created tensile residual stresses, which

may have contributed to the prémature weld failure,

As a result, many of Béker’s tubes were welded with only one electron beam weld. In
the present work, the weldment of the standard steel was also made with only one
electron beam weld, and the results have proved completely satisfactorily.
Nevertheless, for the tubes made of 2.25Cr-1Mo-V steels, it was decided to adopt the
usual multi-pass argon-arc welding, which gives a strong and reliable weldment. The
weld material used was 309 LHF, DIN 8556, SG X2CrNi24.

The Gas Supply Pipes

In order to provide gas tight ends on the specimens, end-caps were designed,
machined and welded to the tube. In addition to the end caps, gas supply pipes hlade
from 14mm x 8mm stainless steel tube were welded onto the end caps at either end.
These pipes were joined with high-pressure fittings, to allow safe connection to the
gas supply infrastructure. After welding, the outside of the tube was polished with
800-grit paper and cleaned with acetone.

Positioning of Thermocouples on the Tube

The temperature .to which the tube was exposed during the test has been measured by
Means of three thermocouples type “N”. These th_ermocouples were spot welded on
the external surface of the tube gauge length, respectively in correspondence of the
two ends of the gauge and on the middle of it. The thermocouples had been positioned

in such a way to be not on the weldment, but on the base metal.
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4.5.3 Specimens for Exposure in Absence of Applied Stress

In the case of the standard 2.25Cr-1Mo steel, the specimens for exposure in the
absence of applied stresses (so-called stress-free exposures) had been obtained from
leftovers and were not regular. However, the specimens made of V-modified 2.25Cr-
1Mo steel had been cut from a well-defined section of the original block and, for this
reason, have the same geometry, i.e. parallelepipeds having dimensions 7mm x 10mm

x 48mm.
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4.6 The Test Conditions

The conditions chosen for the tests performed in the present work are given in Table
4.6-1 and in Table 4.6-2. For thé'tests on the standard (or traditional) 2.25Cr-1Mo
steel, a temperature of 843K (570°C) was selected, consistent with the temperature
adopted for the tests carried out in PREDICH project. For the tests on V-modified
2.25Cr-1Mo and 3Cr-1Mo steels, the temperature of 873K (600°C) was selected. The
tables show that the testing on V-modified 2.25Cr-1Mo steel had been carried out by
considering two different batches. One batch was a leftover of the PREDICH project,
which allowed compaﬁsons to be made with the results of that project. The other

batch had been requested from the same producer specifically for the present work.

4.6.1 Uniaxial Creep Tests in Air

The tests on the V-modified 2.25Cr-1Mo and 3Cr-1Mo steels have been performed
under applied stresses of 100, 120 and 140 MPa. In addition, a test at 170MPa had
been carried out on the first batch of 2.25Cr-1Mo-V and on 3Cr-1Mo-V. For the
standard 2.25Cr-1Mo steel, uniaxial tests have been completed only at 100MPa, but at
843K (570°C) and 873K (600°C).

4.6.2 Uniaxial Cfeep Tests in Hydrogen

As shown in Table 4.6-2, the uniaxial creep tests in hydrogen environment have been
carried out at 843K (570°C) under an applied stress of 100MPa in the case of the .
Standard 2.25Cr-1Mo steel, but at 873K (600°C) and for stresses ranging from 100 to
170MPa for theV-modified 2.25Cr-1Mo and the V-modified 3Cr-1Mo steels. The
hydrogen has beén kept at a pressure of 18MPa (180bars) with the exception of thc
test performed on the first batch of V-modified 2.2$Cr-1Mo under a stress of 120MPa.
In this specific case the hydrogen pressﬁre has been kept at 22MPa (220bars).

4.6.3 Internally Pressurized Tubes (Multiaxial Creep Tests)

Creep tests were undertaken for tubes made of 2.25Cr-1Mo standard steel and on V-

Modified 2.25Cr-1Mo steel. For the pressurization, hydrogen and argon have been
Used, |

103 Giustino Manna — Ph.D. Thesis



4. EXPERIMENTAL TECHNIQUES 4.6 The Test Conditions

4.6.4 Exposure in the Absence of Applied Stresses

These tests have been carried out in an appropriate furnace for the exposure in air, and
in a high-pressure autoclave for exposure to hydrogen. The temperature and hydrogen

pressure adopted is the same as that chosen for the respective creep testing.
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5 Results and Discussion

5.1 Outline of the Work Performed

The current chapter reports the results of the experimental work performed on the
tested steels and weldments, together with the discussion of the results. The

experimental work consists of

* Ageing tests, in ‘air and in controlled atmosphere (hot high-pressurized
hydrogen). The ageing exposures are tests in “absence of applied external
stresses. They are also referred to as “stress-free” exposures, whicﬁ does not
excludé.the presence of some residual stresses in the material, but these
stresses are assumed to be very small in comparison with those induced by the

application of external loads.

» Creep testing, in air and in hydrogen, involves uniaxial tests on cross-weld
specimens and tests under more complex states of stress, achieved via the
pressurization of tubular specimens. In addition, hardness measurements are

carried out on the test pieces.

® Microstructural investigations, by means of optical microscope, scanning
electron miéroscope (SEM) and transmission electron microscope (TEM) are
performed with the purpose of adding more insight to the observed

phenomena.
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5.2 Testing on the Standard 2.25Cr-1Mo welded Joint

The current section reports the results of the tests on the standard 2.25Cr-1Mo welded

joint. The tests performed are:
* Tests in the absence of applied external stresses, i.e. stress-free exposures.

» Tests in the presence of an applied external stress, uniaxial or multiaxial.

5.2.1 Stress-Free Exposure in Hydrogen

The base material and its weldment have been tested in hydrogen at 843K (570°C) and
18MPA (180bars). Two steps of exposure are considered here: up to 2000h and up to
4000h. The results of microstructural observations are described and compared with
those of the stress-free filler bar, also used as a stress-free reference during the
corresponding experiment under multiaxial load. The situation after 2000h of
expdsure is presented in Figure 5.2-3, for the five metallurgical zones of the sample.
The weld metal (WM) is the metallurgical zone most affected by cavitation, whilst the
ﬁne-grained-heét-affected-zone (FGHAZ), the inter-critical-heat-affected-zone
(ICHAZ) and the base metal (BM) are all only slightly cavitated. The coarse-grained-

heat-affected-zone (CGHAZ) can be considered not cavitated.

As shown in Fig. -5.2-4, after 4000h of exposure thé FGHAZ is the most heavily
cavitated zone; the ICHAZ exhibits a damage comparable with that of the FGHAZ;
the weld metal is cavitated, but the extent of damage is similar to that registered in the
2000h case. The base metal is slightly cavitated, mainly along the grain boundaries,
whereas the CGHAZ is still not cavitated, although it is possible to find exceptional
areas with a few relatively large cavities (0.5-1um). The cavities of the weld metal are
in both cases round and conserve their shape while growing; the cavities of the
- FGHAZ coalesce and produce relatively large voids (2-4um) of irregular shape along
the grain boundaries. The cavities of the base metal also tend to coalesce to form
elongated voids along the grain boundaries. In the base metal, an increase of the grain .
Size with the increasing exposure time can be seen. In addit_ion, bainitic laths appear
after 40005, in general of larger dimension and developing along preferential

directions. The bainitic phase tends to result in a continuum extended from one side of

the grain to the other [Lundin, 1984).
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Comparison with the stress-free filler bar and the pressurized tube

The welded stress-free filler bar of the pressurized tube exposed to hydrogen, during
the multiaxial test up to duration of 3230h, exhibits different damage featurés. The
description of the damage of the pressurized tube is part of section 5.2.3. In this
section, the results are recalled for an immediate and worthwhile comparison with the

other results coming from the so-called “stress-free” samples.

As shown in Fig. 5.2-5, the FGHAZ also appears as the most cavitated zone after 3230
hours of exposure, with somewhat lower damage in the base metal and the CGHAZ,\
and with practically no damage in the weld metal. In the pressurized tube, thé
cavitation is more intense, but the sensitivity of the different metallurgical zones is
compatible with what is found in the stress-free filler bar: i.e. very high cavitation in
the FGHAZ, high cavitation in the base metal, much less cavitation in the CGHAZ, a
few isolated voids are detected in the weld metal close to the CGHAZ a;nd almost no

damage is registered at the centre of the weld metal.

The different behaviour of the weld metal, in the two different stress-free cases, the
filler bar énd the stress-free exposures, is difficult to explain., It seems that the
cavitation of the weld metal starts very early. In fact, the 2000h sa;nple indicates that
the cavitation, in the detected measure, shows up in the weld metal before other zones,
including the FGHAZ. It is possible to argue than the nucleation is easier in the weld
metal than in the FGHAZ and the rest of the HAZ, But, for sdme reason, the growth of
the cavities slows down and, after 4000h of exposure, the cavitation extent is about
similar to that registered after 2000h.The fact thatvnucleation of cavities appears very
soon in the steel, and in its weldment, is well established. Already, the work of
Sundararajan and Shewmon [1980]. which provides the first data available in
literature on the kinetics of the incubation period, proves that the formation of
methane-filled bubbles in the steel, once it is exposed to hot high-pressurized

hydrogen, starts immediately.

The fact that the cavitation of the weld metal is more marked, at an early stage of
attack, than the cavitation of the other zones could be explainéd by the work of
paﬂhasarathy [1987]. This reports that the higher sensitivity of the weld metal to the
hydl‘ogen attack is due to the higher density of methane-filled bubbles, assumed to be

an effect of the presence in the metallurgical zone of pre-existing voids. In addition,
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the weld metal of a multipass weldment is a zone that exhibits a remarkable grain-
boundaries development. Some zones present big columnar grains, some others —
which are interfaces among two or more passes — present relatively small equiaxed
grains. It is well documented [e.g. Sakai, 1980; Erwin, 1982] that grain boundaries

offer preferential locations for the nucleation and growth of cavities.

As observed before, growth of cavities in the weld metal is at a certain moment
slowed down. In this respect, it is possible to assume that the high hardness of the
weld metal (See Figure 5.2-13 for the as-received conditions) plays a constraint role
on cavities growth. HoWever, this role is apparently not exerted in the first 2000h. The
carbide population of the weld metal is also expected to play some role. In fact, the
literature concerning the standard 2.25Cr-Mo steel recognizes the stability of the
carbides as one of the main factors influencing the hydrogen attack sensitivity of the
steel [e.g. Erwin, 1982]. It is also possible that the weld metal contains some unstable
carbides, whose sensitivity to hydrogen attack is apparent before that for the carbides
of the other zones. Should the density of these carbides be relatively low, their
contribution to the build-up of a methane pressure in the weld metal could
progressiveiy decrease during the second part of the experiment, thereby reducing the
cavity growth rate. Other information about the weld metal is provided by the results
of the measurements performed by means of electro-probe micro-analysis (EPMA),
which show an incfease of the Mn content in the weld: metal with respect to the base
meta] (Figure 5.2-14; Table 5.2-2); and /Mn is known as an element that stabilizes
carbides, tying uﬁ carbon in the steel. Some indication of the consistency of these
hypotheses will come through the publication of the findings of the Brite/Euram
Project 1835 (PREDICH), the results of which are still confidential. However, at least

three questions arise:

1. Why does the weld metal cavitation of th;: filler bar seem less than the weld

metal cavitation in the exposed samples?

2. Why does cavitation appear in the CGHAZ of the filler bar, whereas in the
CGHAZ of the stress-free exposed samples there is p@cticﬂly no cavitation?

3. Why does the damage observed in the FGHAZ, GCHAZ and the base metal of
the filler bar after 3230 hours seem, in general, more advanced than that

observed after 4000 hours in the samples presented here?
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Regarding question 1, the filler bar was observed under relatively low magnification
on deeply etched samples, so cavitation in the weld metal could simply have been not
well assessed during the first observation. Alternatively, one may consider that the
stress-free exposed samples have been obtained from leftovers of the original block.
Thus, the weld metal section of them is much smaller than that present in the filler bar
and tube and, more precisely, it is only the part of the weldment closer to the CGHAZ.
If it is also considered that the observations on the stressed tube show that the weld
metal close to the CGHAZ exhibits slight cavitation, the low cavitation detected in the

weld metal of the “stress-free” samples is less surprising.

The question on the different sensitivity of the CGHAZ between the two cases (tube +
filler-bar and stress-free exposure) remains open, as well as that concerning the

apparent different damage levels in the FGHAZ and base metal.

Results of TEM Investigations on “Stress-Free” exposed 2.25Cr-1Mo Steel

In the context of the present work, no TEM investigations had been devoted to the
2.25Cr-1Mo steel. However, results are now reported for some investigations carried
out at the Iﬁstitute for Energy of the Joint Research Centre by Baker et al [2000], who
analysed the filler bars of 2.25Cr-1Mo tubular specimens (from the same or a different
batch) pressurized with hydrogen at 873K (600°C), a pressure ranging from 19.5MPa
(195bars) to 26MPa (260bars), and durations from 123 to 715 hours. The authors
detected the presence of MsC-type carbides in the decarburised layer underneath the
surface exposed to hydrogen, and the presence of M¢C, M7C3 in the bulk material. No
M;C had been detected in the decarburised layer, and only traces of this carbide-type -
had been detected in the bulk material. These findings indicate that the evolution of
carbides in steels aged in hydrogen is consistent with the schemes suggested by Baker
and Nutting [1959] and by Gope et al [1993). Considering the short exposure times, it
is possible to suggest that the hydrogen accelerates the disso‘lution of M,C carbides,

Which, according to the referred authors, are responsible for the creep strength of the

Steel.

109 Giustino Manna - Ph.D. Thesis



Chap.5 RESULTS & DISCUSSION 5.2 Testing on the 2.25Cr-1Mo welded joint

5.2.2 Uniaxial Creep Tests

Uniaxial Creep Results

Two uniaxial creep tests had been carried out in air on the 2.25Cr-1Mo welded joint:

* One test at 843K (570°C) and in presence of an applied initial stress of
100MPa.

*  Another test at 873K (600°C) under the same applied stress.

A third test had been pérformed in hot high-pressurized hydrogen at a temfaerature of
873K (600°C),' a pressure of 18MPa (180bars) and in presence of an applied initial
- stress of 100MPa. The full creep curves are shown by Figure 5.2-1, Figure 5.2-2 and
the results are summarized in Table 5.2-1. In the case of the tests in air, the increase of
the temperature from 843 to 873K (570 to 600°C) produces a decrease of the rupture
time from 4646 to 560 hours and an increase of the minimum creep rate (MCR) of
about one order of magnitude ©), which corresponds to a reduction of the secondary-
creep stage. The strain at rupture and the reduction in area also increase sensitively,
demonstrating an increase in ductility. These results are perfectly compatible with the

well-established knowledge about creep of steels and welds

In hot high-pfessurized hydrogen (P=18MPa and T=873K), the lifetime, the rupture
strain and the reduction in area decrease drastically, with respect to the testing in air,
whereas the mjnimum creep rate increases. The decrease in ductility is a hydrogen
attack effect documented in earlier studies [e.g. Allen, 1962a]. In particular, Allen
reports that the decrease in ductility becomes more relevant With increasing hydrogen
pressure. Several_ workers document the inc;ease of minimum creep rate in hydrogen
[Coombs, 1965; Sutherland, 1965; Yokogawa, 1989], and others report that hydrogen
in the 2.25Cr-1Mo steel facilitates the movemé;nt of dislocations, and promotes

recovery [Zander, 2003].

——— .
9 .

The author is aware that such observations on the minimum creep rate and on the rupture strain ot.' a
Weldment assume the weldment as homogeneous and, conscquently., are not rigorous. Anyway, in spite
O their empirical aspect, they give the opportunity for some qualitative considerations.
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Microstructural Investigations

The ruptured samples had been sectioned, put in resin, polished, etched and observed
by means of optical and scanning electron microscopy. The optical observation of the
sample tested in air at 843K (570°C), (Fig 5.2-6x"? and 5.2-7y) shows that:

1. The fracture occurs in the ICHAZ.

2. High voiding is detected, in both samples, in the ICHAZ close to the
fracture surface. Void formation is also detected in the base material close
to the ICHAZ, where they coalesce along a direction approximately

perpendicular to that of the applied stress.

3. Voids are also found in the HAZ, but their density decreases going towards
the FGHAZ and the CGHAZ.

4. Smaller isolated voids are detected in the weld metal, which experienced

slight reduction in area.

A further investigation had been performed by means of SEM. It was not possible to
obtain information from the fracture surface, because it was covered by an oxide
layer. Nevertheless, by examining the cross-section, it was possible to make some

deductions about the typology of the damage.

1. In the ICHAZ, not only big \)oids of irreQular shape are found, but also
numerous small cavities of sub-micron size, nucleated mainly at interfaces
(Ferrite/Cementite or Carbides/Matrix) (Fig 5.2-6g, -6h, -6k, -6I). The .
small cavities are often linked to each other by very narrow cracks, which
develop at interfaces and follow circuital paths (Fig.5.2-6i, -6j). The
growth of the voids appears to happen by assimilation of neighbouring

cavities and microcracks (Fig. 5.2-6n). .

2. The inner surface of the voids showed the formation of cavities and cracks

linking along the grain boundaries (Fig. 5.2-6m). |

3.. The formation of big \;oids (20-100um) was not detected in the surface
layer, having a thickness ranging between 150 and 600um (Fig. 5.2-6p).

——

1]
X and y are used to indicate all the letters of the array (e.g. ,b,¢, d, .....).

i
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4. The weld metal appears practically not to be cavitated (Fig. 5.2-60).
On the basis of the reported results, it is possible to argue that:
a. The failure has intergranular features.

b. The lower creep cavitation, usually observed close to the surface in
samples tested in hydrogen, is not only an effect of decarburisation, but
also a consequence of the stress distribution, because less cavitation is
found in the steel close to the surface of the samples tested in air. It is
argued that the nucleation of cavities inside the sample produces a local
relaxation of the stresses, and the more superficial layers of the sample

become subjected to more intense stresses.

This thesis is supported by the recent work of Albert et al [2004] who studied the
creep rupture properties of the HAZ of P122 steel using a Gleeble 1500 simulator.
These authors observed t};at the cavity density in the specimen interior, close to the
centre of the specimen, is higher than near the specimen surface. On the basis of FEM
analysis, they explained the experimental finding as due to the presence of high
hydrpstatic stress and éreep strain close to the specimen centre. Consequently, the
quoted authors expect the cracks to initiate from the specimen interior by coalescence
and linking of creep cavities, and ﬁropagate towards the specimen‘ sufface.
Furthermore, it is here suggested that the formation of cavities in the specimen interior
produces a local relaxation of the stresses [Kimmins, 1993] and a consequent
shedding of stress to non-cavitated areas. The more external layers of the épécimen
experience states of higher stress, which inhibits the grain boundary sliding, which, |
according to Kimmins is mainly relevant at lower stresses, but triggers locally the

plastic flow.

. The other cross-welded uniaxial sample, made of 2.25Cr-1Mo steel, had been tested in
air at 873K (600°C), under an initial stress of 100MPa. The test duration was 560
hours, The sample had been observed by means of opticai microscope before and after
etching (Fig. 5.2-7a, -7b, -7c, -7d). The two halves show a bigger reduction in area,
With respect to the sample tested in air at 843K (570°C). This can be explained as an
inc\rease of ductili& due to the higher temperature. Voids have been detected
throughout the HAZ, with a few long voids stretched in the direction of the applied
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stress and having axis about perpendicular to the fracture surface. Also in this case the
fracture occurs in the ICHAZ.

Figures 5.2-8x""" give the results "of the microstructural investigation carried out by
means of optical microscope on the third uniaxial cross-weld sample, tested in
hydrogen. Failure again takes place in the ICHAZ, with small reduction in area and
voids are detected in the ICHAZ close to the fracture surface. Less voids are detected
in the FGHAZ, whereas no voids are encountered in the CGHAZ, weld metal and base
metal. The lower ductility and reduction in area, registered in hydrogen are, as
reported, a well-docurhented effect of the hydrogen attack [e.g. Coombs, 1965;
Shewmon, 1985; Bocquet, 2001]. Conversely, the fact that the fracture happens in the
ICHAZ contradicts the findings of the Project Brite/Euram 1835 (PREDICH), whose
samples are reported to break in the FGHAZ, for tests performed in both air and
hydrogen [Bocquet, ibidem]. This discrepancy is surprising because, as mentioned in
section [4.4.1], the welded-joint tested in the present work is a coupon received by the
Institute for Energy for its partnership in the project Brite/Euram 1835 (PREDICH).
However, the literature on the creep of low alloy steel weldments reports the
occurrence of failure in the ICHAZ, and this typology of failure is termed “Type IV
cracking” [Mannan, 1996; Parker, 1996]. In particular, Parker and Stratford suggest
that the low creep strength of the ICHAZ is due to the dissolution of M,C Carbides,
with consequent foﬁnation of coarse carbides of the M23C6,' MC and M,C; type. In
addition, the presence in the zone of fine-grained ferrite is expected to lower the creep
Strength. Moreover, Gope et al [1993] report that the sﬁperimpoSit_ion of stresses
inhibits the growth of M,C carbides, so that — as suggested in the present work — the -
creei) strength is further reduced.

5.2.3 Internally Pressdrized Tube (Multiaxial Creep Test) .

One test had been carried out on a tube, made of 2.25Cr-1Mo steel and with a
Circumferential weldment at about middle-length. The tube had been pressurized by
Means of hot high-pressurized hydrogen (18MPa) at a temperature of 843K (570°C).
The test has been interrupted, before bursting, after 3230 hours. The tube dimensions
are drawn in Figure 5.2-9a, and the nominal composition of the tube base material and

—
1
'In this case, x is a generic letter which is used to indicate al the letters of the array (a,b,c,d,e).
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consumable are given in Table 5.2-2. This table also shows a comparison of the
nominal values and the results of electro-probe micro-analysis (EPMA)
measurements. Table 5.2-3 provides information on the sample geometry and the

stress conditions, and synthesizes the creep results.

Strain Measurement during Testing

The creep curves, recorded at the top, centre and bottom of the gauge length during
the test, are presented in Figure 5.2-95, with some results given in Table 5.2-3. After
approximately 50 hours, the minimum creep rate at all three locations denotes that the
ends deform at a slower rate (8x10'%) than the central part (3x10%s). The
pressurised sample progressively bulges, approximately at mid-length, with this
feature becoming incrcasingly evident as the test progresses. After 3200 h, the
deformation rate increases abruptly, so the test was interrupted 30 hours later in order

to prevent tube bursting.

X-ray Investigation and Naked-eye Inspection

After the teét, the end caps and the filler bar were removed and the pressui'ized sample
was inspected by means of X-rays. Figure 5.2-10 shows the tube, the filler bar and the
end caps, as they appear after the test. Figure 5.2-12 preéents the results of the
inspection performéd by means of X-rays. It gives evidence of the presence of two
main cracks in the part of the weldment more affected by bulging. This is more
apparent from Figure 5.2-17, which shows a detail of Figure 5.2-12, i.e. the cracks
appear to propagate from the HAZ into the base metal. In addition, many other smaller -
cracks are detected close to both the fusion lines. Examination of the tube by naked
eye was carried out after having cut it along its axis. Inspection of the tube internal
Surface conﬁrrhed the existence of the two big cracks and many small cracks
Dropagating from the ICHAZ into the base metal (and, in some cases, prppagating

entirely into the base metal).

Strain Measurement after Testing

The measurements after testing of the strain in the tube is carried out by measuring the
local variations of the tube gauge diameter. For this purpose, measurements of

diameter are taken, by means of calliper, every Smm along the whole gauge length.
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This is repeated following 9 parallel lines spaced of 20° from each other, thus
mapping deformation over the whole surface. The resulting strain values are shown in
Figure 5.2-11 as a function of the distance from the central point of the weld, taken as
x=0. Although the tube bulging is more pronounced on one side of the gauge surface
than the other, in general the strain is quite symmetric around the circumference, but
not along the length. The point of maximum deformation (~5%) is located in the
weldment, very close to the HAZ. The strain value at the tube mid-length, ~ 4.5%, is
in reasonable agreement with the maximum strain recorded by the central capacitance
gauge (Table 5.2-3). Figure 5.2-10 shows the tube, the filler bar and the end caps as
they appear after the test. On the tube surface, it is possible to see the markers‘

corresponding to the positions where the strain measurements have been taken,

Metallographic Examination and Hardness Measurements

Different sections were cut from both thé tube and the filler bar for pbst-exposure
Vickers hardness measurements, so well as optical and scanning electron microscopic
examination. The hardness results have been compared with those of the as-received
material. Across the HAZ, and in both the base metal and the weld metal close to the
HAZ, the spacing of the measurements has been about 0.45mm, in order to obtain a
detailed profile. Most of sections were taken longitudinally from both the tube and the
filler bar, mouﬁted in bakelite, polished and etched with 3% Nital for 20 to 40 seconds
and then examined. In the case of the tube, the longitudinal cut meant that the hoop
stress direction was left perpendicular to the plane of observation (i.e. slice A). In
order to investiéate the effects of the main stress direction in further detail, additional ‘
transverse cross sections were also cut from thé base metal, HAZ and weld metal, and
mounted with the hoop stress axis lying parallel to the plane of observation (i.e. slice
B). Finally, to loc;alize the onset and their direction with respect to the direction of the
hoop stress, a longitudinal section (including the base metal and weldment) was cut
from the more deformed part of the tube, and mounted in resin in such a way as to

have the surface directly exposed to hydrogen visible (i.e. Slice C).

Hardness Vickers Results

Vickers hardness data are presenfed in Figure 5.2-13, which compares the cross-weld

hardness profile for the as-received coupon with those of the materials exposed in
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stress-free condition and under multiaxial creep stress. The lower hardness of the as-
received coupon is registered in the ICHAZ (~ 189 HV), whilst the higher hardness is
registered in the weld metal (~ 210 HV). The filler bar presents a slight reduction in
the hardness of all the metallurgical zones, but the trend of the hardness profile is in
general maintained. A strong decrease in the hardness is found in the pressurised tube,
especially in the zone that experienced the highest deformation, and affects all
metallurgical zones. The zone which registers the highest reduction in hardness, is the
weld metal (from ~219 to ~165). Moreover, the hardness profile appears flattened by
the application of the multiaxial stress: the highest value is ~175 (Fusion Line) and the
lowest value ~162 (ICHAZ and FGHAZ). "

The high reduction in hardness, occurfing in the weld metal, might be correlated with
the general reduction of mechanical properties in.the zone [Mannan, 1996). This
behaviour, especially in the case of thick-section weldments, could be emphasized by -
the stress redistribution during creep, which causes the region of low strength to shed

the stress to the more resistant zones [Parker, 1995].

Microstructural Analysis: Filler bar (stress-free)

Although hydrogen-attack-induced cavitation in the filler bar is evident after 3230
hours of exposure, no fissuring is observed in any of the metallurgical regions of the
HAZ. The voids form preferably along grain boundaries, at triple points and other
‘interfaces, and remain isolated. Significant differences in the extent and morphology
of damage are 6bserved between the different metallurgical areas of the welded joint,
As mentioned in section 5.2.1, and shown in Figure 5.2-5, the cavity density is
Mmaximum in the FGHAZ, lower in the CGHAZ and base metal, much lower in the
Wweld metal, where cavities are in general smaller (less than 1pum in size) and rounded.
The cross-weld distribution of cavities is approximately symmetrical along the length
of the bar, with respect to the weld centre. No gradient of damage is observed along
the base metal sections, although some locally higher concentration of cavities are
Observed in some regions, apparently distributed at random, which is possibly due to

Tesidual stresses in the welded joint.
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Microstructural Analysis: Internally Pressurized Tube

X;ray examination of the tube clearly reveals the presence of cracks (Figures 5.2-12
and 5.2-17). These are located atnthe two sides of the weldment, apparently starting
very close to the HAZ and propagating in the neighboring base metal, where they can
join other formed microcracks. Microstructural examination of transverse sections
reveal that cracks form close to the inner wall of the tube (Figures 5.2-15, 5.2-19),
starting underneath a surface decarburised layer approximately 100um thick. As
shown by the figures, the cracks are intergranular and preferentially oriented
perpendicularly to the hoop stress axis. Intergranular rows of voids are also present,
which confirm the strong increase of damage due to the applied stress. Cavities are
found to link-up into small cracks, apparently driven by the hoop stress, as previously
suggested by recent studies cam’éd out at the Institute for Energy of the Joint Research
Centre [Baker, 2000; Castello, 2001]. As for the filler bar, strong differences are
observed in the hydrogen attack sensitivity of the different metallurgical areas. Also in
this case, if the bigger cracks are excluded, the rest of the damage is rather
Symmétrically distributed with respect to the point at x=0.

The welded joint is examined in correspondence with the bulging and with the
opposite side where the material experiences lower strain. In this way, it is possible to
compare the damage detected in correspondence of different strain levels. For this
Purpose, two slices containing all the metallurgical zones are cut longitudinally from
Opposite areas of the weldment, corresponding with the position where the gauge
length presents the highest relative variation of diameter (~4_.9%). These are hereaﬁer_
called “slice A” and “slice B”, with slice B being the one that experiences lower
Strain, A third slice, called “slice C”, is cut from the same zone, in order to observe the
Surface directly exposed to the hot high-pressurized hydrogen. Figures 5.2-16 and 5.2-
16’ represent the damage registered in slice By,v starting from the base metal and
Moving towards the weld metal. Cavities had been detected almost over the entire
Welded joint, with the exception of the weld metal, which exhibits light cavitation
Tepresented by the characteristic small round shaped cavities. The most cavitated zone
is the FGHAZ (Fig. 5.2-16'g), followed by the ICHAZ (Fig. 5.2-16f) and CGHAZ
(Fig, 5.2-16’h,i). The cavities nucleated mainly at grain boundaries. Less cavitation is
in 8eneral detected in the base metal (Fig. 5.2-16a,b,c), but some areas exhibit thin

Necklaces of small cavities nucleated along the grain boundaries. Low cavitation is
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detected in the sub-critical-heat-affected-zone (SCHAZ) (Fig. 5.2-16d,e) and near the
fusion line (Fig. 5.2-16’1). An isolated case of cracking is found between the fusion
line and the weld metal (Fig. 5.2:16’l;m). Apart from the base metal, no preferential

orientation of damage is observed in the other metallurgical zones.

On the basis of the curves of Figure 5.2-11, slice A was cut between x= 7mm and x=
13mm, and had been taken from the part of the circumferential weldment where the
X-ray investigations detect the presence of two main cracks, starting close to the HAZ
and propagating into the base metal, along the axial direction of the tube (Figure 5.2-
12). The cross section was polished to 1um and etched by means of Nital 3%. Also, in
the transverse cross-sections, cavitation is apparently not dependent on the hoop stress
direction. Figures 5.2-19, 5.2-20a fo -20h and 5.2-21 show the result of the
microstructural investigation on the slice A, which experiences the bulging effect. Fig.
5.2-21 then confirms the presence of a decarburised layer, less affected by cavitation,
around 100um thick. The damage is not uniform and is prominent up to about 1mm
underneath the surface exposed to hot high-pressurized hydrogen.

The investigation by means of 6ptical microscope shows the thinning of the tube
corresponding to the ICHAZ and to the FGHAZ (Figure 5.2-19). The damage appears
in form of large voids in the base metal near to the ICHAZ, and in the SCHAZ and
ICHAZ. Coaléscence of voids of smaller dimension is also detected in the ICHAZ. A
few isolated smaller voids are observed in the FGHAZ, with no voids apparent in the
CGHAZ and weld metal. Using the scanning electron microscope, the base metal
appeared highiy cavitated, with cavities formed along grain boundaries and linking up .
along them (Figure 5.2-20a). This link up of cavities results in an intergranular
Scparation of the grains. In the base metal, cavities are also registered at interfaces
between different phases (Ferrite and Cementite) (Figure 5.2-20a). The SCHAZ is
Cavitated, with less tendency to formation of caﬁty necklaces (Figure 5.2-20b). The
Cavities are formed mainly at interfaces. The ICHAZ appears highly cavitated, with a
tendency to formation of clusters of cavities (Figures 5.2-20c,d). Cavities are present
at interfaces and, in some cases, short narrow cracks are detected between grains
(intergranular). The FGHAZ is highly cavitated, as is the ICHAZ and the base metal
(Figure 5.2-20e). In spite of this, in the FGHAZ zone, no tendency is registered to
form 1ocalized clusters of coalescing cavities, as happens in the ICHAZ, nor the

tendency to link-up along grain boundaries, as in the base metal. The CGHAZ shows
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less cavitation than the rest of the HAZ (Figures 5.2-20f,g) and the weld metal is
populated by very small cavities, although a few isolated large voids (3-7um) are
detected (Figure 5.2-20h). The dimension of the voids encountered in the FGHAZ is
similar to that of the voids found in the ICHAZ and CGHAZ: a few microns in size.
The voids found in the base metal are slightly smaller, and the cavities found in the
weld metal are appreciably smaller (a few hundreds of nm in size) and round-shaped.

As result of these findings, the most damaged zones are:

1. The base metal, due to the presence of necklaces of cavities along grain

boundaries.

2. The ICHAZ, due to the formation of clusters of cavities of bigger size. The

lowest cavitated zone is the weld metal.

Finally, the slice C (Figures 5.2-18a,b) clearly exhibits the presence of cracks on the
surface exposed to hydrogen. Their onset is in correspondence with the ICHAZ and
SCHAZ, and their direction of propagation is about the same for all of them and
perpendicular to the hoop stress direction. The onset of cracks is also apparent in the

base metal, in a range a few millimetres distant from the ICHAZ.

At ihis point, a dilemma emerges. As showed by Figure 5.2-17, the investigation
carried out up to this point shows that the FGHAZ is the most cavitated and voided
zone. In spite of this, no cracking is detected in this zone, whilst big cracks are found
in the ICHAZ, SCHAZ and in the base metal close to it. For this reason the conclusion
is that the ICHAZ and the base metal (but more the ICHAZ) are the most damaged
Zones, although the FGHAZ is the most cavitated. It is therefore inferred that, in
Presence of applied stresses, the failure of the 2.25Cr-1Mo welded joint, under the
reported experimental conditions, starts in the ICHAZ, in the SCHAZ, and also in the
base metal, but not in the FGHAZ, as suggested by other workers [e.g. Bocquet, 2001;
Gingell, 2001].

To solve this dilemma and explain why the failure starts in the ICHAZ, a more
detajled investigation had been carried out, 'using the scanning electron microscope at
higher magnifications, also using the secondary electron mode. The results of this
inVestigation show that, as for the uniaxial tests in air (Figures from §.2—6h up to —61)
and in the case of multiaxial test in hydrogen, the ICHAZ is populated by very small
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cavities. These form mainly at interfaces (Fig. 5.2-22), in particular at the interface
carbide/matrix. They, then, become connected by very narrow cracks (Fig. 5.2-24),
which may have locally a circuiting development but are also able to connect each
other forming long ramified narrow cracks, which can be more than 100pum long (Fig.
5.2-23). The formation of long and narrow cracks seems to be facilitated by the
presence of long carbides (or series of carbides), close to which sub-micron sized
cavities form (Fig. 5.2-25a,b,c). It could also be due to the different intrinsic strength
of the various zones, which may iniply that even if the FGHAZ has more voids, it

continues to be stronger than the ICHAZ.
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5.3 Testing on the 2.25Cr-1Mo-V welded Joint

This section reports the results of the tests carried out on the V-modified 2.25Cr-1Mo

welded joint, namely:
* Uniaxial tests, both in air and in hot high-pressurized hydrogen.

* Multiaxial tests, carried out by pressurizing tubes carrying a longitudinal
weldment with either argon or hydrogen.

5.3.1 Uniaxial Creép Testing (Batch 1, PREDICH welded Joint)

This paragraph reports the results of the tests carried out, at a first stage of the present
work, on some samples obtained as leftovers of the welded coupon used to carry out
part of the tests of the PREDICH Project (Brite/Eufam 1835) [Bocquet, 2001; Gingell,
2001]. The tests represent, in the .'(ﬁontext of the present wofk, prelimihary
investigatio_ns, performed whilst awaiting another welded coupon provided by the

same producer (Usinor Industeel - CLI).

Creep Tests

The tests have been carried out in air and in hot high-pressurized hydrogen at testing
temperature of 873K (600°C). The applied initial stress was in the range 120 to
170MPa, for the tests performed in air, and 120MPa for the test carried out in
hydrogen. The hydrogen pressure was 22MPa (220bars) whilst, for all the other tests |
performed in this worh the set pressure was 18MPa (180bars, equal to that used in
PREDICH). Figure 5.3-1 shows the creep curves obtained. A first feature of the
curves is that the tertiary stage is rather short. Especially in air, at lower initial stress,
the curves show a well-defined and extended secondary, and the sample fractures a
short while after the beginning of the tertiary stage. It is evident that the exposure to
hydrogen, at 873K (600°C) and 22MPa' (220bars), of the sample carrying an initial
Stress of 120MPa, reduces remarkably (by about 74%) the lifetime of the weldment
(from approximately 1300 hours to about 340 hours!). This result is similar to that
found in the case of the standard 2.25Cr-1Mo cross-weld steel, where at 873K
(600°C), 18MPa (180bars) and in presence of an applied stress. of 100MPa, the
lifetime of the welded joint is reduced by about 68% (from 560 hours to 185 hours)
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with respect to the value registered in air. The stress-rupture plot (Figure 5.3-2) shows

an evident linear trend for the results in air.

It is interesting to compare the ;ingle hydrogen result concerning this steel with the
linear fit of the results, obtained in hydrogen at 18MPa, for the second batch of steel.
It is evident, that a further reduction in lifetime is caused by increasing the hydrogen
pressure from 18 to 22MPa. This finding is consistent with data reported in literature
[e.g. Shewmon, 1980]. Moreover, the dependence of the stress from the minimum

creep rate also shows a linear trend 2*

Microstructural Investigations

The fesults of the microstructural investigations, carried out on the ruptured samples,
show that, in all cases, fracture occurs in the ICHAZ. Conversely, the sa:hples
obtained from the same batch tested under the Brite/Euram Project n. 1835
(PREDICH) are reported to fracture in the FGHAZ, in both air and hydrogen
[Bocquet, 2001; Gingell, 2001]. A possible reason of this difference in results is the
fact that, under high stresses, the weldment experiences flow processes [Middleton,
2001), which deform the grains of the zones where the strain is mostly accumulated
(i.e. the ICHAZ [e.g. Kimmins, 1993] and the nearest layer of the FGHAZ). It is
expected that, after the deformation of the grains, the boundary between the ICHAZ
and the FGHAZ is difficult (even impossible) to distinguish. Finally, it is recalled that,
even today, there is no standardized use of the terminology for the different zones of
the HAZ, and it is opinion of the author that this absence of a “common language”
might be misleading. As an example, Albert et al [2004] decide not to distinguish
bttt'ween ICHAZ and FGHAZ, because both these zones have a fine-grained
microstructure after the PWHT. Hence, they use the acronym “FGHAZ” for both. The
same is done by his colleagues, Watanabe et al [2004], who adopt the convention of
calling the ICHAZ still FGHAZ, but, as this zone is close to the base metal, they
found it more appropriate to use the designation FGHAZBM.

12 L
The author is aware that the minimum creep rate does not have much meaning with cross-weld
les, and is cautious while interpreting the results of its measurements.
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5.3.2 Uniaxial Creep Testing (Batch 2)

With the second batch of V-modified 2.25Cr-1Mo welded steel, the results of the tests
performed in hydrogen - at equai temperature and in presence of equal applied initial
stresses — also show a remarkable reduction in lifetime with respect to the tests in air
(Figure 5.3-4). This reduction, at a temperature of 873K (600°C) and a pressure of
18MPa (180bars), shows dependence on the applied initial stress given by the

equation:

(o)
air t Aydrogen

r

t air

x100 = -0.346 x o +102.7 Eq.53-1

Wﬁere t" indicates the rupture time (Figure 5.3-5). Furthermore, the elongatipn at
rupture ' of the cross-welded samples tested in hydrogen is lower than that
experienced by the cross-welded samples tested in air. In both cases, the elongation at
rupture increases with the applied initial stress. As already observed whilst discussing
the results concerning the 2.25Cr-1Mo steel, the reduction in elongation (ductility) is
an effect of the hydrogen attack well documented in literature [e.g. Sutherland, 1965;
Coombs, 1965; Yokogawa, 1989]. Also for this steel, the stress-rupture graphs in air

and in hydrogen show a linear trend

and, as expected, the exposure to hydrogen leads to lower values of the rupture-time -
for fixed values of the applied initial stress (Figure 5.3-6. The dashed line plotted in
the graph gives the trend in air of the stress-rupture results of the cross-welded
Sarﬁples, obtained from the first batch). It is clear that both batches have about the
Same behaviour in air and over the range of stresses explored. In the considered range
of values, the stress versus the minimum creep rate shows linear trends both in air and
in hydrogen (Figure 5.3-7), with higher slope in hydrogen than in air ™ figure also
includes data from two of the three additional interrupted uniaxial creep tests carried
Out in hydrogen in presence of applied stress at 94 and 106MPa. These results are not
Considered in the fitting, but it is clear that they are fully compatible with the other
Tesults obtained in hydrogen.

\

The author is aware that the elongation at rupture does not mean too much with cross-weld samples,
d is cautious whilst considering this property.
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Tsuchida et al [2004], who studied the creep rupture properties of the V-modified
2.25Cr-1Mo steel with respect to its microstructure, confirm that creep rupture tests
reduce the density of dislocations and induce the formation of sub-grains inside the
martensite lath, with the size of sub-grains increasing as the testing temperature
increases. The authors suggest that the coarsening of precipitates in the matrix and
along grain-boundaries, in particulér the formation of needle-like Mo,C from globular
M;C;, is the main reason for the increase in creep rupture elongation with increasing

testing temperature.

Microstructural Investigation

Figure 5.3-8 gives the image — and a magnified detail — of a fractured sample.
Evidently, the fracture is preceded by localized necking. In this specific case, the
sample was tested in hot high-pressurized hydrogén. As result, the surface is rather
shiny and it is possible to distinguish by naked eye the border of the interface between
the weld metal and the HAZ (see lower arrdw). On the basis of this naked-eye
observation, it is possible to hypothesize that the failure happens in the HAZ. This
assumption will be confirmed, for all the tested samples, by the microscope
investigation. In the case of samples tested in air, it is not so easy to see the weld

metal contour, because the sample surface is covered by an oxide layer.

Figure 5.3-9 shows, as example, the cross-sectioni of the welded-joint tested in
hydrogen in presence of an applied stress of 120MPa. The fracture indeed falls in the
HAZ, but rather close to the base metal. Also, the fracture of the sample tested in air,
under the identical initial-load and temperature conditions, exhibited the same feature
(Figures 5.3-10a,b).

These investigations by means of optical rhicroscope on samples tested in air and in
hydrogen prove that, élso in the welded joints made of 2.25Cr-IMo-V steel, the
fracture happens in the ICHAZ and not in the.FGHAZ, as suggested in previous
Studies [Boccjuet, 2001; Gingell, 2001]. It is, then, a Type IV-failure, which is
Notoriously combined with localized strain accumulation [Parker, 1996]. This feature

is consistent with the testing results (e.g. F igﬁre 5.3-8).

To acquire more information regarding the fracture mechanisms, some interrupted

Creep tests have been carried out in air and in hydrogen.
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5.3.3 Interrupted Uniaxial Creep Tests (Batch 2)

The uniaxial creep-rupture test, performed in air under an applied initial stress of
100MPa, had been interrupted j;1st before the failure (Figure 5.3-4). Similaﬂy, three
other interrupted tests had been carried out in hydrogen, at the same temperature and
hydrogen pressure (Figure 5.3-11). In one case — that is Int I - an initial stress of
106MPa had been applied, and the test had been interrupted at the beginning of the
tertiary stage. For the other two tests, an initial stress of 94MPa had been applied and
the two creep tests had been stopped at the beginning of the tertiary (Iﬁt IIT) and at 2/3
of the secondary (Int II) The tests were designed to have practically the same duration
for Int I and Int II. In this way, by comparing the damage in both cases, it could be
possible to obtain information on the effect of the stress on the damage, after a fixed
time of exposure to hydrogen. Furthermore, the comparison between Int II and Int I
gives information about the effect of prolonged application of the stress to the welded-
joint (test duration) under a fixed applied initial stress. The creep-rupture curve for the
test performed in hydrogen, in the presence of an applied initial stress of 100MPa, has

been chosen as reference for the interrupted tests in hydrogen.

Microstructural Investigations

The microstructural investigation, on the samples from the interrupted tests, have been

carried out in the following order:
1. Cross-welded sample, tested in air, under an applied initial stress of 100MPa.

2. Cross-welded saxhple, tested in hydrogen, under an applied initial stress of
" 106MPa. |

3. Cross-wélded sample, tested in hydrogen, under an applied initial stress of
94MPa and up to 928 hours.

4. Cross-welded sample, tested in hydrogen, under an applied initial stress of
94MPa and up to 648 hours. '

The findings of these investigations are reported in the above order.

L. Sample tested in air (o,= 100MPa, t=2453h)
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Before starting the microstructural investigation, the sample had been inspected by
means of X-rays. This characterization had been carried out in the NDT laboratory of
the High Flux Reactor of the Institute for Energy of the Joint Research Centre. The
outcomes clearly show that the test had been stopped at a very late stage of the test
(Figure 5.3-12). The sample was, afterwards, placed entirely in resin, and
longitudinally cut in the middle. Figure 5.3-13 offers a SEM image of the cross-
section, before etching. The fracture appears oriented at about 65° respect to the
direction of the applied stress. Observation by optical microscope of the welded-joint
shows a fracture located entirely in the HAZ, nucleated very close to the base metal,
in the ICHAZ, and propagating towards the sample surface through the HAZ (Figure
5.3-14).

2..Sample tested in hydrogen (0,=106MP, t=647h)

With the naked eye, a small crack, located at about middle-length of the specimen
gauge, can be detected. Using an optical microscope, it is possible to measure the
crack length, which is about 1.5mm (Figure 5.3-15). At higher magnification, it
appears that the damage is a crack in formation, to be considered more as ongoing
coalescence - still not complete - of rather large voids (Figure 5.3-16). The link-up of
voids giires the crack a wavy appearance, which is oriented at about 65 degrees with
respect to the direction of the applied stress. At the link-up tips, small cavities are
detected, which facilitate the crack propagation [Chen,. 1995].

Observation of the sample after etching proves that, as expected, nucleation of the
crack takes place not in the FGHAZ but close to the base metal, in an area recognized'
as being part of the ICHAZ (Figure 5.3-17). Also, these findings refute the thesis that
the fracture happens in the FGHAZ [e.g. Bocquet, 2001; Gingell, 2001]. In addition,
the figure documents the presence of localized necking corresponding to the ICHAZ,
Which confirms that the zone experiences a localized strain accumulation, which is
Televant to Type IV cracking [Parker, 1996). Using the SEM, the area around the
Crack appears highly cavitated (Figure 5.3-18), and confirms the localization‘of the
Crack in the ICHAZ. An extended study by SEM had been carried out in the area
around the crack. From these observations, the following mechanism of fracture is

Suggested:
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1. NUCLEATION. The formation of cavities takes place at interfaces between
different phases (e.g. carbide/matrix; inclusion/matrix; grain boundary).

2. LINK-UP. The methane and the hydrogen inside the cavity exert a pressure on
the inner side of the cavity. This pressure does not have the time to cause the
growth of the cavity by a creep mechanism, because the link-up of

* neighbouring cavities takes place. The link-up is facilitated by the formation of
very narrow cracks at the bainite/martensite interface and along grain

boundaries (Figure 5.3-19a).

3. MICROCRACKING. The narrow cracks link separated cavities and propagaie

by following circuital paths. In this way, pieces of material become isolated
(Figure 5.3-19b).

4. MOSAICING. The network of micro-cracks becomes more defined and the
narrow cracks wider. At a local level, the material begins to appear separated
into small pieces by the cracks, giving an appearance similar to the texture of a

- mosaic (Figure 5.3-19c¢).

5. FRAGMENTATION. The mosaic texture becomes more evident and the crack
 width increases. The material loses its coherency and fragments (Figure
5.3-19d). | - |

6. VOIDATION. The mosaic structure collapses and voids appear. The newly ,

created void grows by assimilation of neighbouring cavities and micro-cracks
(Figure 5.3-19¢).

7. CRACKING. The voids link-up and form a crack. The crack grows by
propagation of the crack tips, which produces plastic deformation in the

surrounding material, |
8. RUPTURE. The process ends-up with the failure of the welded component.

Areas of the ICHAZ more distant from the registered crack also appear cavitated
(Figure 5.3-20), and the extent of the cavitation is higher than for the FGHAZ (Figure
S'3-21). The base metal, the CGHAZ, the fusion line (Figure 5.3-22) are practically

Rot cavitated. The weld metal is populated by a non-uniform distribution of smaller

Cavities, round-shaped and isolated (Figure 5.3-23).
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The distribution of carbides in the ICHAZ, FGHAZ and base metal had been obsérved
by means of SEM in secondary electron mode, which guarantees the achievement of
higher. magnifications compared to the back-scattered electron mode (Figure
5.3-24a,b,c). The ICHAZ shows a distribution of relatively fine carbides dispersed in
the matrix, whilst the carbides of the FGHAZ seem of bigger dimension. In the base
metal, carbides of large size are found both in the matrix and along grain boundaries.
Finally, as reported previously [Tsai, 2003], interfaces (in particular carbide/matrix

interfaces) represent preferential locations for cavities nucleation (Figure 5.3-25).

3..Sample tested in hydrogen (0,=94MPa, t=928h)

Again, in this case, the cross-section of the sample before etching exhibits a highly
cavitated area conesponding to a region of localized necking. The distribution of
cavities covers a huge part of the sample section. Cavities form mainly inside the
specimens and they propagate from the centre towards the surface layers. This feature
seems compatible with the view that surface decarburisation and cavitation are
competing processes; i.c., the higher the decarburisation of the zone, the lower the
incidence of cavities [Rosenthal, 1963]. It is also in agreement with the recent
conclusions of Albert et al [2004] about the gradient of cavity density, while moving
from the interior towards the surface of specimens tested in air. These authors
correlated the experiniental finding to the presence of high hydrostatic stress and creep
~ Strain close to the specimen centre. Moreover, it is here suggested that the cavitated ‘
internal layers of the specimen shed stress to the non-cavitated and more external
layers, which experience plastic flow. On the other hand, the high stresses that cause
the plastic flow inhibit the nucleation of cavities, because they inhibit the grain
boundary sliding. Consequently,”it is concluded that the less presence (or even the
absence) of cavities close to the surface exposed to hydrogen, is not only an effect of
the decarburisation but, also, of the redistribution of stresses that takes place during

the specimen creep deformation.

As with the cracking of the samples “1” and the cavitation of the sample “2”, the
distribution of cavities in sample “3” exhibits an orientation, which is at about 65° to
the direction of the applied stress (Figure 5.3-26a). Hence, it is possible to argue, that,
Cither in air or in hot high-pressurized hydrogen, under the imposed test conditions,

the crack does not nucleate in one zone and propagate across the sample. Instead, the
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crack forms by “distributed nucleation”, (Figure 5.3-26b), i.e. cavities form, link-up
and coalesce to produce voids, the voids then join to form “elements of crack”, which
connect to produce the main crack. For this reason, some of the cavities present in the
more cavitated zone exhibit a more advanced stage of development. As appeared at
higher magnification, these bigger cavities are interconnected by very narrow
microcracks, and the whole link-up is extended to a length of some millimetres.
Again, much lower levels of cavitation are found in layers close to the sample surface
(Figure 5.3-26¢). The etching of the sample by means of Nital, confirms that the
damage is mainly located in the HAZ and close to the Base metal, in the zone
identified as the ICHAZ (Figure 5.3-27). Besides, in this sample, extended cavitation
is found in the weld metal, along the grain boundaries (Figure 5.3-28).

The investigation of the damage by SEM shows that the most damaged ioné, the
ICHAZ, is populated by voids of irregular shape (Figures 5.3-29a,b,d), the formation
of which is presumably due to the mechanism described before, for the presentation of
the results of the test of sample “2”, The origin of the damage seems due to the
nucleatlon of cavities of sub-micron size (Figure S. 3-29c) The cavmes and voids
appear in general linked by microcracks. In particular, the more developed voids are
connected by a sequence of narrow microcracks and cracks, whxch is extended for
many hundreds of microns (Figure 5.3-29a). It is argued that thls extended link-up
will produce, at a more advanced stage of damage, the main crack that will cause the
failure of the welded joint (e.g. see Figure 5.3-16). At the SEM, also the FGHAZ .
appears very cavitated, with cavities and voids of irreguiar shape; but no link-up of
them, by meané of microcracks, is detected (Figures 5.3-30a,b). For the weld metal, it
is confirmed the presence of small round-shaped cavities in the grains, and, in some
areas, the link-up of the cavities distributed along grain boundaries (Figures
3.3-31a,b). Finally, the base metal appears practically not cavitated (Figure 5.3-32a).
The attack is found in rare locations as the ‘interfaces inclusion/matrix (Figure
5.3-32b). |

1. Sample tested in hydrogen (0,= 94MPa, t=648h)

The test was interrupted at about 2/3 of the secondary stage (Figure 5.3-1 1). Using the
Optical microscope, neither cracking nor cavitatior} is detected in the welded joint. The

SEM investigation also shows no significant cavitation in all the metallurgical zones.
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The presence of damage, still in the embryonic phase, is detected only in the ICHAZ.
It consists of sub-micron-sized cavities, mainly nucleated at the interfaces among
different phases as between carbides and matrix (Figure 5.3-33a,b,c,d). On the basis of
the reported results, it is suggested that these cavities of sub-micron sized cavities,
ranging between about 40nm and 200nm, do not grow by creep but participate in a

phenomenon of link-up.

5.3.4 Internally Pressurized Tubes (Multiaxial Creep Tests)

The tested tubular specimens, made of 2.25Cr-1Mo-V steel, have a longitudinal
weldment along their entire length. Two samples had been pressurized, by means of
argon or hydrogen, at a temperature of 873K (600°C) and a pressure of 18MPa, in
such a way as to obtain an initial hoop stress of 120MPa. - The measurement of the
strain had been carried out by means of twelve capacitive sensors, distributed in
groups of four around the top, middle and bottom positions of the gauge length. For
each of these positions, the average signal had been calculated to give one signal for
the tbp, one for the middle and one for the bottom of the gauge length. Figure 5.3-34
shows the three curves for the test, referred to the tube pressurized with Ar and the
tube preséurized with H;. The stress-rupture plot (Figure 5.3-35) shows that the
tubular specimen pressurized with Hz exhibits a llfetlme longer than the uniaxial
cross-welded specimens tested in hot hlgh-pressunzed hydrogen. In contrast, the
tubular speclmen pressurized with Ar has a lifetime shorter than that of the uniaxial
cross-welded specimens tested in air. Because, for each test, the three average creep
Curves display very similar trends, one average curve could be constructed for each
multiaxial test. This approach is useful for minimum creep rate calculations (Figure
3 3-36) Clearly, the mlmmum creep rate of the sample pressurized with Ar is
Dractlcally the same as that for the corresponding uniaxial creep-rupture sample tested
in ajr, However, the minimum creep rate of the sample pressurized with H; is lower
than that of the corresponding uniaxial test. Surprisingly, it is very close to that of the
Corresponding samples tested in air and argon. This aspéct will be discussgd iq the

Section dedicated to the microstructural investigations.

Both pressurized samples display, after bursting, a longitudinal fai}ure about 120mm
in length. With the naked eye it is possible to ascertain that the failures propagate at

130 Giustino Manna - Ph.D. Thesis



Chap.5. RESULTS & DISCUSSION 5.3 Testing of the 2.25Cr-1Mo-V welded joint

the interface base metal/weld metal (Figures 5.3-37; 5.3-38). It is symmetrically
positioned with respect to the middle of the gauge length of the sample pressurized
with hydrogen, whilst is closer to one of the two shoulders of the sample pressurized
with argon. In both tubular specimens, a movement outward of the whole weld metal
is registered. This movement creates, on the external surface of the piece, a small step,
which is just visible close to the shoulders and increases towards the middle of the
sample (Figures 5.3-39; 5.3-40). On the external surface of the sample pressurized
with hydrogen, it is possible to distinguish the borderline of the weld metal, as already
noted in the case of the uniaxial creep tests carried out in hydrogen. After test, both
samples underwent strain measurement, with the results presented in Figures 5.3;;11,
5.3-42, 5.3-43. The strain measurement procedure allows the “digitalisation” of the
gauge length. Hence, following the strain measurements, the gauge length is sectioned
in rings Smm thick. On their cros§-section are performed the microstructural

investigations.

Microstructural Investigations on the Tubular Sample pressurized with Hydrogen

Two rings have been examined using the optical microscope: one ring contains one of
the tips of the fracture, the other contains the part of the HAZ which experienced a
strain of 5%. As already mentioned, the value of the strain of the HAZ is an average
of the values registéred in: the different metallurgical zones, and does not provide
information on the true strain of the Weaker zone, the ICHAZ, which is known to
accumulate strain [Kimmins, 1993]. The examination of the first ring shows that the
fracture starts in layers of the steel close to the surface directly exposed to hydrogen
(Figure 5.3-44). The fracture onset is due to the nucleation and coalescence of
Cavities. The cross-section of the sample is characterized by a non-uniform
distribution of cavities, with a zone, close to the surface exposed to hydrogen, where
the cavitation is more active and, consequently, more dense. In this zone, cavities
Nucleate close to the surface and the nuc;leation process propagates through more inner
layers of thé material, towards the external surface, which is exposed to argon. The
high-density distribution of cavities exhibits an orientation, which is neither
Perpendicular to the hoop direction, nor symmetric with respect to the initial hoop
Stress direction. As already observed by Baker [1999] for the tubes made of 2.25Cr-
Mo base metal, another feature of the fracture is the tearing of the tube wall, causing
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a thinning of the wall which starts from the outside and works its way inwards. This
produces a reduction of area more pronounced than in the corresponding uniaxial

cross-weld specimen.

After etching, the ICHAZ appears as the zone with a higher density of cavities. In this
case, the fracture starts in the ICHAZ, close to the surface exposed to hydrogen, and
propagates catastrophically through the base metal, crossing about half of the ring
thickness moving towards the outer surface, exposed to argon (This is an important
aspect that will be discussed further). The ICHAZ is also the zone most affected by
the thinning of the tube wall, whilst the weld metal and the base metal distant more
than 2-3mm from the fractured surface experiences low reductions in thickness. On
the basis of these findings, the registered damage seems to be the synergy of two

phenomena:

1. A phenomenon of stress-assisted hydrogen-attack cavitation, which appears

close to the surface exposed to hydrogen.

2. A phenomenon of creep-induced thinning of the tube wall. The latter
phenomenon is more pronounced in the layers closer to the external surface of

the tube, which is exposed to argon.

Both mechanisms act in tandem, and, whilst the first prevails close to the surface
exposed to hydrogen, the second is more evident close to the surface exposed to
argon, where the hydrogen attack is less evident. Observation of the other ring

confirms these conclusions (Figure 5.3-45):

a. The ICHAZ, the FGHAZ and part of the base metal are the zones that
experience tearing and cohsequent reduction in thickness. In contrast, the weld
metal and the base metal more than 2-3mm from the ICHAZ exhibit

practically no reduction in thickness.

b. The cavities are distributed along the ICHAZ, with a higher density in the
layers underneath the surface directly exposed to hydrogen, whereas the

density decreases towards the outer surface, exposed to argon.

. Among the many cavities, a few larger voids are detected. These have an

elliptical shape and are elongated in the direction of the hoop 'str_ess.
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These observations suggested that the crack does not start from the surface but forms
just inside the tube wall, as a consequence of the link-up of growing voids which
nucleate mainly close to the surface exposed to hydrogen. This is coherent with what
was suggested by Albert et al [2004], who performed uniaxial creep tests in air on
simulated weldments, with the difference that for these tubes pressurised with
hydrogen the crack appears to start more close to the surface. The cracking, therefore,
represents a sub-surface phenomenon. This suggestion is in line with the condivision
of Baker for tubular samples, of standard 2.25Cr-1Mo base metal, pressurized with
hot hydrogen [19999]. Therefore, the sub-surface nature of the damage seems to be
peculiar to the hydrogen attack of tubular specimens, seemingly independent of tﬁe
presence of weldments. This feature should be considered in the choice of the NDT
method for the detection of hydrogen attack damage.

Some considerations are at this point necessary. The gradient of damage, i.e. the
denser cavitation observed close to the hydrogen-exposed surface, is a recognized
effect of stress-assisted hydrogen attack and of the gradient of hydrogen concentration
across the wall thickness. Kimmins [1993] suggests that a local relaxation of stresses
is causedvby the formation of cavities, and Parker [1995] concludes that low-strength
regions shed stress to the more resistant ones. A cavitating area is a low-strength area,
thanks also to the relaxation of stresses it experiences, and it is not surprising if a
higher “share” of the applied stress is charged on the areas which are not cavitating
and, therefore, able to oppose more resistance to deformation. It is, then, suggested .
that, because the regions close to the surface exposed to hydrogen experience higher
Cavitation, they shed stress to the regions less cavitated, in particular those closer to

the surface exposed to argon. In these, two acting factors concur:

1. The lower concentration of hydrogen, if compared,‘to the highly cavitated

arcas.

2. The higher applied stress.

In other terfns, the onset of the damage (cavitation) is also the starting of ideal sub-

division of the wall thickness in two types of areas:
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a. The outer areas Y (hereafter called “O-areas”), with higher applied stresses

and lower concentration of hydrogen.

b. The inner areas (hereaﬁér called “I-areas”), with lower applied stresses and

higher concentration of hydrogen.

And this differentiation is independent of the presence of weldments. Already Baker
[1999], who tested tubular specimens made with 2.25Cr-1Mo base metal, observed:

® Marked cavitation in the I-areas.
* Very low or no cavitation in the O-areas.

- ® Thinning of the tube wall, starting from the outer surface (The bhenomenon

was more evident for hi gher applied mean diameter hoop stresses).

Moreover, also the observation of the 2.25Cr-1Mo cross-welded tube, tested in the
present work, revealed a gradient of damage across the tube thickness independently
of the metallurgical zone (See Figures 5.2-15, 5.2-19). Therefore, it is a general
behaviour that the I-areas experience stress-assisted hydrogen attack cavitation and
cracking, whilst the O-areas mainly creep-induced thinning. Furthermore, the increase
of the applied stress, experienced by the O-area, can change the mechanism of damage
in the case these areas include welded joints. In fact, as suggested by some authors
[Middleton, 2001; Smith, 2003] under relatively low stresses the creep strength of the
ICHAZ is appreciably less that that of the parent material. On the contrary, under -
higher applied stresses, the creep strength of the cross-weld joint ahd that of the parenf
metal coincide. Probably, this can explain why, as said, the fracture starts in the
IC.HAZ (in a I-area) and propagates catastrophically through the base metal (O-area),

Crossing about half of the ring thickness towards the outer surface.

A point to clarify is that in the samples made of 2.25Cr-1Mo base metal tested by
Baker [Baker, ibidem] in hydrogen, the local thinning of the tube wall is not as
Marked as in the samples of 2.25Cr-1Mo-V, with a similar longitudinal weldment,
tested in the present work. Of course, it is not possible to carry out a quantitative
Comparison between the tube seétions observed by Baker and those considered in the

Present work, since the respective local strains experienced by the steels might be

14
The reference is the axis of the tubular specimen.
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markedly different. A qualitative consideration is, instead, possible. Taking into
account that the V-modified grade has higher creep resistance than the standard
2.25Cr-1Mo steel, the fact that the former steel exhibits high thinning in the ICHAZ
confirms the poorer mechanical properties in this zone. In this respect some further
elements of analysis come from the work of Middleton et al [2001], who point out that
the addition of “refractory elements”, as vanadium, to 9% and 12% Cr ferritic steels,
increases its mechanical properties but does not increase the mechanical strength of
the Type IV zone. Consequently the adoption of high weldment reduction factors is
still compulsory in the design of industrial components made with these materials.
Another reason of the difference in thinning between the 2.25Cr-1Mo, tested by Baker
[1999], and its V-modified grade is that the former is less resistant to hydfogen attack.
Therefore, it is not surprising that the steel exhibits higher reduction of ductility with
respect to its V-modified counterpart. Fl'mhermore: the pressures of hydrogen used by
Baker for the standard steel were in the range 19.5 to 26.0 MPa, which is higher than
the pressure used in the present work for testing the V-modified tubes (18MPa). On
the other hand, those pressures corresponded to initial mean diameter hdop stresses in
the range 85.1 to 113.5 MPa, which is lower than the initial stress applied on the V-
modified tubes (18MPa).

Comparison between the Uniaxial and Multiaxial Creep Results

1. Some questions are still open: Why does the tubular specimen, pressurized
with Hj, exhibit a lifetime longer than the uniaxial cross-welded specimens

tested in similar conditions?

2. Why the minimum creep rate ¥ of the same tubular specimen is lower than
that of the corresponding uniaxial test, and very close to that of the

corresponding sémples tested in air and argon?

The difference between the uniaxial creép and the tubular pressurized tests is that in
the former case the sample is entirely surrounded by hot high-pressurized hydrogen,
Whilst, in the latter, only one side of the sample is in contact with the hydrogen
environment. Consequently, tubular specimens experience an asymmetric hydrogen

Concentration through the wall thickness, and the consequent damage is also
S —— '

15 .. . .
As already pointed out, it is not rigorous to consider concepts as minimum creep rate while testing
Welded specimens
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asymmetric. These differences might be the reasons of the registered differences in

lifetime and in minimum creep rate.

Microstructural Investigation on the Tubular Sample pressurized with A rgon

Two rings had been cut from the tested tube: the first, represented by Figure 5.3-46
contains the fracture, the second, not fractured, had been cut from a part of the tube
which experienced a radial strain of ~6% (Figure 5.3-47). As. for the test-piece
pressurized with hydrogen, also this one failed in the ICHAZ and large voids are
found in this zone, undemneath the fracture surface. The second ring exhibits a
remarkable accumulation of strain in the ICHAZ, and this finding is consistent with
the literature on the subject [e.g. Kimmins, 1993]. Figure 5.3-47 also’shows that,
together with the ICHAZ, the base metal adjacent to it experiences high deformation,
which agfées with the thesis that “regions where deformatioh is relatively rapid will
shed stress to regions of the component where deformation is relatively slow” [Parker,
1995]. Furthermore, in the mentioned figure it is visible that the base metal close to
the ICHAZ strains along a preferential direction (indicated by the yellow arrow),
which is about normal to the ICHAZ line. Cavities are detected in this deformed base
metal (Figure 5.3-48), whereas higher cavitation is found in the ICHAZ (Figure 5.3-
49). Conversely, the ICHAZ close to the inner surface of the tube exhibits low
cavitation (Figure 5.3-50), probably due to the redistribution of the stresses, which
lead to multiaxial conditions [Kimmins, 1993; Middleton, 2001; Smith, 2003].

In conclusion, similarly to what was suggested by Baker [1999] for the tubes made
Wwith standard 2.25Cr-1Mo, base metal, the failure of tubular specimens manufactured
Of'V-modiﬁed 2.25Cr-1Mo steel, longitudinally welded, is due to a crack propagating
from the inner to the outer surface, for specimens pressurized with hydrogen, and is
due to thinning of the tube wall, which appears to start in the more external layer and

Move inwards.

5.3.5 TEM Investigations on the 2.25Cr-1Mo-V welded Joint (Batch 1)

In the present research, the first preliminary uniaxial creep-rupture tests on the first
batch (PREDICH Batch) had been combined, for fundamental purposes, with a

il'lvestigation by means of TEM on the microstructure of the welded joint. The zones

136 Giustino Manna - Ph.D, Thesis



Chap.5. RESULTS & DISCUSSION 5.3 Testing of the 2.25Cr-1Mo-V welded joint

investigated are the base metal, the FGHAZ and the weld metal. No investigation is
made of the ICHAZ, because the TEM analysis was carried out at an initial stage of
the study when the interpretation of the results was much influenced by the findings of
the PREDICH project, which reports failure in the FGHAZ [Bocquet, 2001; Gingell,
2001]. The TEM investigation performed in the present work is aimed at exploring
possible relationships between the detected damage and the microstructure of the

welded joint, in particular its carbides population. The purposes are:
1. To link the damage with the identity of the carbides in the zones.

2. To characterize the carbides’ identity in terms of chemical composition and

morphology (Figure 5.3-51).

The procedures adopted are summarized in Figure 5.3-52. Replicas of the
metallurgical zones had been extracted. For each zone, a separate investigation had
been devoted to the carbides “in the grain™ and to the carbides “along grain
boundaries”. Both small and large carbides had been analysed. The composition of
each carbide had been determined, with carbide given an identification numbér to
establish a link between the carbides’ chemical composition (Figure 5.3-57) and their
morphology (Figure 5.3-56). The results provide detailed information on the carbides
Population in the different zones (Figure 5.3-53, Figure 5.3-54, Figure 5.3-55) and

their composition (Table 5.3-1). The main findings are summarized as follows:

* No M¢C is detected in the 2.25Cr-1Mo-V, batch 1, in the as-post-weld-heat-
treated conditions. This finding is in agreement with the known stability of the
carbide, which is expected after long-term in-service exposure of the steels
[Baker & Nutting, 1959; Oh, 1999; Tsuchida, 2004]

» M;;Csis found, only in small numbers, along grain boundaries in the FG-HAZ.
According to the evolutionary diagram.of Baker and Nutting [1959], th;
presence of few M;;Cs particles in the FGHAZ seems to be an effect of the
thermal treatment undergone by the zone duriﬂg the welding and PWHT. The
location of the M,;Cs carbides along grain boundaries agrees with results

reported by Lundin et al [1984] and by Senior [1988].

* For all the three zones, MC type carbides are dominant msxde the grains,

- whilst M;C3 dominates at grain boundaries.
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* The analysis of the TEM images shows that the MC type carbides are present
as a coarse dispersion inside the grains of the base metal, in form of fine
dispersion inside the grains of the weld metal, and more rarely dispersed in the
grains of the FG-HAZ (Figure 5.3-58). This wider spacing can be a result of
the dissolution and coarsening of the carbides after the imposed thermal
treatment.

These results can be compared to the findings of Tsuchida et a/ [2004], who give an
explanation for the creep properties of the V-modified 2.25Cr-1Mo steel on the basis
of its microstructure, Two points of interest emerge whilst comparing the processes of
production and welding of the steel tested by Tsuchida et al [Tsuchida, ibidem et

passim), and of that investigated in the present work:

1. Tsuchida et al studied steels normalized at 1253K (980°C), followed by
aécelerating cooling before teni'pering at 1003K (730°C). The V-modified
2.25Cr-1Mo steels tested in the present work had been cooled from 1223K

- (950°C) and tempered at 923K (650°C).

2. The steels of Tsuchida et al underwent a PWHT at 978K (705°C) for 6 or 30h,
whereas the V-modified 2.25Cr-1Mo steel of the present work received a
PWHT at 978K for 10h.

The findings of both studies are also consistent.

* No traces of MC carbides were found in the investigated steels. Moreover,
the work of Klueh et al [1974] leads to the same result.

. Presence of a few M;;C¢ particles along the grain boundaries of the FG-HAZ
had been detected during the present work, but not in the base metal. Similarly,
Tsuchida et al [ibidem) do not report the presence of this carbide type. This

- convergence of results seems attributable to use of the same tempering
parameters '%: 21,1x10% (T=978K; t=30h), for the steels tested by Tsuchida et
al, 20.5><1703 (T=978K; t=10h), for the steel tested in the present work. In fact,
these authors suggest that M;Cs form at an early stage of tempering and

changes to M;C; as consequence of the aging induced by the PWHT. For

e ———,
1 : ) . .
® The tempering parameter is defined as TP=T(Log(t)+20) where T is expressed inK and tin h.
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values of the tempering parameters equal or higher than 21.1x10°, this change

is expected to be completed.

» Both studies report the présence of needle-like M,C carbides, mainly inside the
grains of the steel. On the basis of their observations, Tsuchida et al [Tsuchida,
ibidem et passim] suggest that Mo,C nucleates close to the M;C; carbide, and
grow inside the grain by consuming the latter one. Their finding is supported
by the work of Senior [1988]. In spite of this confirmation, their conclusion
contradicts the relevant literature on the microstructural evolution of carbides
in Cr-Mo steeis (e.g. 2.25Cr-1Mo steel), which suggests that Mozé disappears
in favour of the formation of M;C; [e.g. Baker & Nutting, 1959; Klueh, 1974].

* Another point of convergence between the two studies is the finding that, in
the as-PWHT material, the inside of the gfains is populated by very small V
and Mo carbides (diameter ~20ﬁm). In the work of Tsuchidé et al, the V-
carbides are named V,Cj, which is another way of indicating the MC carbides

~ [Senior, 1988]. ’

A particuiar feature of the MC type carbide is the fact that 1t is carbon deficient and is
expected to be vacancy free [Senior, ibidem). Because the carbide is rich in V, it ties
up the carbon atoms, preventing reaction with hydrogen. However, because the
carbide is carbon deficient, a high density of MC carbides is necessary to increasing

its resistance against hydrogen attack.

Together with these data on the as-received V-modified 2.25Cr-1Mo welded steel, the
results of TEM/EDS investigations carried out on the same welded joint, after
exposure to hydrogen in stress-free and stress-applied conditions, are also available at
the Institute for Energy of the Joint Research Centre. This wqu, jointly performed by
the Institute for Energy and ISQ, concerned the welded joint in the following

conditions:

1. Asreceived.
2. Creep conditions, in hydrogen, at 873K (600°C), 18MPa, in presence of an
applied stress of 150MPa and for a duration of 570h.

3. Creep conditions as above, but up to 2500h.
4, Autoclave exposed, in hydrogen at 873K (600°C), 18MPa, up to 4000h.
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PREDICH project was mainly focused on the base metal, weld metal and FGHAZ, not
on the ICHAZ. The major findings of the PREDICH TEM/EDS investigation on
2.25Cr-1Mo-V welded joint can be summarized as follow [BE 1835-4]:

* The exposure to hydrogen of the base metal, in presence as well as in
absence of applied stress, reduces the presence of M;Cs carbides in favour of

the formation of M,C carbides.

* The exposure to hydrogen of the weld metal favourites the formation of large
M;C carbides, both along grain boundaries and in grains, either in the bulk or

at the surface of the test pieces.

= The FGHAZ, in th¢ as-received conditions, exhibits lower presence of MCs
than the base metal together with MsC carbides. The exposure to hydrogen
of the FGHAZ favourites the formation of large M¢C carbides, both along
grain boundaries and in grains, either in the bulk or at the surface of the test

pieces.

. After exposure, the presence of M¢C is registered in the surface of all the
* metallurgical zones, and, as said before, in some of them this carbide is

dominant.

* The eprsuré to hydrogen enriches in molybdenum the M,C carbides of the
FGHAZ and in vanadium its MC carbides.‘ Vice-versa, the vanadium content
of the former, the molybdenum content of the latter, and the iron content of

both, decrease.
At this point, two major questions are still open:

* How can the Type IV failure of the cross-weld specimens made of 2.25Cr-
1Mo steel, and of those made of V-modified 2.25Cr-1Mo steel, be explained
on the basis of the microstructural features?

*  Why does the ICHAZ zone register the highest strain accumulation?

The ICHAZ experiences a peak of temperature lower than AC; and very slow cooling
Tates, This results in the formation of a mixture of untransformed material and fine
8rain ferrite. The ferrite is expected to lower the creep strength [Parker, 1996]. In
Addition, the presence of fine grains implies a very high grain boundary area, which
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can also lower the creep strength [Kimmins, 1993]. No acicular M,C’s, and a few
coarse M,;C’s, have been found in the grains of the FGHAZ, during the TEM
investigation carried out in the present research, as well as in the PREDICH project
[BE 1835-4). Also the ICHAZ is expected to exhibit low or no presence of M,Cs, and
the literature suggests that a major cause of the weakening of the zone is just the rare
presence of finely dispersed M,C’s [Parker, ibidem], which are expected to contribute
markedly to the creep strength of the steel [Baker & Nutting, 1959]. The formation of
sub-grains with low dislocation dehsity, and the coarsening of carbides, have been
observed in the ICHAZ of 2.25Cr-1Mo welded steel, aged at 823K (550°C), both in
stress-free and stress-applied conditions [Watanabe, 2004]. A large interspacing
among carbides is expected to be detrimental for the creep strength of the V-modified
2.25Cr-1Mo alloy [Tsuchida, 2004].

The study of Smith et al [2003] concluded that Type IV failure is intergranular and is
anticipated by the formation of cavities at grain boundaries. The dissolution and
coarsening of “in-grain” carbides, which is expected to take place during in-service
exposure [Senior, 1988], is usually linked to the precipitation of carbides along grain
boundaries. These carbides may offer sites for stress concentration upon application of
stresses and may increase the nucleation of cavities along grain boundaries [Kassner,
2003). In particular, the precipitation and coarsening of Mo-rich carbides (M33Cs) and,
for longer servicé times, M¢C type carbides, are expécted to prdmote' cavitation [Oh,
1999]. Possibly, their formation is combined with the depletion of the grain boundary -
in Mo, which is well known to increase the cohesion of the gram boundary by
decreasing its free energy [Rosenthal, 1963; Song, 2000). The findings of the
PREDICH project show that the exposure to hydrogen enhances the ageing of the
Steel and anticipates the formation of M¢C carbides, which are expected to enhance
the nucleation by becoming of large dimension. In addition, the mechanical properties
of the HAZ are also decreased by the registered enrichment in molybdenum of the
M,C carbides, which cause the depleﬁon of the surrounding metal. Finally, the
literature reports that the depletion in Mo of the matrix of Cr-Mo-V steels can be also
an effect of the tempering, during which the vanadium of the V-rich MC carbides
Could be replaced by molybdenum, so that Mo is the prevalent element present in the

carbide [Vyrostkové, 1998].
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5.4 Testing of the 3Cr-1Mo-V welded Joint

For the 3Cr-1Mo-V steel, uniaxial creep tests were conducted in air and in hot high-
pressurized hydrogen. This section reports the results of the uniaxial tests in relation to

the microstructural studies of the tested samples.

5.4.1 Uniaxial Creep Tests

Uniaxial Tests in Air

A large elongation, that increases when the applied initial stress increases,
characterizes the failure of the cross-weld specimens made of 3Cr-1Mo-V steel, tested
in air at 873K (600°C). Similarly, when the applied stress increases, the time of
rupture decreases. The creep curves show a pronounced tertiary phase (Figure 5.4-1),
and a heavy reduction in area is displayed by the failed specimens (Figure 5.4-4). The
high rupture elongatlon and lower creep resistance, compared to the V-modified
2. 25Cr-1Mo steel, supports the view that the creep strength decreases on increasing
the Cr content from 1 to 3 weight percent [Lundin,’84].

In the case of the tested samples, failure takes place in the base metal. Yet, while the
elongation of the different metallurgical zones was not measured, it is possible to state
qualitatively that a vefy high share of the elongation occurs in this metallurgical zone.
The Vickers hardness profile (Figure 5.4-5) indicates that ﬁle CGHAZ is the hardest
Zone, and presents an increase in hardness of about 12 (twelve) per cent with respect
to the base metal. The weld metal is also hard, with a hardness which is about 8 per
cent higher than that of the base metal. Again, for the 3Cr-1Mo-V, as for the other
tested steels, the softer zone is ihe ICHAZ, which has a hardness which is slightly
(about the 3 per cent) lower than that of the base metal. Finally, the FGHAZ shows a
Substantial increase in hardness when moving from its interface with the ICHAZ to
the interface with the CGHAZ.

The cross-weld 3Cr-1Mo-V steel is characterized by a sequence of hard and soft zones
Similar to those found during previous studies [e.g. Kimmins, 1993; Parker, 1995;
Mannan, 1996; Parker, 1996; Smith, 2003]. The rupture time, on logarithm scale,
depends linearly on the stress (Figure 5.4-2), with a similar linear stress dependence of
the minimum creep rate (Figure 5.4-3). The microstructural investigations carried out
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on the broken samples show that fracture occurs in the base metal. Moreovef, the
reduction in area increases quickly on passing from the weld metal to the FGHAZ
(Figure 5.4-6), and increases progressively going towards the fracture surface, which
shows ~0.5mm deep dimples (Figures 5.4-7a,b).

In the base metal just underneath the fracture surface, it is possible to find large voids
elongated in the direction of application of the stress. Their density and size decrease
significantly when moving more deeply into the base metal. Very rare large voids,
probably due to the presence of inclusions, are detected in the HAZ, but no voids are
detected in the weld metal. The failure of the base metal has also been reported by
partners in the European project Brite/Euram 1835 (PREDICH) [Bocquet, 2001], who
tested the same steel at 873K (600°C) under stress from 120 to 190MPa. Bocquet ef al
did not provide an explanation of this finding, which should be really interpreted in -
the light of the studies of Kimmins et a/ [1993] and of Smith et al [2003). These
authors suggested that the failure of the base metal in laboratory tests is not
representative of real in-service conditions, when lower applied stresses are expected

to cause Type IV failure.

Uniaxial Tests in Hydrogen

The cross-welded samples tested in hot high-pressurized hydrogen exhibit a lower
Tupture time than the equivalent tests in air, and a sliéhtly lower elongation at rupture
(Figure 5.4-1). This reduction in rupture time, and slight reduction in elongation, -
decreases as the applied initial stress increases. This is consistent with the fact that
hydrogen attack increases as the time of exposure of the steel to hot high-pressurized
h}’drogen increases. Furthermore, the stress-rupture times and the minimum creep
Tate, as functions of the applied initial stress, exhibit trends similar to those found in
air, except that the stress-rupture curve in hydrogen is shifted towards lower values of
Tupture time, and the minimum creep rate curve correspondingly towards higher
Values (Figures 5.4-2,3).

In hot high-pressurized hydrogen, the failure of the samples again occurs in the base
Metal, but the fracture s;urface shows smaller dimples than'the fracture surface of the
SPecimens tested in air (Figures 5.4-8, -9a and b, -10). As with the samples tested in
air, large elongated voids, having the direction of the applied initial stress, are

Observed using an optical microscope, and their density decreases on going towards
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deeper layers of the material. The samples tested in hydrogen also display a fast
increase in reduction of area, on passing from the weld metal to the FGHAZ, and a
progressive increase in reduction of area moving along the base metal towards the

fracture surface.

In contrast to the observations recorded for the 2.25Cr-1Mo and 2.25Cr-1Mo-V
welded joints, failure of the V-modified 3Cr-1Mo welded joint appears in the base
metal. The welded joint ' made of standard steel underwent a PWHT consisting of 30
hours at 963K (690°C), whilst the two V-modified steels had been exposed for 10h at
978K (705°C). The two PWHTs present very similar tempering parameters:
respectively, 20.5x10% and 20.7x10°, Consequently, it is difficult to conclude that the
PWHT is the reason of the markedly different behavior among the tested welded
joints. The occurrence of the féilure in the base metal seems to be due more to the
magnitude of the applied stress. Considering that the creep resistance of the 3Cr-1Mo-
V is markedly lower than that of the 2.25Cr-1Mo-V, it is suggested that the stresses
adc;pted in the present work, as well as in the PREDICH Project [Bocquet, 2001], may
be high enough to cause the failure of the welded joint in the base metal. Hence, at

stresses similar to those encountered in-service, Type IV failure would be found
[Smith, 2003].
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6 Conclusions of the Research

Three types of Cr-Mo steels have been tested in the present work:

a. The standard 2.25Cr-1Mo steel, used for more than 40 years of operation in

different hydroprocessing conditions.

b. The V-modified 2.25Cr-1Mo Steel, which had been used since the middle
1990’s.

¢. The 3Cr-1Mo-V steel, used since the end of 1980°s.

For hydroprocessing applications of these steels, and taking in consideration the
hydrogen attack phenomenon, the American Petroleum Institute prescribes the
temperature limitations of 755K (482°C) for 2.25Cr-1Mo steel and 783K (510°C) for
2.25Cr-1M0-0.25V, 3Cr-1Mo and 3Cr-1Mo-0.25V.

The conclusions of the present work are as follows:

1. Weldments are confirmed to be a major concern in the industrial pressurized
components for the (petro)chemical industry. Weldments are a weak point of
these components, both with respect to the resistance to creep and hydrogen
attack. These deficiencies are more marked in the 2.25Cr-1Mo steel and its V-
modified counterpart than in the 3Cr-1Mo-V steel, and may be the cause of

unexpected catastrophic failures.

2. For all metallurgical zones of the welded joint, the superimposition of stress
has a synergistic effect on the development of hydrogen attack, under the test
conditions of the present work. This result is complementary to and consistent
with the work of Baker devoted to the same issue but limited to the 2.25Cr-
1Mo base metal.

3. The addition of vanadium to the ﬁ.25Cr-lMo steel increases, as expected, the
resistance of the steel to hydrogen attack and its creep strength, but does not
change the mechanism of damage of the welded joint. In fact, in air or in
hydrogen, under uniaxial or more complex states of stress, fracture of the
welded joints occurs in the ICHAZ as a result of the formation of small
Cavities at the interfaces (ferrite/bainite, carbide/matrix, grain boundaries), and
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their link-up by narrow cracks, which propagate mainly at ferrite/bainite
interfaces. This result contradicts those of previous researchers who suggested
the fracture takes place in the FGHAZ,

4. 1t is suggested, possibly for the first time, that the failure of the ICHAZ is due
mainly to the formation of very narrow microcracks at interfaces. A possible

mechanism is hypothesized and outlined.

5. In the case of: “the 2.25Cr-1Mo-V welded joint tested in hydrogen, the
formation of the main crack does not follow a mechanism of local nucleation
and propagation. On the contrary, crack nucleation is distributed across a large
fraction of the specimen section. In addition, in its development, the crack
seems to conserve a particular orientation with respect to the applied stress
direction. This orientation, found in samplés tested in both air and hydrogen,
seems linked to the oricntation' of the HAZ in the sample, which was not
perpendicular to the direction of application of the stress. The fact that the
damage (cracking) of different samples, extracted from the same part of the
welded coupon, exhibits similar orientation, underpins the hypothesis that, in
air as in hydrogen, under the imposed test conditions, the catastrophic damage

develops in one specific metallurgical zone, namely, the ICHAZ.

6. A distinctive feature of the present programmc was the assessment of the
increase in Cr content on the hydrogen attack resistance of the steel. The 3Cr-
IMo-V steel shows an enhanced hydrogen attack resistance of the welded
joint, but reduced creep strength, when compared to the 2.25Cr-1Mo-V stecls.
The ductility increases and the lifetime decreases; the failure is registered in
the base metal, which experiences high elongation and reduction in area. It is
therefore suggested that, under the lower stresses encountered in service,
failure of the welded joint would be Type IV.

+ The mechanisms of failure of tubular specimens, made of standard 2.25Cr-

IMo or its V-modified grade, pressurized by means of hot hydrogen or argc?n.
are independent of the presence of weldments. .Tubes pressurized with
hyd"°8cn fail because cracks form underneath the surface exposed to hydr(fgen
and propagate towards the outer surface. On the contrary, tubes pressurized
With argon fail because a progressive thinning of the tube wall moves from the

~ ot SMamaa DhTY Thasie
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more external layers inwards. In reality, tubes pressurized with hot hydrogen
exhibit both mechanisms: cavitation-induced cracking, in areas close to the

internal surface, and ductile tearing in areas close to the external surface.

8. The in-house built facilities and the expertise available at the Institute for
Energy of the Joint Research Center allow studying hydrogen attack in
conditions similar to the service ones. The calibration and testing procedures,
as the work instructions related to the use of any kind of equipment, are
consistent with the national and international safety practices, as well as with

the ISO 9001 and ISO 14001 standards. This guaranteed the safe and accurate

execution of the reported research project.
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7 Suggestions for Future Work

Further Testing

» The present work, on welded uniaxial and tubular specimens, achieves results
- which are satisfactorily representative of the in-service conditions. Due to time
constraints, tests had been carried out at a temperature and in presence of
applied initial stresses markedly higher than those encountered in service
conditions. Consequently, it is necessary to produce data still closer to the

industrial reality, with respect to the temperatures, stresses and times involved.

_* In particular, the testing of the V-modified 3Cr-1Mo welded joint, under
stresses lower than those considered in the present work, should allow to
explain why the alloy fails (under the selected conditions) in the base metal,
while all the others tested exhibit Type IV failure.

Material Characterization and Mechanical Properties

* The cracking of the ICHAZ of 2.25Cr-1Mo and V-modified 2.25Cr-1Mo steel
is due to the formation of microcracks which link each other forming well-
developed textures. The formation of these cracks is noted mainly at
interfaces. Further investigation should be devoted io obtaining more insight
on the formation of these microcracks. One could, for inStance, carry out
microhardness measurements on the appropriate interféces, as well as dedicate
a study to eventual changes of the composition pf these interfaces during
iesting in hydrogen environment, in the presence or in the absence of applied

stresses.

» This research offered the opportunity of Co—operation with researchers in other
disciplines, namely NDT damage assessment. Altﬁough not included in the
scope of the present work, first trials of characterizing the hydrogen attack
damage, in standard 2.25Cr-1Mo and V-modified 2.25Cr-1Mo steels, by
means of Magnetic Barkhausen Noise (MBN), have been carried out at the
Institute for Energy. The results are very promising and already presented to

several specialised conferences. A research programme should be devoted to
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the verification and qualification of the applicability of the MBN technique to

the hydrogen attack detection for plant life assessment.

Microstructural Characterization and Mechanical Properties

* The work of Tsuchida et al [2004] is one of the few devoted to microstructural
evolution in V-modified 2.25Cr-1Mo, but does not characterize the
microstructure of the weldment. Further work is therefore needed to clarify the
evolution of carbides in the‘different metallurgical zones of the weldments of
the 2.25Cr-1Mo steel and of its V-modified counterpart. This investigation
should focus mainly on the carbides of the zones (ICHAZ, FGHAZ), which
exhibit, both in hydrogen and in air, the highest damage. The evolution of

carbides in the base metal should be also inyestigated for comparison.

* In particular, Tsuchida et al [Tsuchida, ibidem] suggest that Mo,C nucleates
close to the M;C; carbide and grows inside the grain by consuming the
neighbouring M;Cj carbide. Their conclusion is underpinned by the work of
Senior but conflicts with the relevant literature on the microstructural
evolution of carbides in Cr-Mo steels like 2.25Cr-1Mo steel, which sees the
Mo,C disappearing in favour of the formation of M;C; [e.g. Baker & Nutting,
1959; Klueh,.1974]. Considering the role plaid by the M,C type carbides on
the creep properties of these structural steels, the reported inconsistency should
be clarified by investigating the evolution of carbides in the V-modified -
2.25Ct-1Mo steel and the effects of V addition on the thenhodynamic stability
of the Mo,C and M,C3 ca_rbides. ‘ :

* The mechanical properties of the 3_Cr-1Mo-V welded joint should be studied in
relation to the distribution of carbides in the different metallurgical zones of
the weldment and their evolution during PWHTSs. This study could provide a

foundation for development of more advanced PWHTs for improving the

performances of welded joints.

The Experimental Set-up

®* The facilities available at the Institute for Energy of the J oiqt Research Centre,

and used in the context of the present work to perform tests in hydrogen
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environment, could be easily adapted to perform similar tests in different

environments.

= Most of the insight achieved through the present work came from the
execution of interrupted tests, in particular in hydrogen atmosphere. In some

- cases it has been possible to stop the test just before the failure, and important
information has been obtained (e.g. see the multiaxial test on the tubular
specimen made of standard 2.25Cr-1Mo steel). In other cases, the plan to stop
the test close to“the end life failed. It is suggested to modify the experimental
set up (and the software of control) to facilitate the performaﬁce of successful

inten"upted tests.

Underpinning the Safety and Security of Energy Supply

» This work has been conceived in connection with the technical and scientific
needs of the petrochemical sector. On the other hand, the CrMoV steels are
traditionally used in the fossil fuel powered and nuclear sectors (e.g. the
reactor pressure vessels of the Russian-designed nuclear power plants). In
recent years the 2.25Cr-1Mo steel has been used for the development of
prototypes of High Temperature Gas-cooled Reactors. Fu_ture work could be
addressed to. the concerns related to the structural use of these alldys in
innovative nuclear power plants but also in adva.nced, high-efficiency fossil
fuel fired plants. |
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Chap. 2 LITERATURE REVIEW Figures

Figure 2.2-1; Variation of methane pressure with fugacity in the temperature range from
473 t0 873K [Odette, 1982].

&% e iy R g ot

35%“’3 2.2-2;: 2.25Cr-1Mo steel exposed to hydrogen at 843K (570°C), 18MPa,‘up to
ex Oh ang in presence of a stress of 100MPa. The steel underneafh the surface duqctly
Poseq to hydrogen experiences the phenomenon of decarburization. The decarburized

ly
Yer shows low cavitation.
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figure 2.2-3: Variation of the average bubble diameter as function of the time of
e*posure, for two different temperatures. Data from Erwin [1982],

Figure 2.2-4: Stress Rupture Curves for SAE 1020 Steel at 81 IK (1000F) in argon
atmosphere and in hydrogen atmosphere at 20.67MPa (900 psi) pressure

[Allen, 1962a].
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Chap. 2 LITERATURE REVIEW Figures

figure 2.2-5: Ductility loss due to hydrogen attack, given as variation in reduction in
area- The specimens had been exposed to hydrogen at 873K (600°C) and pressures of
ISMPa (150bar) or 23MPa(230bars) [Bocquet, 2001],

A'gure 2.2-6: Schematic Ilustration showing the process of bubble growth and failure of
8rain boundary [Sakai, 1981].
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Chap. 2 LITERATURE REVIEW . Figures

Figure 2.2.7: Activity of carbon and dilatometric strain ratés at 823K (550°C), as
Nction of the tempering parameter [Shewmon, 1985].

Figure 2.2-8: Ductile shearing of ligamexits between cavities in a carbon steel after
®Xposure of 245 hours at 6.2MPa H; and 810K (537°C) [Allen, 1961].-
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Figure 2.3-1: Distribution of reactor pressure vessels made of Enhanced 2.25Cr-IMo
steel (as for 1993)

A'gure 2.3-2: Carbides transformation occurring in 2.25Cr-IMo steel, as result of ageing
phenomena [Tsai, 2003].
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figure 2.3-3: Distribution in the world of reactors made of 3Cr-IMo-V-Ti steel

V 2.4-,. Stress dependence of rupture life of 2.25Cr-,M0 base mettd weld metal.
200-grain HAZ, fme-grain HAZ, intercritical HAZ and weld joint at 823 K [Laha,
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Figure 2.4-2: Creep curves of different constituents of 2.25Cr-1Mo weld joint at 150
MPa and 823 K [Laha, 2000]. S -
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Table 2-1: Materials of construction for hydroprocessing reactors [Antalffy, 1994].
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-#./  Uniaxial Creep Testing in Air

Figure 4.1-1: Schematic of the creep rig for uniaxial creep testing in air
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/  Uniaxial Creep Testing in Air

operator: F.Harskamp LVDT 1 Date 20-8-01
LVDT A Solartron AX 5.0 S/IN M922505A543-06
Transmitter Solartron 0D2 SIN 953115 Measurements
Gauge block Reading [mml deviation % Zero = 0.993 Gain = 2.502 up down average
0 0.01 -0.03 0.50 0.9983 0.9983 0.9983
1 1.00 0.00 0.40 1.3933 1.3927 1.3930
2 2.00 0.00 1.7926 1.7926 1.7926
3 3.00 0.00 030 21928 21928  2.1928
4 4.00 -0.01 020 25936  2.5933  2.5934
5 5.00 -0.01 0.10 2.9929 2.9926 2.9927
6 5.99 0.02 0.00 3.3897 3.3863 3.3880
7 7.00 0.01 010 3.7899 3.7893 3.7896
8 8.00 0.00 4.1907 4.1901 4.1904
9 9.00 0.00 0.20 45900  4.5894  4.5897
10 9.98 0.03 -0.30 4.9883 4.9776 4.9830
.0.40
-0.50 +
4 5 6 10
Gauge Block

Calibration Report
LVDT's are calibrated by inserting Ceramic gaugeblocks under the measurement Tip of the LVDT
Mitutoyo Code 516-367 Set number BM3-32-1 Serial nr.948866 Grade 1 Last calibrated 10-1998 Certificate Nr GMA-98-10089

Figure 4.1-2: Typical LVDT calibration sheet of extension vs output voltage, for uniaxial creep testing
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.2 Uniaxial Creep Testing in Hydrogen-Figures

4.2 - Uniaxial Creep Testing in Hydrogen - Figures

Figure 4.2-1: Scheme of the creep rig used for uniaxial creep-rupture tests under high-
pressure hydrogen environments
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Chap. 4. EXPERIMENTAL TECHNIQUES

4-zone furnace

Pressure chamber

~8h-pressure
ar8°n chamber

Fig

4.2 Uniaxial Creep Testing in Hydrogen-Figures

Bell housing

Steel doors

Support frame

ure 4.2-2: The chamber of the uniaxial creep rigs for tests in controlled atmosphere

loading due to the internal test pressure

4.2-2
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.2 Uniaxial Creep Testing in Hydrogen-Figures

Figure 4.2-4a: Front panel ofthe rigs for creep-rupture testing tube and uniaxial
specimens in controlled atmosphere.

Figure 4.2-4b. The front panel of the rigs for uniaxial creep-rupture testing in
controlled atmosphere. The displays below, on the right, are for the application of

the load.
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.2 Uniaxial Creep Testing in Hydrogen-Figures

Figure 4.2-5: Schematic representation of the furnace.

m LVDT

Figure 4.2-6: Calibration curve of the LVDTs of the rigs for
creep-rupture testing in controlled atmosphere.
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.2 Uniaxial Creep Testing in Hydrogen-Figures

Figure 4.2-7: The load-train with a specimen, after test.

Reference load proving ring ( kN )

Figure 4.2-8: Calibration curve for the load of the uniaxial creep-
rupture rigs in controlled atmosphere.
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.2 Uniaxial Creep Testing in Hydrogen-Figures

Figure 4.2-10: Manifolds for the flow of gas (H2or Ar or He) in
the supply system.
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.2 Uniaxial Creep Testing in Hydrogen-Figures

Figure 4.2-11: Safety alarm system. It is used for setting the threshold for the
oxygen in the blanket system.

Figure 4.2-12: Controllers for the application of the load to the uniaxial creep
specimens.
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.3 Internally Pressurized Tubes Testing - Figures

4.3 Internally Pressurized Tube Testing- Figures

High-Pressure
Connector

Measur
Three-zone

Furnace

Guides for oaxial
Signal V

iuminium
ell-1 lousing

Figure 4.3-1: The rig for creep-rupture testing of tubular pressurized specimens.



Chap. 4. EXPERIMENTAL TECHNIQUES 4.3 Internally Pressurized Tubes Testing - Figures

Figure 4.3-2: Cross-section scheme of the rig for testing of tubular specimens.

Figure 4.3-3: Gas distribution rack for the rig for tubular specimens.

Giustino Manna - Ph.D. Thesis
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.3 Internally Pressurized Tubes Testing - Figures

Figure 4.3-4: The control panel of the rig for tubular specimens.

Ficure 4.3-5: Scheme of the distribution of sensors around the tube gauge length.
I vwelve sensors are positioned, divided in groups of four sensors. Four sensors are
located at the top, four in the middle and four at the bottom of the gauge length.
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.3 Internally Pressurized Tubes Testing - Figures

Figure 4.3-6: System carrying the twelve capacitive sensors for strain m— t
The system is called "measuring tube". The sensors are connected to a multtplexer vta
coaxial cables.
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.3 Internally Pressurized Tubes Testing - Figures

Gas supply pipe Stainless steel
extraction tube

Aluminium oxide pir

Ceramic spacers

Stainless steel
mounting

Gauge support and
reinforcement

Capacitance
gauges
Electrical insulation

“p” metal shielding

Co-axial signal
cable Tubular specimen

Figure 4.3-7: Detailed cross-section of the measuring tube
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.3 Internally Pressurized Tubes Testing - Figures

Figure 4.3-8: Measuring tube seen from the top, with a calibrating tube inside.
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Sens
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Figure 4.3-0: Calibration of the measuring tube for strain measurement.
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.3 Internally Pressurized Tubes Testing - Figures

Figure 4.3-10: Cross-welded tubular specimen, made of 2.25Cr-IMo steel, with filler
bar and end caps, after test.

Figure 4.3-11: Machine tool with four-jaw chuck on one side, used for strain
measurement on the tubular specimen.
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Chap. 4. EXPERIMENTAL TECHNIQUES . . .
4.3 Internally Pressurized Tubes Testing - Figures

figure 4.3-12: The machine is equipped with a sensor that lights when it touches the
surface of the tube.
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.3 Internally Pressurized Tubes Testing - Figures

Figure 4.3-13: Performing strain measurements on the tubular specimens, following
the original procedure set-up in the current work.
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Chap. 4. EXPERIMENTAL TECHNIQUES 4.3 Internally Pressurized Tubes Testing - Figures

Figure 4.3-14: The measurements are more dense where the strain is higher (close to
the fracture)

Figure 4.3-15: The measurements are fewer where the strain is lower (location more
distant from the fracture).
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Chap. 4 EXPERIMENTAL TECHNIQUES

4.3 Internally Pressurized Tubes Testing

4.4 Internally Pressurized Tube Testing - Tables

E 2.25Cr-1Mo steel and consumable

— C | Si {Mn| P S | Cr {Mo | Ni| Al [Cu| Sn

BM | Nom. 0.14 1 0.18 | 0.59 | 0.004 [ 0.003 | 2.25 | 1.05 | 0.14 | 0.01 | 0.07 0.006
EPMA - 0.18 | 0.62 - - 2.09 0.13 - 0.08 -

Cons, | Nom. 0.10 | .11 | 0.75 | .009 |0.002 | 237 | 1.01 | 0.11 - - 0.002

e |EPMA | - (o011 [077] - - [ 203|109 014 - |oo09f -

Table 4.4-1: Nominal composition of the test 2.25Cr-1Mo steel and consumable compared with
EPMA.

N—

' 2.25Cr-1Mo and V-modified 2.25Cr-1Mo
\
Materjay | C | Si [Mo| P | s | Cr [Mo|Ni | Al |Cu| $n [V
R .
1| BM | 014 [ 0.18 | 0.59 [ 0.004 | 0.003 | 2.25 | 1.05 | 0.14 | 0.01 [ 0.07 | 0.006 | -
- . 002 [ -
N YM | 010 | 011 | 0.75 [0.009 [ 0.002 [ 237 | 101 | o 0.0
2| BM | 012 | 026 | 0.43 [0.004 [0.002 [ 236 [ 1.02 | 0.73 | 0.02 | 0.062 | 0.005 | 0.28
\LWM 0.11 | 0.10 | 0.63 [0.007 [0.003] 260 | 105 | 007 ] - [o0.032] 0.005 | 0.29

Table 4.4-2: Nominal composition of the test 2.25Cr-1Mo (steel 1) and V-modified 2.25Cr-1Mo
(steel 2) steels and consumables.

4.4-2
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4.5 The Specimen preparation - Figures

Figure 4.5-1: Drawing of the uniaxial sample.
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4. EXPERIMENTAL TECHNIQUES 4.5 The Specimens Preparation - Figures

Figure 4.5-2: The tube.

Figure 4.5-3: The filler bar, obtained via wire-erosion.
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4. EXPERIMENTAL TECHNIQUES 4.5 The Specimens Preparation - Figures

Figure 4.5-4: End cap total diameter.

Figure 4.5-5: End cap internal diameter (ot the part that entries in the tube)

Figure 4.5-6: End cap thickness.
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4. EXPERIMENTAL TECHNIQUES 4.5 The Specimens Preparation - Figures

Figure 4.5-7: Groove close to the tube opening, conceived to permit the easy insert
and the perfect fitting of the end caps.

Figure 4.5-N: Complete set: tube, filler bars and end caps.
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4. EXPERIMENTAL TECHNIQUES 4.5 The Specimens Preparation - Figures

Figure 4.5-9:
the flow of the pressurising gas.

Figure 4.5-10: Closure of the filler bar. The purpose is that the pressurising gas does
not enter in the filler bar via the cuts due to wire erosion, but flows along its external
surface, In this way it is possible to study the effect of the radial penetration of
hydrogen in the steel and eventual gradient of damage.
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4. EXPERIMENTAL TECHNIQUES 4.5 The Specimens Preparation - Figures

Figure 4.5-11: Closure of the hole due to wire erosion, with a manufactured pin.

e tr«ns flow The hole introduces the gas in

FIK"rc * a- piypiie-
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4. EXPERIMENTAL TECHNIQUES 4.5 The Specimens Preparation - Figures

Figure 4.5-13: From the tiller bar chamber the gas flows externally, via the machined
grooves.

Figure 4.5-14: Detail of the design feature.
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4. EXPERIMENTAL TECHNIQUES 4.5 The Specimens Preparation - Figures

Figure 4.5-15: Starting of the assembly of the tubular specimen

Figure 4.5-16: Mounting of the tubular specimen.
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4. experimental techniques 4.5 The Specimens Preparation - Figures

Figure 4.5-17: Closure of the tubular specimen. The tiller bar occupies the most of
the internal volume of the tube.

Figure 4.5-18: The tubular specimen assembled.
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4. experimental techniques ) ) )
4.5 The Specimens Preparation - Figures

Figure 4.5-19: The tubul gy specimens for pressurizing tests with argon and hydrogen

Figure 4.5-20: Mounting of the gas supply pipe and closure of the tubular specimen
by means of multi-pass weldment.
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Chap. 4. EXPERIMENTAL TECHNIQUES

4.5 The Specimens Preparation - Tables

4.5 The Specimens Preparation - Tables

Dimensional Feature

Recommended ratios/relations

12 ,/100D, t,

Gauge length

| Thickness ratio to/t; = 1.2
_— Transition radius r=2t
|_______End-cap length/diameter ratio L/Dp=2
[ 2.25Cr-1Mo Tube

Dimensional ratios Recommended Actual tube dimensions
| 12,/100D, ¢, 12130 1=170
. o/t 1.2 1.5
. r=2t r=8.8 r=7.7
_— L/Dg 2 1.58
[ 2.25Cr-1Mo-V Tube

Dimensional ratios Recommended Actual tube dimensions
| 12,/100D,t, 12130 1=167
I ta/t) 1.2 1.5
- r=2t r=8.8 r=17
- L/Dy 2 1.58

- Table 4.5-1: Adopted and recomme
respectively made of 2.25Cr-1Mo stee

4.5-11

nded design ratios for the tubular specimens
1and its V-modified grade.
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Table 4.6-1: Table of the tests performed in air or argon.
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Table 4.6-2: Matrix of the tests performed in hydrogen.
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Chap. 5. RESULTS & DISCUSSION 5.2 Standard 2.25Cr-Mo steel-Figures.

5.2 Testing on the Stand. 2.25Cr-IMo Steel - Figures

Figure 5.2-1: Uniaxial constant-load creep curves of cross-welded 2.25Cr-IMo stan-
dard steel, tested both in air and in hydrogen (PH2=18MPa).

102 2.25Cr-1 Mo Standard Steel
Uniaxial Creep

101
at T=600°C; Air "= 0)°C: H2
A 100 u Tl | |
S T=570°C; Air
@D
O 99 ..

98

— - [ — 3. 3 » : i

0.000 0.003 0.006 0.009 0.012 0.015 o0.018
Min Creep Rate (Strain (%) / Time (h))
Figure 5.2-2: Plot of minimum creep rate vs stress for the cross-welded 2.25Cr-IMo

standard steel, under constant uniaxial load.
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2.25CrIMo . Stress free - 2000h

f BM IC-HAZ FG-HAZ
S B PB ~"v m -y . “5‘:65_/%%*:{‘ B S R . vt
mf>
"r . wym A
CG-HAZ CG-HAZ | WM WM 3kx

Figure 5.2-3: After 2000h of exposure, only the weld metal (WM) appears cavitated. The other regions, in particular CGHAZ and
base metal (BM), can be considered practically not cavitated. The micrographs have been taken at a magnification of 2kx, with the
only exception of the micrograph referred to the WM, which had been taken at 3kx.
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2.25CrIMo - Stress free - 4000h

BM IC-HAZ FG-HAZ
WM
rsv; : :
SEAA W > e \ Figure 5.2-4. After 4000h of expo-
A Vagu ., e . iir - sure, the FGHAZ presents marked
A e n cavitation, the WM is less cavitated
: and the BM present light cavitation
L - mainly along the grain boundaries.
Vi was LIS >or *. The CGHAZ is till practically un-
e'Vy . .. . cavitated. The micrographs have a
-V * * & N5 magnification of 2kx, with the only
. o wve iS? exception of the micrograph re-
] SEr ferred to the weld metal (WM),
B aoe Ut which had been taken at 3kx.
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L ~ _ e
y<y.->ey y.-> My-ySyysy sryjnciarc/ 2.2"L.T-JVIo steel-Figurcs.

2.25CrIMo - Stress free - 3230h (Filler Bar)

BM FG-HAZ

Figure 5.2-5: After 3230 hours of exposure, the FGHAZ, the CGHAZ and the weld metal (WM) of the filler bar of the
pressurized tube, exhibit cavitation. Less damage is detected in the base metal (BM), where cavities are formed especially

along grain boundaries. The micrographs had been taken at a magnification of 2kx, with the only exception of the micro-
graph representing the WM, which had been taken at 3kx.
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Standard 2.2SCr-Mo steeJ-Fiaures.

Figure 5.2-6a: Standard 2.25Cr-IMo steel, welded joint tested in air at 843K (570°C) and in presence of an applied initial stress of
IOOMPa. Both halves. The test lasted 4646h.
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Figure 5.2-6b: Na&terial: standard 2.25Cr-IMo welded joint. Zest: uniaxial creep in air. Goditias. T=843K (570°C); a = IOOMPa (initial
stress); t = 4646h. One half. Not etched.
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Figure 5.2-6¢: NMitend: standard 2.25Cr-IMo welded joint, rest: uniaxial creep in air.

Goditias’ T=843K(570°C); o0 = IOOMPa (initial stress); t = 4646h. One half. Etched
with Nitnl 3%
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Figure 5.2-6d: Matendl: standard 2.25Cr-IMo welded joint. 7esf: uniaxial creep in air.

Coditias: T=843K (570°C); o = IOOMPa (initial stress); t = 4646h. Other half. Not
pfrhprl
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Figure 5.2-6e: Detail of Fig. 5.2-6d. Small cavities, void formation and coalescence of voids which leads to the formation of cracks.
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Figure 5.2-6f. Maend’ standard 2.25Cr-IMo welded joint. 7e.s7: uniaxial creep in air.
Goditias. T=843K (570°C); o = IOOMPa (initial stress); t = 4646h. Other half. Etched.
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Chap. 5. RESULTS & DISCUSSION 5.2 Standard 2.25Cr-Mo steel-Figures.

Figure 5.2-6g: 2.25Cr-IMo welded joint tested in air at 843K (570°C),
c= IOOMPa (initial stress). 1CHAZ close to the Fracture Surface.

Figure 5.2-6h: Detail of Fig.5.2-6f. Damage in the zone. Sub-micron
sized cavities.

52:11 Giustino Manna - Ph-P- T#esIS



chap. 5. RESULTS & DISCUSSION 5.2 Standard 2.25Cr-Mo steel-Figures.

Figure 5.2-6L ICHAZ. Cavitation at interfaces. Link-up of cavities
which forms narrow cracks which develop locally along circuital paths.

Figure 5.2-6j: ICHAZ. Cavitation at interfaces. Narrow circuital cracks.
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Chap. 5. RESULTS & DISCUSSION 5.2 Standard 2.25Cr-Mo steel-Figures.

Figure 5.2-6k. Sub-micron cavities at interfaces and close to carbides.

Figure 5.2-61. Cavitation mainly at interfaces. (Secondary electrons)

Giustino Manna - Ph.D. 1 hesis
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Chap. 5. RESULTS & DISCUSSION 5.2 Standard 2.25Cr-Mo steel-Figures.

Figure 5.2-6iii. Detail. The bottom of a void shows intergranular fracture
clue to grain boundary cavitation.

Figure 5.2-6n. Detail. Enlargement of a void by assimilation of penph
eral cavities and microcracks.

Giustino Manna - Ph.D. lhesis
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Chap. 5. RESULTS & DISCUSSION 5.2 Standard 2.25Cr-Mo steel-Figures.

Figure 5.2-60. The same welded joint: weld metal. VVery low or even ab-
sent cavitation.

Figure 5.2-6p. The same welded joint: Less cavitation at the surface
layer. Similar to the decarburised layer of samples tested in hydrogen.
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Figure 5.2-7a: Material, standard 2.25Cr-IMo welded joint. 7es?: uniaxial creep in air. Gaditias. T= 873K
(600°C); 0 = IOOMPa (initial stress); t = 560h. Sample not etched.
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Figure 5.2-7b: Miteridl: standard 2.25Cr-IMo welded joint. Test: uniaxial creep in air. Gaxditias T= 873K
(600°C); o = IOOMPa (initial stress); t = 560h. Sample etched with Nital.
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Figure 5.2-7c: Materid:standard 2.25Cr-IMo welded joint. Testzuniaxial creep in air. Caditias: T= 873K
(600°C); 0 = IOOMPa (initial stress); t = 560h. Other half. Sample not etched.
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Figure 5.2-7d: Maendl: standard 2.25Cr-IMo welded joint. Test: uniaxial creep in air.
Goditias T= 873K (600°C); o = IOOMPa (initial str.); t = 560h. Sample etched with Nital
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Figure 5.2-8a: Matend: standard 2.25Cr-IMo welded joint. 7es/: uniaxial creep in hydrogen. Gaxditias: T=873K (600°C); P=18MPa
(180bars); a = IOOMPa (initial stress); t = 182h. Sample not etched.
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Figure 5.2-8b: Maend: standard 2.25Cr-IMo welded joint. Test, uniaxial creep in hydrogen. Gaditias T=873K (600°C);
P=18MPa (180bars); a = IOOMPa (initial stress); t = 182h. Sample etched with Nital.
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Figure 5.2-8¢c: Mitengd. Standard 2.25Cr-IMo welded joint. Jest: Uniaxial Creep in Hydrogen. Gaditias: T=600°C;
P=180bars; o = IOOMPa (initial stress); t = 182h. Sample not etched.
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Figure 5.2-8d: NMaend: Standard 2.25Cr-IMo welded joint. 7esr. Uniaxial Creep in Hydrogen. Gaditias T=600°C;
P=180bars; a = IOOMPa (initial stress); t = 182h. Sample etched with Nital.
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Figure 5.2-8e: Detail of Fig. 3 showing two zones: the base metal (BM) and the
ICHAZ. Voids are prevalently present in the ICHAZ.
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Fig. 5.2-9a: Drawing of the pressurized tube, with measurements.
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Chap 5. RESULTS & DISCUSSION 5.2 Testing on St. 2.25Cr-IMo steel-Figures.

Fig. 5.2-91): Creep curves registered by means of the sensors placed respec-
tively in the Top, Centre and Bottom positions of the gauge length of the pres-
surized Tube made of cross-welded 2.25Cr-IMo steel.

Figure 5.2-10: All the tube components, as they appear after the test in hydrogen,
a: Tube b: Filler Bar; c: End Caps. After the test, strain measurements have been
carried out on the tube (See the markers of the positions of measurement).
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Chap 5. RESULTS & DISCUSSION 5.2 Testing on St. 2.25Cr-IMo steel-Figures.

-1 00 -8 0 -6 0 -4 0 -2 0 1 0 i 20 4 0 6 0 8 0 100

| I
Distance from weldment mid-length (mm)

Fig. 5.2-11: The measurements of the tube gauge diameter, by means of calliper,
every 5 mm along the whole gauge leng h and following 9 parallel lines.

-------------- Tubp gaugeilength

I [
H—H—«—+++t >« -ttt
-100  -80 -60 -40 -20 0 20 40 60 80 100
Distance from weldment mid-length (mm)

Fig 5.2-12: Results of the inspection performed by means of X-rays. It gives evidence of
the presence of two main cracks in the part of the welded joint more affected by bulging.
The cracks appear to propagate from the HAZ into the base metal (BM).

(Figure 5.2-11 and 5.2-12 have been published in the AL A Rgoort 2001 of the Insti-
tute for Energy)
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Figure 5.2-13: Different sections were cut from both the tube and the filler bar, and used for post-exposure
Vickers hardness measurements. The hardness results are compared with those of the as received material.
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-m-Cr -A-Mn Open symbols: H2-exposed material
-¢-Mo -«-Si

2.5

-40 -30 -20 -10 0 10 20

Distance from weldment mid-length (mm)

Figure 5.2-14: EPMA Linescan profiling of the cross-weld region in the as-received state and after H2exposure.
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Chap. 5. RESULTS & DISCUSSION 5.2 Testing on St. 2.25Cr-IMo steel-Figures.

figure 5.2-15: Transverse cross-section of the
stressed tube at x=35mm (-2.8% strain).
a accumulation of damage at the inner side of the
tube;

preferential orientation of cracks and intergranular
r°Ws of voids perpendicular to the hoop stress direc-
tion
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CrhHaly. S. KFSUTTS ¢ CDISCUSSION 5.2 Testing on St. 2.25Cr-IM o steel-Figures.

TCHAZ | !

Fig. 5.2-16: Slice B. Welded joint perpendicular to the hoop stress, a, b, c: BM; d, e: SCHAZ; f. ICHAZ
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Chap. 5. JLESCJTTS ,c DISC USSION 5.2 Testing on St. 2.25Cr-IMo steel-Figures.

Fjishin | .inp FOHAY.

Figure 5.2-16’: Slice B. ¢g: FGHAZ, h, i: CGHAZ; 1 m: Fusion Line; n: WM
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Figure 5.2-17:
Damage  charac-
terization in the
weldment. On the
left, a detail of the
X-rays image.
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CTfiap. 5. KHSUTTSa: U/SC USSIOW 5.2 Testing on St. 2.25Cr-1Mo steel-Figures.

Figure 5.2-18a: Slice C. The image -taken before etching- shows part of the welded joint surface that had been directly exposed
to hydrogen
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CAap. 5. JiISSUL TS ai DISCUSSION 5.2 Testing on St. 2.25Cr-IMo steel-Figures.

Figure 5.2-18b: Slice C. Image taken after etching with Nital 3%. It is evident that cracks are mainly present in the
ICHAZ and in the part of the base metal close to it. No cracks are detected in the FGHAZ and in the weld metal (WM).
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cr/igly. S. RFSCSTT5 6i &ISCUSSI&1V 5.2 Testing on St. 2.25Cr-1Mo steel-Figures.

F usion F ine

Ar

Figure 5.2-19: Slice A. It is a cross-section of the tube wall. In this case, the surface is perpendicular to the hoop stress direction.
The top layer had been directly exposed to hydrogen; the bottom layer, instead, to argon.
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Chap. 5. RESULTS & DISCUSSION 5.2 Testing on St. 2.25Cr-IMo steel-Figures.

A
% o
".Vv "
v ffe
N O'
10pm
Fig. 20d: ICHAZ
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of the ditterent metallurgical zones.
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Chap. 5. RESULTS & DISCUSSION
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Fig. 20g: CGHAZ

5.2 Testing on St. 2.25Cr-IMo steel-Figures,

Fig. 20h: Weld Metal

Figure 5 2-21; Gradient of the hydrogen attack. The zone attacked is
about 800 gm thick, whilst the decarburised layer is about 100 gm

thick.
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Chap. 5. RESULTS & DISCUSSION 5.2 Testing on St. 2.25Cr-IMo steel-Figures.

Figure 5 2-22- Slice B ICHAZ. SEM micrographs exhibit a typical feature of the
damage: sub-micron sized cavities mainly at interfaces (e.g. carbide/matrix)
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«n,, 1 Pa 2 =60.22 pm
Pb 2 = 356.3 Deg

VoGV ';>\</é£'
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10|jm

Figure 5.2-23: Slice B. ICHAZ. Damage feature: long narrow cracks. For instance,
the crack branch considered is longer than 100pm.

5.2-39 Giustino Manna - Ph.D. Thesis



Chap. 5. RESULTS & DISCUSSION 5.2 Testing on St. 2.25Cr-IMo steel-Figures.

Figure 5 2-24* Detail of the previous image. The narrow crack is the result of the
linking of small cavities. Again, the cavities form mainly close to carbides.
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Chap. 5. RESULTS & DISCUSSION 5.2 Testing on St. 2.25Cr-IMo steel-Figures.
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Chap. 5. RESULTS & DISCUSSION

Stress Temperature

(MPa)

100
100
100

°C)

570
600
600

Environment

Air
Air

Hydrogen

5.2 Testing on St. 2.25Cr-IMo steel-Figures.

Lifetime

(h)

4646
560
182

Rupture RA MCR
Strain (%) (%/h)

(%)
8 28 9E-4
14 48 8E-3
4 9 15E-3

Table 5.2-1: Summary of the uniaxial creep test results on the standard 2.25Cr-1Mo

st. 2.25Cr-IMo
bm Nom.
EPMA
Cors. Nom.
EPMA

Table 5.2-2:

Si

0.18

Mn
0.59
0.62
0.75

0.77

0.004

.009

welded joint
; Cr
0.003 2.25
- 2.09
0.002 2.37
- 2.03
EPMA.

5.2-42

Mo

1.05

1.01

1.09

Ni Al  Cu Sn
0.14 0.01 0.07 0.006
0.13 0.08
0.11 - - 0.002
0.14 0.09

tv.
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Chap. 5. RESULTS & DISCUSSION

5.3 V modified 2.25Cr-Mo steel-Figures

BAIr-120MPa; t=1299 h; ef=3.44%
mH2-120MPa; tf=340 h; ef=2.89% (220bars)
Air-140MPa; t=796 h; ef=2.76%
5 0. BAir-170MPa; t=341 h; e=4.51%
4.5-
40 2.25Cr-1Mo-V; XW
' (Batch 1)
Co" 3.5- Uniaxial Creep Tests
¢ 3.0-
® 5.
o )
2.0-
1.5-
1.0-
0.5-
0.0-
400 600 800 1000 1200 1400

Rimture Time (hours )

Figure 5.3-1: Uniaxial Creep curves

Figure 5.3-2: Stress-rupture curves

of the 2.25Cr-IMo-V welded joint, batch 1.

ofthe 2.25Cr-IMo-V welded joint, batch 1.
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Chap. 5. RESULTS & DISCUSSION

Uniaxial Test in air

e Uniaxial Test in H2 (22MPa)
Linear Fit of data in air

------- Linear Fit of data in H
(Batch II, 18MPa)

160-1
2.25Cr-1Mo-V; XW

S. HH Uniaxial Creep Tests
% Batch 1
@

1E-4

5.3 V modified 2.25Cr-Mo steel-Figures

0.01

Minimum Creep Rate (Strain (%) / Time (h))

Figure 5.3-3: Stress/MCR plot of the 2.25Cr-IMo-V welded joint, batch 1
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Chap. 5. RESULTS & DISCUSSION 5.3 V modified 2.25Cr-Mo steel-Figures

Figure 5.3-4: Uniaxial creep curves of the 2.25Cr-IMo-V welded joint, batch 2.

Figure 5.3-5: Variation of lifetime, as function of the applied initial stress, of the
2.25Cr-IMo-V welded joint, batch 2.
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Chap. 5. RESULTS & DISCUSSION 5.3 V modified 2.25Cr-Mo steel-Figures

Figure 5.3-6: Uniaxial stress/rupture plot of the 2.25Cr-IMo-V welded joint, batch 2.

Figure 5.3-7: Uniaxial StresssMCR plot of the 2.25Cr-IMo-V welded joint, batch 2.
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Chap. 5. RESULTS & DISCUSSION 5.3 V modified 2.25Cr-Mo steel-Figures

Figure 5 3-8* Uniaxial creep cross-welded sample, made of 2.25Cr-IMo-V, batch 2,
tested in hydrogen, at T=873K (600°C), P=18MPa (ISObars), 0=120MPa (initial
stress).
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Chap. 5. RESULTS & DISCUSSION 5.3 V modified 2.25Cr-Mo steel-Figures
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afi&?. S. RESC/fIS U/SCrUSSION S.J Vmodified 2.25Cr-1Vlo steel-figures

Figure 5.3-10a: Etched cross-section of one of
the two pieces of the uniaxial 2.25Cr-IMo-V -
XW-sample, tested in air (T= 873K, 0=120Mpa).
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Figure 5.3-10b: Etched cross-section of the other
of the two parts of the uniaxial 2.25Cr-IMo-V-
XW-sample, tested in air (T= 600°C, a=120Mpa).
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Figure 5.3-11: Interrupted uniaxial creep tests on the V-mod. 2.25Cr-1 Mo cross-
welded specimens

Figure 5 3-12' Results of the X-rays inspection carried out on the sample tested in air
at 873K (600°C), a0= IOOMPa (applied initial stress), t=2453h (Interrupted test).
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Figure 5.3-14: Optical microscope image of the sample that underwent interrupted
testing in air at 873K (600°C), af= IOOMPa (applied initial stress), t=2453h.

Figure 5.3-15: Optical microscope image of the sample that underwent interrupted
testing in Hz at 873K, a0= 106MPa (applied initial stress), t=647h.
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5.3-12

5.3 V'modified 2.25Cr-Aio steel-figures

Figure 5.3-16: Optical microscope image of
the cracking of the sample that underwent
interrupted testing in H2 at 873K (600°C), aC=
106MPa (applied initial stress), t=647h.
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Figure 5.3-17: The same subject of Figure 5.3-15, but after etching with Nital 3%. Localized necking in correspondence of the ICHAZ.
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Figure 53-18: Image of the cracking of the sample that underwent interrupted testing in Hz at 873K (600°C), a(0= 106MPa (applied
initial stress), t=647h, taken at the SEM (Back-Scattered Electrons)
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Figure 5.3-19a: Sample tested in hydrogen (T=873K, P=18MPa, a c=106MPa,
t=647h). Cavitation and Link-up of cavities. The Link-up is facilitated by the
formation of very narrow cracks at the interface Bainite/Martensite, and along grain
boundaries.

Figure 5.3-19b: Sample as in figure -19a. Microcracking phase.
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Figure 5.3-19c: Idem. Mosaicing phase.

Figure 5.3-19tl: Idem. Fragmentation phase.
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Figure 5.3-19e: ldem. Voidation phase.

Figure 5.3-20: Sample as in figure -19a. Area of the 1CHAZ distant from the
fracture. It appears cavitated, and more cavitated than the FGHAZ.
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Figure 21: Sample as in figure -19a. FGHAZ of the sample. It exhibits lower
cavitation than the 1CHAZ.
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Figure 5.3-23: Sample as in figure -19a. The weld metal (WM) is populated by a
non-uniform distribution of small cavities - if compared to the ICHAZ - round-shaped
and isolated.
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L
Figure 5.3-24: Distribution of carbides respectively in the ICHAZ (a), FGHAZ(b),
BM(c), observed by means of SEM in Secondary Electrons mode. The ICHAZ shows
a distribution of relatively fine carbides dispersed in the matrix, whilst the carbides of
the FGHAZ seem of bigger dimension. In the BM, carbides of big dimension are
found both in the matrix and along grain boundaries
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Figure 5.3-25: Sample as in fig.-19a. ICHAZ. The interface carbide/matrix is a preferential site for cavity nucleation
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Figure 5.3-26: Cross-welded sample, made of 2.25Cr-1 Mo-V steel, tested in
hydrogen at T=873K, P= 18MPa, a0=94MPa (applied initial stress) and for t=928h. a:
distributed cavitation inside the sample; b: detail of fig.a.; it shows the link-up of
cavities and the formation of voids; c: lower presence of cavities in the surface layer.
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Figure 5.3-27: Cross-welded sample as in figure -26, etched by means of Nital 3%.
After etching, it is evident that the damage is located mainly in the ICHAZ, in
correspondence of which the sample necks.

WM

»

300pm

Figure 5.3-28: Cross-welded sample as in figure -26. Link-up of cavities is also
registered in the weld metal (WM) along grain boundaries
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Figure 5.3-29a: Sample as before. At the SEM, the 1CHAZ appears as the most
damaged zone, with link-up of cavities extended for several hundreds of microns.

Figure 5.3-29b: Detail of Fig. -29a. The voids of the 1CHAZ present irregular
shapes. They appear linked by narrow mierocracks. Presence of cavities of sub-
niicron size is also detected: they appear as “initiators” of the macroscopic damage.
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Figure 5.3-29c: Other detail of fig.-29a. Small eavities of sub-micron size, which
facilitate the propagation of the micro-crack.

Figure 5.3-29d: Detail of fig. -29a. Beginning of the Mosaicing phase.
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Figure 5.3-30a: Sample as before ( tested in hydrogen at T=873K, P= 18MPa,
a,,=94MPa and for t=928h). FGHAZ. The zone is highly cavitated.

Figure 5.3-30b: Detail of the FGHAZ. The voids present irregular shape and no
presence of link-up is detected.

5.3-26 Giustino Manna - Ph.D. Thesis



Chap. 5. RESULTS & DISCUSSION 5.3 V modified 2.25Cr-Mo steel-Figures

Figure 5.3-31a: Sample as before. Weld metal. Link-up of cavities along grain-
boundaries, observed in some areas.
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Figure 5.3-32a: Sample as before. Base metal. Practically no damage is detected
even at the SEM.

Figure 5.3-32b: Rare presence of the attack is found in preferential places, as grain
boundaries and interfaces inclusion/matrix.
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Figure 5.3-32a: Sample as before. Base metal. Practically no damage is detected
even at the SEM.

Figure 5.3-321): Rare presence of the attack is found in preferential places, as grain
boundaries and interfaces inclusion/matrix.
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Figure 5.3-33a: Cross-welded sample, made of 2.25Cr-1 Mo-V steel, tested in
hydrogen at T=873K, P= 18MPa, c0=94MPa and for t=648h. Traces of damage are
detected only in the ICHAZ. The damage consists of cavities at the interfaces.

Figure 5.3-33b: The same zone as for Fig. -33a, but at higher magnification. The
cavities link each other along the interfaces.
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Figure 5.3-33d: Same zone as for Figure -33a. The damage consists of small
cavities, mainly of sub-micron size. The micrograph shows cavities mainly ot sub-
micron size, linking each other.
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Rupture Time (hours)

Figure 5.3-34: Creep-rupture curves of the tubular specimens, made of V-mod.
2.25Cr-IMo steel, longitudinally welded, pressurized by means of hydrogen or argon

Figure 5.3-35: Stress/Rupture plot of the creep tests, performed in uniaxial as well as
in more complex state of stress, on the welded VV-mod. 2.25Cr-IMo steel, batch 2.
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Figure 5.3-36: Stress versus MCR of the creep-rupture tests performed, in uniaxial as
well as in more complex state of stress, on the welded V-mod. 2.25Cr-IMo steel,
batch 2.
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Figure 5.3-37: With the naked eye, the failure of the tubular specimen, pressurized
by means of hot hydrogen, at 873K and a pressure of 18MPa, is registered between
the weld metal (WM) and the base metal (BM).

BM

WM

Figure 5.3-38:  With the naked eye, also the failure of the tubular specimen,
pressurized by means of hot argon, at 873K and with a pressure of 18MPa, is
registered between the weld metal (WM) and the base metal (BM).
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Figure 5.3-39: As a consequence of the pressurization, the WM exhibits an outward
movement, which originates a “step” on the external surface of the tube. This step is
just perceivable in areas close to the shoulder of the tube.

Figure 5.3-40: The ‘step’ produced by the outward movement of the WM becomes
more pronounced going towards the middle of the gauge-length. Note that in hot high-
pressurized hydrogen the onset of the WM become visible by naked eye (blue arrow).
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Vmod. 2.25Cr-1Mo Tube Pressurized with Ar

—m— 25°BM
35- —8— 95°BM
30- —a— 155°BM
rm vb —1 - 170°BM bef.HAZ
25- o \V —®- 186°WM aft.HAZ
20 p;l gQoe \ 200°WM
c i e "\ 215°WM
0 15 pjf . 230°WM
€9 —e - 240°WM bef.Fracture
10 —B- 277°BM aft.Fracture
5. S N —m - 290°BM
—m- 305°BM
0- 1J33al XX3JJJJjjjéc2 320°BM
5. —m- 345°BM
-20 20 40 60 80 100 120 140 160 180

Gauge Length (mm)

Figure 5.3-41: Results of the strain measurement carried out, after test, on the tube,
made of welded V-modified 2.25Cr-IMo, pressurized with argon

Gauge Length (mm)

Figure 5.3-42: Results of the strain measurements carried out, after test, on the tube
,made of welded V-modified 2.25Cr-IMo, pressurized with hydrogen.
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Figure 5.3-43: Overview of the strain data concerning both tubular specimens made of V-mod. 2.25Cr-IMo welded steel.
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Figure 5.3-44: Cross section of the tube, made of 2.25Cr-IMo-V, longitudinally welded, pressurized with hydrogen at 873K (600°C). The
microstructural investigation had been carried out before and after etching with Nital. The cavitation is registered mainly in the ICHAZ, and is
more marked close to the surface exposed to hydrogen.
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Figure 5.3-45: Cross-section of the tube made of 2.25Cr-IMo-V, pressurized with hydrogen. The observed welded joint experienced a strain of
~5%.
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Figure 5.3-46: Cross-section of the tube pressurized with argon, at a temperature of 873K (600°C) and a pressure of 18MPa (180bars). The test
lasted 900 hours and ended with the failure of the test piece in the ICHAZ.
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Figure 5.3-47: Cross-section extracted from part of the tube which experienced a radial strain of about 6%. The ICHAZ and the near base metal
(BM) are the metallurgical zones which experience accumulation of strain. The areas enumerated as 1,2,3 are observed at higher magnification.
The results are showed in the following figures.
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Figure 5.3-48: The base metal exhibits a light cavitation.
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Figure 5.3-49: The ICHAZ is the zone exhibiting the highest cavitation.
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Figure 5.3-50: The ICHAZ close to the internal surface of the tube exhibits a cavitation lower than that of the ICHAZ in figure —49. Also the
neighbouring BM and FGHAZ show very small traces of cavitation. The reason significantly might be the high strain that the welded joint
experiences in this area.
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Aims ofthe Investigation on Carbides

Carbide Identity

Figure 5.3-51: Schematic representation of the aims of the investigation on the carbides of the V-modified 2.25Cr-IMo welded joint.
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Figure 5.3-52: Carbides in the Base Metal.
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Figure 5.3-53: Carbides in the FGHAZ.
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2.25Cr-IMo-V - Weld Metal

(Batch I - as received)

Figure 5.3-54: Carbides in the Weld Metal.

5.3-48 Giustino Manna - Ph.D. Thesis



Chap. 5. RESULTS & DISCUSSION 5.3 V modified 2.25Cr-Mo steel-Figures

MC Carbide

Figure 5.3-55: Morphology of the MC-type carbide.
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Figure 5.3-56: Examples of EDS spectra for different types of carbides
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Carbide
type

M-C3s

Zones

FGHAZ
WM
BM
FGHAZ
WM
BM
FGHAZ
WM

BM

Table 5.3-1: Composition o the carbides in the different metallurgical zones of the 2.25Cr-IMo-V welded joint.

2.25Crr-

I M o

V'iuoditicd AC 'r-A lc> a*icrc

- v _ (Batch 1, as received)

Carbide compositions in the different zones

Average composition :In-grain

(At% + Q)

Fe Cr Mo
34+1 551 4+ 1
33 £2 56 £2 4+1
331 571 ot 1
4+1 17+2 47+4
4+1 25 +£3 53 £7
3 24 £2 53 %2
3+1 14+2 30+5
5t 4 13+ 2 22 +4
3x1 11 +2 30 £6

5.3-51

19+ 4
537
60 +4

56 +8

1-1~Nigturcs

Average composition : At grain boundary

Fe
35+2

34 £2

3+1

(At% £ a)

Cr Mo
55+2 4+1
56 +2 4+ 2
55 +3 5+1
20+4 46+6
23 +6 58 +6
18 + 4 55 + 7
13+ 3 32+4
12 + 2 32 £5
10 + 2 33 £7

\Y

16 + 3
24 +7
52 +5
591 + 5

55 +8
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. 2sc 1w o -v . Microstructural Investigations

WM

Figure 5.3-57 : Comparison between the SEM and the TEM results concerning the
different metallurgical zones.
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5.4 Testing of the 3Cr-IMo-V Steel - Figures

Time (h)
Figure 5.4-1: Uniaxial creep curves of the 3Cr-IMo-V welded joint

Figure 5.4-2: Uniaxial stress-rupture curves of the 3Cr-IMo-V welded joint.
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Minimum Creep Rate (Strain(%)/Time(hours))

Figure 5.4-3: Stress vs minimum creep rate curves for the 3Cr-1MoV welded joint

Air
IOOMPa

8

Figure 5.4-4: Some samples, made of 3Cr-IMo-V welded joint, which underwent
uniaxial creep testing. Immediately above the arrow there is the WM, below the BM
and the arrow roughly indicates the HAZ, where the restriction starts to appear.
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Length (mm)

Figure 5.4-5: Vickers hardness (HV10) profile of the 3Cr-IMo-V welded joint, in
the as received conditions.
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Figure 5.4-6: 3Cr-IMo-V welded joint. Test conditions: T= 873K. (600°C), a = IOOMPa (initial stress), Environment = air. No crack is detected
in the weld metal (WM) and in the heat-affected zone (HAZ). The sample exhibits big reduction in area (RA) at fracture. The WM is the
metallurgical zone that experiences the lowest reduction in area.
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Figure 5.4-7: 3Cr-IMo-V welded joint. Test conditions: T= 873K (600HC), a = IOOMPa (initial stress), Environment= air. The fracture happens
in the base metal (BM) (Fig. a). The BM is the zone that experiences the more pronounced reduction in area. Rather close to the fracture surface
are observed voids of large dimensions elongated in the direction of application of the stress. The fracture surface shows traces of wide and deep

dimples (Fig b, detail of Fig a).
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Figure 5.4-8: 3Cr-IMo-V welded joint. Test Conditions: T= 600°C, a = IOOMPa, Environment™ hydrogen, P = 180 bars. The welded joint
tested in hydrogen, as the welded joint tested in air, does not present macroscopic fractures in the WM and in the HAZ. The WM is the zone
which registers the lowest reduction in area.
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Figure 5.4-9: 3Cr-IMo-V welded joint. Test conditions: T= 873K (600°C), o = IOOMPa (initial stress), Environment= hydrogen, P = 18MPa
(180 bars). Analogously to the test in air, also in case of testing in hydrogen the failure is registered in the BM (Fig. a). Before of failing, the
zone experiences high reduction in area. Also in this case are detected large voids, close to the fracture surface and elongated in the direction of

the applied stress.
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Figure 5.4-10: 3Cr-IMo-V welded joint. Test conditions: T= 873K (600°C), a =
IOOMPa (initial stress), hydrogen, P = 18MPa (180 bars). The figure gives an idea of
the extent of the necking and of the elongation of the base metal (BM), before
fracture.
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