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In this review article, many aspects of high-temperature hydrogen attack of steel are examined in a
practical, topic-based format similar to that of API RP 571. This article is a result of reviewing over 220
articles on the subject, published mostly between 1938 and 2020, while some of them were already review
articles citing research going back to the late nineteenth and the early twentieth centuries. The paper not
only examines the historical evolution of our understanding of the damage mechanism, but it also discusses
the current state of knowledge and the fields that are still under development or improvement. Questions
are raised on a few important interpretations/classifications, namely the inclusion of decarburization as a
form of HTHA, the division of incubation period to detectable and non-detectable stages of attack by API
RP 941 and the recent distinction of non-conventional or non-classical HTHA in the literature, which may
need re-evaluation. At the end, the interactions between HTHA and some other (related) damage mecha-
nisms are discussed briefly and a failure case study is presented and discussed with respect to the use of
incubation curves for the effect of an upset condition.
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1. Introduction

High-temperature hydrogen attack (HTHA or HA in short)
is the permanent/irreversible deterioration of mechanical prop-
erties of steel (and some other metals/alloys) upon exposure to
hydrogen at an elevated temperature. HTHA is a relatively
mysterious and somewhat overlooked damage mechanism,
especially when compared to other high-temperature damage
mechanisms such as creep. Although HTHA was discovered in
the early twentieth century (i.e., likely between 1900 and 1920),
it appears that there have been periodic lapses of general
knowledge and attention and, therefore, periodic re-learning of
the subject among the industry end-users as well as consulting
engineers or researchers in the last decades. Recently (i.e., post
2010), there has been a renewed attention to HTHA among
researchers and various industry end-users dealing with steel
exposed to hydrogen at elevated temperatures due to a number
of factors including a catastrophic explosion in the USA in
2010 (Ref 1), increased safety concerns, subsequent revisions
to guidelines and recommended practices [such as API RP 941-
2016 (Ref 2)] and improvements in non-destructive testing
(NDT). Therefore, a need for research articles as well as review
articles on HTHA has been recognized around the world to
increase the knowledge about the different aspects of the
damage mechanism.
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Abbreviations
AET Acoustic emission testing
API American Petroleum Institute
AUBT Automated ultrasonic backscatter testing
CVN Charpy v-notch
DI Damage index
EDX Energy-dispersive x-ray
FFS Fitness for service
HA Hydrogen attack
HAT Hydrogen attack tendency
HAZ Heat-affected zone
HE Hydrogen embrittlement
HTHA High-temperature hydrogen attack
Iow Integrity operating window
NDE/NDT Non-destructive examination/testing
P Pressure
Py HTHA parameter V
Py HTHA parameter W
PAUT Phased-array UT
PWHT Post-weld heat treatment
SEM Scanning electron microscope/microscopy
t Time
T Temperature
TEM Transmission electron microscope/microscopy
TFM Total focusing method
TOFD Time-of-flight diffraction
UT Ultrasonic testing
XRD X-ray diffraction

Several good review articles have been published on the
subject in the last 80 years. Smialowski (Ref 3) and Feltcher
and Elsea (Ref 4) separately reviewed numerous investigations
on HTHA from the early 1900s to the early 1960s. Beck et al.
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(Ref 5) continued on Feltcher and Elsea’s review by including
research on the topic between the early 1960s and the early
1970s. Shewmon (Ref 6) published a “critical assessment” of
HTHA of carbon steel and 2.25Cr-1Mo steel in 1985. In 2018,
a two-part research report (practically two review articles) was
prepared by the Welding Institute for UK Health and Safety
Executive. Part 1 was prepared by Nageswaran (Ref 7) on the
non-destructive examination (NDE) techniques related to
HTHA evaluation and Part 2 was prepared by Rothwell (Ref
8) on the factors affecting HTHA. The twin articles covered a
bibliography list of less than 50 items each (32 in Part 1 and 46
in Part 2).

This article is a result of reviewing over 220 articles
published between 1938 and 2020 on the subject of HTHA,
some of which were already review articles of investigations
going back to the late nineteenth and the early twentieth
centuries (i.e., more than a century of investigation). This
article differs from the previously published articles in the
format and the extent of scope. The core of the article uses a
practical topic-centered format, similar to that used in API RP
571 (Ref 9), which is a familiar format for those interested in
damage mechanisms and involved in failure analysis. Although
the concise information provided in API RP 571 is very useful
to acquire the basic knowledge about the damage mechanism, it
may not be sufficient for every reader or researcher.

API RP 941 (Ref 2), on the other hand, is a dedicated
publication on the subject of HTHA and the main reference for
the industry. It provides the Nelson curves for material selection
and risk analysis “integrity operating window” (IOW),
describes the two forms of HTHA and discusses the effects
of time (incubation period), stress (primary and secondary),
heat treatment and cladding/overlay as well as inspection for
HTHA. API RP 941-2016, however, does not discuss the
effects of environmental species and corrosion, mechanisms
other than methane formation, destructive examination and
testing for HTHA evaluation, modification/substitutions to the
Nelson curves, other prediction charts for risk assessment
(particularly the HAT charts; see Section 16), modeling, or the
synergistic/competitive effects of other damage mechanisms.
These extra topics are covered in this article.

Although the main format of this article is topic-centered,
the article starts with a section on the major historical findings
as pertains to HTHA, including a table listing the major
findings/events over a century in a chronological order. At the
end, a brief case study that shows the use of the Nelson curves
and incubation curves for carbon steel is presented. It is hoped
that readers/researchers interested in a certain topic associated
with HTHA will find this topic-based review a good starting
point for their investigation. Clearly, no section of this article is
to be considered an absolute/perfect collection of knowledge on
the subject or to be used by industry to make risk-based or
operational decisions.

2. Major Findings and Historical Events

According to Shewmon (Ref 6), HTHA was discovered in
the 1920s in Germany in ammonia synthesis plants. However,
one can find earlier accounts of the identification of steel and
copper embrittlement upon reaction with hydrogen at elevated
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temperatures at the beginning of the twentieth century by Heyn,
Habor and Bosch (Ref 4, 10), also in Germany. Table 1
summarizes the important events and findings regarding HTHA
in a chronological order, extracted from the literature. The
table starts with information about hydrogen charging into steel
and low-temperature hydrogen embrittlement and continues
with the step-by-step evolution of our understanding of HTHA
in terms of damage mechanism(s), development of boundary
condition curves (typically referred to as the Nelson curves),
effect of time and the concept of incubation period, the
governing specifications, NDT, modelling, risk assessment and
inspection.

Figure 1 shows the distribution of the articles published on
HTHA between 1930 and 2020. It includes 320 relevant articles
initially found upon a search in Compendex data base on the
subject, amended by additional relevant articles found in the
reference lists of the reviewed articles. The distribution,
outlined by a curve, shows a short peak around 1950, a larger
peak around 1965, the largest peaks around 1985 and 1996, as
well as a recent peak in 2019. Such fluctuations may come from
several catastrophes around the world and the subsequent
increase in research as well as changes to the guidelines/
regulations, as described below.

One era of boosted research on the subject was the years
prior to the World War II in Germany (Ref 14) and during and
after the war in the North America (Ref 10, 37). The North
American research (leading to the first peak in Fig. 1) was
apparently led by Shell Development Company that resulted in
the publication of the temperature-pressure boundary condi-
tions for several steels by Nelson.

Prager (Ref 38) categorizes “post-Nelson” twentieth-cen-
tury studies in the world into the following groups: several API-
funded researches in the 1960s (especially by Vitovec and
leading to the second peak in Fig. 1), several studies at
American universities in the 1970s and the 1980s, experimental
studies on high-strength Cr-Mo steels by Materials Properties
Council in the 1980s and the 1990s, focused studies on C-
0.5Mo steel in Japan in the 1980s and the 1990s and later in the
United States in the 1990s, and the theoretical studies (i.e.,
modeling) of void growth in Cr-Mo steels in Europe (partic-
ularly by the Dutch researchers) in the 1990s.

Plant catastrophes have been another factor in research
spike, as they would call for improved safety, which in turn
would require careful inspections and stringent regulations. The
1982 explosion in a desulphurization unit of Kashima Oil
Refinery in Japan due to HTHA of a carbon steel pipe that
resulted in five deaths and three cases of serious injury, may
explain the boosted research in the 1980s in Japan (i.e., the
third peak). Hasegawa (Ref 26) referred to it as ““a turning point
for the need to re-examine the operational conditions and
materials used for plant in operation in every oil refinery” as
well as developing suitable NDE methods. This eventually led
to establishing the engineering parameters Py and Py and the
hydrogen attack tendency (HAT) charts, as examined in
Section 16. The subsequent removal of 0.5Mo steel curve
from API Publication 941 in 1990 also resulted in boosted
research (i.e., the fourth peak) as the change would affect many
equipment already in service.

The twenty-first century studies were likely boosted by
another catastrophe, i.e., the Tesoro refinery explosion in
Anacortes, Washington, USA. In 2010, a deadly fire and
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Figure 1 Publication frequency on HTHA between 1930 and 2020

explosion occurred at the refinery upon the rupture of a carbon
steel heat exchanger in a naphtha hydrotreater unit that was
determined to be due to HTHA. The incident occurred during
the final stages of a start-up process, after the heat exchanger
had been cleaned, and resulted in the immediate loss of seven
workers’ lives. Hydrocarbon leaks at flanges during start-ups
had become a “normal” and tolerated problem. Among the
subsequent investigation recommendations were banning the
use of carbon steel in HTHA-susceptible service (i.e., operating
above 400 °F (204 °C) and 50 psia (3.5 bar or 0.345 MPa)) and
a requirement for the use of actual operating conditions (rather
than nominal) in risk/failure assessments (Ref 1). The change to
the carbon steel Nelson curve in the eighth edition of API RP
941 in 2016 (Ref 2) and the safety alert on preventing HTHA
(Ref 39) released also in 2016 by the United States Chemical
Safety Board were for the most part consequences of this
catastrophe. All these post-2010 changes led to the boosted
publication as marked by the most recent peak of 2019 in
Fig. 1.

3. Description

HTHA is defined as the permanent/irreversible deterioration
of mechanical properties of a metal or an alloy upon exposure
to hydrogen at an elevated temperature. HTHA is irreversible
hydrogen damage (as opposed to the reversible hydrogen
embrittlement at lower temperatures), since the mechanical
properties cannot be recovered by a low-temperature anneal
(Ref 40). The two main forms of HTHA manifestation are
softening associated with surface decarburization or, more
importantly, embrittlement associated with internal cavitation
and fissuring along the grain boundaries. Blistering, is consid-
ered a third form of HTHA by some researchers. HTHA can
affect hardness, strength, ductility and impact toughness. The
source of nascent/atomic hydrogen can be a chemical reaction
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(specifically corrosion by water or acid, particularly when
‘poisons’ such as arsenic, H,S and phosphorus are present) or
thermal dissociation of molecular hydrogen (Ref 4).

4. Terminology

In this section, several terms related to HTHA are defined
and the evolution of the terms referring to the damage
mechanism is described.

4.1 Hydrogen Damage

This term is the broadest term that refers to mechanical
property deterioration of metals by hydrogen through various
forms and mechanisms. It includes (low-temperature) hydrogen
embrittlement, hydrogen induced blistering/cracking, HTHA
and hydride formation (in certain alloys) (Ref 41).

4.2 Hydrogen Embrittlement (HE)

HE refers to low-temperature (i.e., typically less than
100 °C and mostly at the ambient temperature) loss of ductility
and/or cracking in metals/alloys by the actions of dissolved
hydrogen in the atomic form (i.e., excluding embrittle-
ment/damage upon reaction and combination of dissolved
hydrogen atom with itself, with impurities or with metal
atoms). HE covers several forms of damage that depend on
material properties, manufacture and environment. It covers
reversible embrittlement and cracking that are induced during
manufacturing and develop prior to service as well as those that
develop in service (Ref 41).

4.3 Hydrogen Attack (HA)

HA was the most prevalent term in the twentieth century for
the irreversible high-temperature hydrogen damage, even in
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API Publication 941 (Ref 42). However, the term was also used
occasionally for low-temperature HE in aqueous corrosive
environments [e.g., (Ref 43, 44)], which was confusing.

4.4 High-Temperature, High-Pressure Hydrogen Attack

This was a transitional term between HA and HTHA that
was used [e.g., (Ref 45)] to exclude the low-temperature HE.

4.5 Hot Hydrogen Attack (HHA)

Another transitional term that was used towards the end of
the twentieth century [e.g., (Ref 38, 46)] to exclude the low-
temperature HE.

4.6 High-Temperature Hydrogen Attack

HTHA has been the most prevalent term in the twenty-first
century for the irreversible high-temperature hydrogen damage.
Reference to the full term can be traced back in the 1990s [e.g.,
(Ref 47)] and the full acronym appears in the 5 edition of API
RP 941 in 1997, although other transitional acronyms such as
HHA (Ref 48) were also used in the 1990s. The term HTHA
(rather than HA) is used in this report as the main title/acronym
for the damage for consistency.

5. API Publications (Standards and Recom-
mended Practices)

5.1 API RP 941

This is a Recommended Practice on ““Steels for Hydrogen
Service at Elevated Temperature and Pressure in Petroleum
Refineries and Petrochemical Plants.” It was first published in
1970 and has received several revisions since then. The current
edition is the eighth, released in 2016. Although its main
objective is to establish safe operating limits (temperature and
pressure) for carbon and alloy steels in services susceptible to
HTHA, it discusses many aspects of HTHA, such as the effects
of time, heat treatment, stress, composition and cladding. API
RP 941 is the main reference publication for HTHA in industry.

5.2 API TR 941-A

Formerly appearing as API TR 941, this is “The Technical
Basis Document for API RP 941.” It discusses the plant and
laboratory sources of the data in the Nelson curves, along with
several other aspects of HTHA.

5.3 API RP 581

This is a Recommended Practice for “Risk-Based Inspec-
tion Methodology” applicable to fixed equipment in petro-
chemical industries. The first edition released in 2000 addressed
HTHA technical module as an appendix. The current edition
(i.e., third, April 2016) consists of three parts: “Inspection
Planning Methodology” as Part 1, “Probability of Failure
Methodology” as Part 2 and “Consequence of Failure
Methodology” as Part 3. Section 19 of Part 2 presents a
simple “conservative screening criterion” to determine the
degree of susceptibility to HTHA (e.g., high vs. low) of the
components in service. It provides a guideline for determining a
damage factor for HTHA, based on the generic steel type,
temperature and hydrogen partial pressure.
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5.4 API RP 584

This is a Recommended Practice on “Integrity Operating
Windows”, first published in 2014 (i.e., the current edition). It
is a guide for establishing an IOW program to avoid
unexpected critical damage (in general) in refining and
petrochemical industries. Some examples of IOW’s applicable
to HTHA in hydro-processing are provided in a figure (i.e.,
Fig. 5 in API RP 584).

5.5 API RP 579-1

This is a Recommended Practice on “Fitness for Service”,
first released in 2000 as API RP 579. The current edition (i.e.,
third, released in 2016) does not yet address HTHA. However,
it has been reported (Ref 49) that a “Part 15” is under
development by a joint industry project to address assessment
techniques for HTHA in a “future edition” of API 579-1.

5.6 API RP 571

This is a Recommended Practice on “Damage Mechanisms
Affecting Fixed Equipment in Refining Industry”, first released
in 2003. The current edition (i.e., third) was released in 2020
and, similar to the previous editions, it covers many aspects of
HTHA concisely.

6. Affected Industries

The affected industries include those dealing with hydro-
genation or dehydrogenation processes, ammonia production,
oil refining, coal conversion (i.e., liquefaction or gasification),
methanol synthesis and boiler tubes (Ref 9, 17).

7. Affected Materials

Carbon steel (along with 0.5Mo steel) is the most suscep-
tible material. Low-alloy steels and some medium-alloy and
high-alloy steels are also susceptible. Austenitic stainless steels
are the least susceptible (Ref 4). Nevertheless, some bubble
formation at the carbides is reported in the austenitic stainless
steels (Ref 50, 51). Some non-ferrous alloys, such as nickel
alloys (e.g., K-Monel, Inconel and Hastalloy B) under high
temperature and high hydrogen pressure (Ref 4, 31, 52) and
copper alloys (Ref 10), are also susceptible.

8. Mechanisms

It is suspected that different mechanisms may be involved
based on material type, chemical composition, microstructure
and temperature of exposure. All these mechanisms involve a
chemical reaction between atomic hydrogen and a solute, a
particle or an inclusion in the material. The most recognized
mechanism involves a chemical reaction between hydrogen and
carbon in solution in steel (or carbides in the microstructure) to
form methane (CH,). Consumption of carbon in the matrix will
promote dissolution of carbides (esp. cementite) to keep the
atomic carbon in solution in balance (Ref 53). Since the
methane molecules are too large to diffuse out of the steel, they
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cause significant pressure buildup that results in the formation
of cavities or voids (also referred to as methane bubbles) at the
grain boundaries or other areas of high interfacial energy (e.g.,
inclusion surfaces). Fissures typically form upon the growth
(via creep) and linkage of methane bubbles. “The formation
and coalescence of methane bubbles into grain-boundary
fissures and ultimately cracks” is referred to as HTHA
“incipient attack” (Ref 54).

Note that hydrogen molecules can also be present in the
cavities, as proven by gas chromatography or mass spectrom-
etry by many researchers (Ref 55-57). However, their size and
pressure is typically much less than those of methane. In
theory, methane pressure can vary from being comparable to
that of the hydrogen pressure to two orders of magnitude
higher, depending on the carbide stability (Ref 58). Even ethane
formation in the bubbles (along with methane and hydrogen)
has been reported (Ref 50). A methane pressure of up to
2500 MPa inside the bubbles was calculated by Odette and
Vagarali (Ref 59) for carbon steel.

Hydrogen may also interact with other impurities (e.g., O, N
and S) or inclusions and produce insoluble gasses (such as
water vapor, NH; and H,S) that may or may not result in
cracking (Ref 4, 10, 28). A classic example of the reaction
between hydrogen and unstable oxides at the grain boundaries
to produce steam is the hydrogen damage of copper at an
elevated temperature, which is referred to as “copper sick-
ness”. This reaction can result in diametrical growth and
internal fissuring. Deoxidization of copper with boron or
ferrosilicon significantly improves resistance to hydrogen
attack (Ref 10). Silver is susceptible to a similar damage
mechanism as copper (Ref 6).

9. Stages of Attack

9.1 Incubation Period

During the incubation time after exposure to hydrogen, no
detectable damage (by means of mechanical testing) occurs.
However, very small bubbles (about 100 nm in average size,
i.e., too small to affect the mechanical properties or to be
observed by optical microscopy) were observed by electron
microscopy in the vicinity of small carbides during the
incubation stage (Ref 23). Such bubble formation results in
volume change that is detectable by dilatometry (Ref 60). In
fact, using a highly sensitive dilatometer (with a sensitivity of
less than 10~® AL/L), Sundararajan and Shewmon (Ref 61)
showed that swelling initiates at a constant rate without any
significant delay (i.e., AL/L = kt) upon exposure of carbon steel
to hydrogen at 400 °C and 21 MPa H,.

Incubation period is typically determined by the initiation of
a property change and as such it depends on the sensitivity of
the test. The higher sensitivity of impact toughness to HTHA
damage initiation (e.g., compared to carbon concentration or
tension test) was demonstrated early in the twentieth century by
Naumann (Ref 14, 15).

9.2 Main Classifications

Different researchers have recognized different stages/steps
of attack, whether in terms of number or description. The main
categorization is based on the change in mechanical properties.
Inglis and Andrews (Ref 4) separated the stages of the attack
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based on the ability to recover mechanical properties. The first
stage of attack was the absorption of hydrogen and the resulting
reversible embrittlement that could be mitigated by a low-
temperature anneal (i.e., hydrogen venting). The “later stages”
were referred to as decarburization and fissuring, which would
result in irreversible embrittlement of steel (i.e., loss of ductility
and strength). Similarly, Ciuffreda and Rowland (Ref 62)
considered three stages of attack in 1957, namely (1) hydrogen
diffusion into the steel (reversible loss in ductility), (2)
decarburization (irreversible softening) and (3) intergranular
fissuring (irreversible embrittlement).

Weiner (Ref 19) produced experimental curves of HTHA
damage percent versus time of exposure for carbon steel at
different temperatures and hydrogen pressures and recognized
four stages of attack: (1) incubation (with no detectable dete-
rioration of mechanical property), (2) rapid attack (with steep
rate of deterioration), (3) transition (with a decreasing rate of
deterioration) and (4) steady state (with a low rate of
deterioration). These four stages, also echoed by Worzala and
Westphal (Ref 23), are re-plotted in Fig. 2. Weiner observed
that with an increase in temperature or pressure the curve is
shifted to shorter times (i.e., a reduction in the incubation
period) without a significant change in the shape of the curve.

However, most researchers after that [such as Vitovec (Ref
63) and Vagarali and Odette (Ref 64)] recognized only the three
main stages of attack by neglecting the transition part: (1)
incubation, (2) rapid attack and (3) steady state or saturation
(i.e., properties reaching the final value asymptotically upon
carbon exhaustion). The sixth edition of API RP 941 (2004)
also presented these three clear stages of attack. However, the
seventh edition of API RP 941 (2008) divides the incubation
time into two stages, one undetectable by advanced NDE and
one “detectable by advanced NDE techniques and no notice-
able change in properties is detectable by mechanical testing”.
The eighth edition of API RP 941 (2016) also recognized the
four stages described in the previous edition but changed the
second stage to “damage is detectable optically, possibly
detectable by advanced NDE, and mechanical properties are
partially deteriorated.” Another change in the eighth edition
was adding a statement to the fourth stage (i.e., the final stage),
reading “carbon in solution is reduced to compromise material
mechanical properties to a level where cracking can occur.”
There are several issues with these changes that may require re-
evaluation of the statements in API RP 941. First, the
descriptions and divisions are of mixed criteria (i.e., lab-based
mechanical property change, inspection by NDE, and failure in
service). Second, detection of any microscopic damage in the
incubation period (i.e., prior to grain-boundary crack forma-
tion) by advanced NDE is highly unlikely at present (see
Section 12). Third, even the observation of microstructural
evidence of attack by optical microscopy occurs after material
has suffered from HTHA in terms of mechanical property
deterioration (Ref 62) and therefore it cannot be achieved
during the incubation period by definition (the observation may
be achievable at a transitional stage between incubation and
rapid attack). Lastly, cracking occurs in the rapid attack stage
and not the final stage (i.e., saturation upon carbon consump-
tion).

9.3 Other Classifications

There are also some other classifications of the stages of
attack in the literature. These are typically based on more
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Figure 2 Examples of hydrogen attack curves for carbon steel as a function of time after Weiner (Ref 19), showing four stages of attack

(redrawn from the original graph)

specific mechanisms or reactions rather than mechanical prop-
erty changes. For instance, Vitovec considered five “stages of
hydrogen attack of steel” (which could be better termed
as stages of cavity growth) in Ref 63: (1) methane pressure
buildup inside the microscopic voids, (2) cavity growth by
vacancy diffusion, (3) cavity growth by dislocation creep, (4)
decrease in fissure growth rate and (5) partial void shrinkage.

In 1982, Vitovec recognized eight steps for the entire
hydrogen and carbon chemo-physical reactions (Ref 65): (1)
hydrogen molecule adsorption and dissociation at the metal
surface, (2) dissolution of dissociated atoms into steel, (3)
diffusion of atomic hydrogen to the reaction site, (4) dissolution
of metal carbide into metal and carbon atoms in solution, (5)
diffusion of carbon to the reaction site, (6) formation of H, at
the site, (7) adsorption of carbon at the site and (8) formation of
methane molecule upon reaction between H, and C. Clearly, in
this classification, Vitovec was interested in kinetic analysis and
determining the rate controlling step of reaction rather than the
general mechanical property change.

Another classification is provided by al-Arada and al-Otaibi
(Ref 66): (1) methane formation associated with decarburization,
(2) microcrack formation at grain boundaries upon methane
pressure build-up and (3) microcrack propagation leading to
failure (i.e., macrocrack formation). This classification is not
based on mechanical property change or percent of hydrogen
attack either, but based on damage evolution in a sample.

It should be realized that the stages of attack as applied to
(small) laboratory samples do not apply to actual equipment in
service. The equipment in service is typically exposed to
hydrogen from the inside surface only. As such, there will be a
significant damage degree gradient across the wall of the
container, which brings out both an advantage and a disadvan-
tage. The disadvantage is that damage becomes difficult to
detect (affecting a fraction of sample that is not easily
accessible). The advantage is that the inside surface might
have suffered an advanced stage of attack (e.g., fissuring or
microcrack formation that is likely detectable by advanced
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NDE), without the general state of the container becoming
critical, i.e., there should be enough time to remove the
equipment from service before a catastrophic failure happens,
as long as a proper inspection program and control of operating
conditions are in place.

10. Appearance and Morphology

HTHA is an internal damage mechanism and does not show
any wall loss or bulk deformation [except for some swelling
(Ref25)]. The two main types of damage recognized in various
literature (including API RP 941) are surface decarburization
and internal decarburization/fissuring. Surface decarburization
occurs under the combination of relatively low hydrogen
pressure and high temperature, whereas internal decarburization
and fissuring occurs under the combination of relatively high
hydrogen pressure and low temperature (Ref 2, 53). In surface
decarburization, it is the carbon that (due to the increased
temperature) can diffuse to the surface to form carbonaceous
gasses such as methane and CO/CO,. In internal decarburiza-
tion, atomic hydrogen penetrates into the steel and reacts with
carbon in solution. As a result, the produced gas is entrapped
internally and can cause cracking. Micro-fissures are typically
found along the grain boundaries within the wall close to the
inside surface of a vessel. In the case of carbon steel, they form
at the interface between a pearlite colony and the ferrite matrix
or between adjacent ferrite grains (Fig. 3a). Internal decarbur-
ization with fissuring is the main type of HTHA damage, as it is
typically this form (rather than surface decarburization) that can
cause serious damage to the steel, mostly hard to detect and
leading to catastrophic failures. In fact, the inclusion of surface
decarburization as a form of HTHA may be questionable.
Surface decarburization is certainly a related damage mecha-
nism and has been marked as an upper shelf in the Nelson
curves (Section 16.1.1).
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Figure 3 HTHA internal damage in carbon steel: (a) optical image
depicting pearlite decomposition and grain boundary fissuring at a
magnification of 1000x; (b) SEM image showing grain-boundary
bubbles at a magnification of 10,000x

In the internal damage, fissures can form as a result of the
linkage of individual methane bubbles/voids along grain
boundaries (Fig. 3b), i.e., in a microscopically ductile manner
through diffusion and creep deformation. Conceivably, there
can be some fissure formation through a microscopically brittle
(or less ductile) manner, e.g., upon decohesion of the grain
boundary interface after some pressure buildup at the interface
and promoted by external stress, impurities, etc. Final fractures,
promoted by the initial HTHA damage, may occur as a result of
an overload, creep cracking (i.e., a synergy between HTHA and
creep), fatigue or corrosion-fatigue cracking, or low-tempera-
ture hydrogen embrittlement upon shutdowns. In equipment
under significant external stress, it is quite conceivable that the
initial HTHA damage facilitating the failure is overlooked,
when the secondary damage mechanism becomes the predom-
inant one. Sometimes HTHA damage is manifested only by
reduction of mechanical properties without significant
microstructural alteration or cracking. Part of such damage
could be from HE (See Section 19). Note that bubbles and
micro-fissuring can form along grain boundaries without
significant pearlite decomposition, as documented through
detailed laboratory examinations by Sagues et al. (Ref 25).

Some researchers recognize blistering as a third form of
HTHA (Ref 21). Blistering occurs by accumulation of molec-
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ular gasses (mostly hydrogen and methane) along planar
interfaces in the microstructure parallel and close to the inside
surface. In general, blistering is irreversible damage and can
occur by hydrogen damage in relatively soft materials, i.e.,
carbon steel and C-0.5Mo steel, or by HTHA (Ref 67).

Recently, there has also been a distinction for non-conven-
tional (Ref 68) or non-classical (Ref 69) HTHA damage.
McLaughlin et al. (Ref 68) reported a case of “intergranular
hydrogen-assisted cracking similar to HTHA” in a hydrogen-
erator carbon steel piping with welds that had no post-weld heat
treatment (PWHT). The hydrogen attack had occurred over a
short period of time (“unlike conventional HTHA™) upon a
sudden increase of hydrogen partial pressure over three years.
They did not observe grain-boundary methane bubbles and
made an argument that cracking susceptibility depended on
partial pressure and not temperature. They concluded that the
observed intergranular cracking was different from typical/con-
ventional HTHA cracks that initiate as grain-boundary methane
bubbles and are driven by a time-dependent creep mechanism.

Silfies et al. (Ref 69) discussed the “non-classical” HTHA
damage morphology reported on non-PWHT’ed carbon steel
piping. They distinguished between “surface decarburization
and more ‘typical’ HTHA damage” on the one hand and cracks
near welds or on hot-bent elbows without bulk or surface
decarburization on the other.

It is not clear if either of the above-mentioned recent
distinctions (i.e., non-conventional or non-classical HTHA),
which have been echoed by some other researchers afterwards
[e.g., (Ref 70)], is necessary, as they appear to be based on
some variations of damage characteristics and likely driven by
various operational or material conditions. A factor that can
affect the crack morphology and is difficult to assess on piping
is external stress due to bending. Poorhaydari (Ref 71) reported
a case of HTHA cracking in the sub-critical heat-affected zone
(HAZ) of a flange without significant internal/bulk decarbur-
ization or pearlite decomposition. A factor in the failure was
bending stress that resulted in cracking on one side of the
flange. It was reported as early as in 1933 that under a high
level of external stress, HTHA fissures could form ahead of
internal decarburization (Ref 4).

11. Factors

Several factors affect HTHA susceptibility and the rate of
attack. These factors, namely temperature, pressure, time,
stress, microstructure, composition, microstructure and envi-
ronment, are discussed in this section.

11.1 Temperature

e There seems to be a limiting temperature for any system
for the onset of the attack [generally considered above
200 °C for carbon steel (Ref 24, 25)]. The limiting tem-
perature depends on other factors such as material compo-
sition, pressure, stress and exposure time.

e As pointed out by Fletcher and Elsea (Ref 4), Nelson re-
ported “apparent permissible service temperatures”, for
any range of hydrogen pressure up to 14 ksi (9.7 MPa), to
be approximately 220 °C (430 °F) for carbon steel,
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330 °C (620 °F) for C-0.5Mo and 1Cr-0.5Mo steel,
400 °C (750 °F) for 2Cr-0.5Mo steel, 540 °C (1000 °F)
for 3Cr-0.5Mo steel and 610 °C (1125 °F) for 6Cr-0.5Mo
steel. These limits were the horizontal legs of the Nelson
curves (Ref 72).

The damage becomes faster and more severe with increas-
ing temperature (up to a certain temperature, as deter-
mined by the thermodynamics of the chemical reaction).
HTHA is more sensitive to temperature than the other fac-
tors. For example, it was shown that a difference of 25 °C
could change the situation from not attacked to severely
attacked, while doubling pressure from 1000 to 2000 atm
resulted in a moderate increase in damage (Ref 4). Prager
(Ref 38) reports that “generally” the rupture life in hydro-
gen drops in half with an increase of 25 °F (~14 °C).

It is reported that the methane formation reaction (between
hydrogen and cementite) is thermodynamically possible
only below 600 °C (1110 °F), after which the free energy
change of the reaction becomes positive (Ref 23). There-
fore, an HTHA susceptibility temperature range of approx-
imately 200-600 °C (with an H, pressure of 0.7 MPa
minimum) is typically considered (Ref 73). As such, API
RP 581 (Ref 74) stipulates a conservative temperature of
177 °C (350 °F) for “screening” of the susceptible steels
for HTHA (provided the pressure is above 0.345 MPa or
50 psia).

Above approximately 600 °C (1100 °F), the rate of carbon
diffusion increases so much that decarburization occurs
mostly at the surface. This, if continued, can result in
complete decarburization without fissuring (Ref 16, 53).

11.2 Pressure

There also seems to be a limiting hydrogen partial pres-
sure for any system for the onset of the attack. The pres-
sure depends on other factors such as material
composition, temperature, stress and exposure time.
Pressure and temperature are the two main parameters
used traditionally to assess the susceptibility of steel to
HTHA through “the Nelson Curves” (see Section 16).
The damage becomes faster and more severe with increas-
ing pressure, although HTHA is not as sensitive to pres-
sure as it is to temperature. Prager (Ref 38) reports that
the rupture life in hydrogen is a function of the reciprocal
of pressure squared, meaning that the life drops approxi-
mately four times when hydrogen pressure doubles. This
is in support of the theoretical assumption that hydrogen
partial pressure and methane pressure have a quadratic
relationship: Pcyg = P> /K (Ref 11, 16) (K is the equilib-
rium constant of the reaction).

Different researchers have considered different values for
minimum hydrogen pressure required for HTHA in carbon
steel, such as 0.7 MPa (Ref 25), 1 MPa (Ref 6), 2 MPa
(Ref 75), 2.5 MPa (Ref 76) and 3 MPa (Ref 77). The
0.7 MPa limit (equivalent to 6.9 atm or 100 psia) is con-
sistent with the vertical leg of the Nelson curve for non-
welded (or welded and PWHT’ed) carbon steel according
to API RP 941-2016 (Ref 2). The limit would be half of
that (i.e., 0.345 MPa or 50 psia) for welded (but not
PWHT’ed) carbon steel, which now coincides with the
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limit stipulated by API RP 581-2016 (Ref 74) for “screen-
ing” of steel components for HTHA (provided the temper-
ature is above 177 °C or 350 °F).

11.3 Exposure Time

The pair of limiting temperature and pressure decreases
by increasing exposure time. This was first reported by
Naumann (Ref 4, 14). Several contours of 7—P curves can
be established for each material at different exposure
times.

No systematic work on the effect of exposure time on the
T-P limits was done for several decades as pointed out in
a review report by Ciuffreda and Rowland (Ref 4). Weiner
produced graphs of HTHA (%) versus exposure time at
several temperatures and pressures in 1960, as explained
in Section 9 and shown in Fig. 2.

Later, Nelson provided supplementary “incubation period
curves” for carbon steel and C-0.5Mo steel in 1965 that
showed the effect of time on 7—P curves between the safe
and unsafe zones (Ref 78). The incubation curves appear
in API RP 941-2016 for non-welded (or welded and
PWHT’d) carbon steel. However, such curves are not
available for other materials or conditions (i.e., Cr-Mo
steel or welded but not PWHT’ed carbon steel). The
curves can be used to determine if an excursion above the
safe operating conditions can result in an HTHA damage
for a given period of time (Ref 2).

Since 2013, Engineering Equity Group has been working
on a mechanistic model of HTHA damage propagation
and has established multiple time-dependent ‘‘Prager
curves” for carbon steel and C-0.5Mo steel (instead of
Nelson curve for each) for a rapid screening “safe zone”
assessment as well as prediction of the failure time for a
pair of pressure and temperature (Ref 49). (See Sec-
tion 16.2.)

11.4 Stress

Although pre-existing external or internal/residual stress is
not necessary for HTHA, stress is a very important param-
eter that promotes HTHA and lowers the temperature for
attack significantly (Ref 79). Stress is not addressed di-
rectly in the Nelson curves, although it is inherent to the
empirical industrial results.

As cited by Fletcher and Elsea (Ref 4), Inglis and An-
drews reported in 1930s that, under high stress and mod-
erate temperature, fissuring could happen ahead of
decarburization upon HTHA. In the absence of stress,
decarburization could occur without any fissuring (under
certain conditions).

Sakai and Asami (Ref 80) observed that the void growth
rate in a quenched-and-tempered 2.25Cr-1Mo steel sub-
jected to 200 kgf/cm? (2845 psi or 19.6 MPa) hydrogen at
525 and 550 °C increased 3-4 times upon application of
10-20 kgf/lcm? (1-2 MPa) external stress.

Yokogawa et al. (Ref 30) noted that the HTHA incubation
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time vanished with an applied stress and decarburization
occurred faster in specimens under stress. Residual stress,
which typically increases with increasing material
strength, also promotes HTHA.

Through a parametric approach, Sakai et al. (Ref 81) esti-
mated that an applied stress of 150 MPa (21.8 ksi) is
equivalent to increasing the hydrogen pressure by approxi-
mately 5 MPa for a 2.25Cr-1Mo steel at 850 °F (454 °C)
and would lower the critical temperature for HTHA by
approximately 50 °F (28 °C) at a hydrogen pressure of
10 MPa or approximately 25 °F (14 °C) at a hydrogen
pressure of 20 MPa.

Stresses associated with thermal gradients (as experienced
during equipment cool down or start-up, for instance) can
promote HTHA, even in the equipment operating in the
“safe zone” of the Nelson curves. Therefore, the fre-
quency of thermal gradient events (such as unplanned
shutdowns and subsequent start-ups) can be a factor in the
formation of HTHA (Ref 82).

HTHA may occur at “high-stress” areas, as found in non-
PWHT’ed welds (Ref 1) and at stress risers (Ref 62, 71).

11.5 Material Composition

HTHA is dependent on carbon availability. Therefore, it
depends on the solubility limit of carbon in the matrix
and the stability of the carbides at the elevated tempera-
ture. Cementite in carbon steel is not a very stable carbide
at the elevated temperature of service (over 200 °C) and
dissolves relatively easily upon interaction with atomic
hydrogen. As such, carbon steel and C-0.5Mo steel are
the most susceptible materials to HTHA.

It was found by Naumann (Ref 14) that alloying with
strong carbide formers such as tungsten, zirconium, chro-
mium, molybdenum, vanadium, titanium and niobium in-
creases the thermal stability of the carbides and make the
material more resistant to HTHA. With increasing chro-
mium content, carbides evolve from M;C to M,;C; to
M,3Cs (Ref 83). Some metals can make types M,C and
M¢C carbides. In 2.25Cr-1Mo steels, all these five types
can be present, which in the order of increasing stability
are M;C, M,C, M,C;, My3C¢ and MgC (Ref 84).

The formation and relative stability of carbides may de-
pend on the other elements in the steel, such as silicon
(Ref 85). Imanaka et al. (Ref 86) showed that reduction of
silicon to 0.15 wt.% maximum and addition of 0.15 wt.%
vanadium maximum improves HTHA resistance of
2.25Cr-1Mo steel, likely due to an increase in carbide sta-
bility (Ref 87). Addition of 0.26 wt.% Si increased bubble
density (by a factor of 1.3) and diameter (by a factor of
1.4), compared to the steel with 0.016 wt.% Si (Ref 88).
Imanaka et al. (Ref 89) concluded that reducing sulphur,
nitrogen and silicon and increasing vanadium will improve
HTHA resistivity of Cr-Mo steels, whereas niobium addi-
tion is ineffective in terms of HTHA resistivity. Other
examples in the literature of HTHA resistance improve-
ment upon composition modifications that could change
carbide composition, type or morphology/distribution in-
clude additions of V-Nb to 2.25Cr-1Mo steel (Ref 90, 91),
V-Ti-B to 3Cr-1Mo steel (Ref 92), V-Nb-B to 2.25Cr-
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1Mo steel and vanadium to 9Cr-1Mo steel (i.e., making
Grade 91) (Ref 93). Many investigations have shown that
vanadium has a more pronounced effect in improving
HTHA resistance of Cr-Mo steels than Ti or Nb [e.g.,
(Ref 94)]. Note that the austenitization temperature for
quench-and-temper heat treatment of steel should increase
(according to the type of carbide makers added) in order
to take advantage of such additions, as undissolved coarse
carbides (and nitrides) left in the material after low-tem-
perature austenitization may limit the beneficial effect of
such carbide makers (Ref 95, 96).

Even small amounts of carbide stabilizing elements, such
as Cr and Mo in carbon steel coming from remelted scrap
alloys, can improve the HTHA resistance. This led Nelson
to publish an additional ““safe operating” chart and an in-
set on the main chart in 1965 for a range of Mo from 0 to
0.5% (Ref 97).

High-strength microalloyed steels (e.g., with 0.02-0.14%
Nb) are typically more resistant to HTHA than carbon
steel, and in some cases more resistant than C-0.5 Mo,
due to the formation of MC type carbides that are more
stable than M;C carbides (Ref 61).

Manganese was found to have limited effect, while nickel
and silicon were found to be ineffective in improving
resistance to HTHA (Ref 3, 18).

Increase of carbon content from 0.05 to 0.17% in a
2.25Cr-1Mo steel resulted in a linear decrease in HTHA
incubation time (Ref 98).

Very-low-carbon steels are also susceptible to HTHA.
Yokogawa et al. (Ref 30) showed that carbon in solution
in ferrite was responsible for HTHA in a single-phase
0.011% C steel at 9.9 MPa hydrogen and 500 °C.

Pishko et al. (Ref 99) investigated the effect of steelmak-
ing on the early stage of HTHA of carbon steel (i.e., for-
mation of fine bubbles along grain boundaries). Four
types of steel, namely silicon-killed, aluminum-killed,
rare-carth-metal-treated and electroslag-refined, were
investigated at 450 °C and 6.5 MPa hydrogen as well as
275 °C and 7.6 MPa hydrogen. They found that steelmak-
ing practice had a significant effect on the incubation
time; attack occurred fastest in rare-earth-metal-treated
steel and slowest in Al-killed steel.

Although as a general statement, it has been reported that
higher impurity levels (and larger grains) make the grain
boundaries more prone to HTHA cracking (Ref 68), the
actual effect of impurities on HTHA resistance appears to
be complicated and not completely/clearly determined.
Rosenthal et al. (Ref 100) reported that impurities such as
P and S, which would segregate at grain boundaries, can
have a retarding effect in grain-boundary fissuring by
HTHA in carbon steel. They suspected that the retarding
effect was due to the reduction of grain-boundary energy
and reduction of grain-boundary diffusion. Sakai et al.
(Ref 88, 94, 101, 102) investigated the effects of the
impurity elements phosphorous, tin, arsenic and antimony
on HTHA bubble formation and growth in Cr-Mo steels.
They found that an addition of 0.016 wt.% Sn or
0.016 wt.% Sb increased the bubble density (by a factor
of 2-3) in a 2.25Cr-1Mo steel, whereas an addition of
0.016 wt.% P or 0.017% As decreased the bubble density
(by a factor of 0.5-0.75). On the other hand, using an
impurity factor X = (10P + 5Sb + 4Sn + As) x 100, Ki-
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mura et al. (Ref 103) found no effect of impurity levels
on HTHA resistance of a C-0.5Mo steel.

Some elements may not affect the carbide stability signifi-
cantly, but they can still improve the HTHA resistance by
increasing the creep strength of the material (since creep
deformation is involved in HTHA bubble growth). Molyb-
denum was considered to have such an effect (Ref 104).
Shida et al. (Ref 105) reported that addition of 10 ppm
boron to Cr-Mo steels compromised the HTHA resistance
of simulated HAZ significantly. However, in a 1987 paper
by the same group of researchers (Ref 106), it is reported
that the combined addition of 0.002-0.090% Ti and 8-
94 ppm B improved the HTHA resistance of Cr-Mo
steels. These additions affected the carbide type (e.g.,
M,C; without boron and M,3Cg4 with boron), reportedly.
Stainless steel is not immune to HTHA and may show
some decarburization upon long-term exposure to hydro-
gen at elevated temperature (e.g., 566 °C and 4.4 MPa
H,) (Ref 107). Bubble formation at the carbides were also
reported for a Type 321 stainless steel exposed to 14 MPa
H, at 600 °C for 480 h (Ref 50).

11.6 Microstructure and Prior Treatments

It was found decades ago that (unlike in creep damage)
larger grains are more susceptible to HTHA (Ref 4).
Spheroidizing treatment can increase the incubation period
of HTHA attack of a carbon steel five times by coarsening
the carbides and reducing carbon in solution (Ref 19).
Lopez (Ref 108) reported significant improvement in
HTHA resistance (as determined by dilatometric swelling
rate measurements as well as tension testing) of rare-earth-
metal-treated quenched-and-tempered carbon steel upon a
spheroidization heat treatment, whereas such treatment did
not affect the resistance of electroslag-refined steel.
Tempering temperature and time affect the type and stabil-
ity of carbides in low-alloy steels, which in turn affect the
HTHA susceptibility. Su et al. (Ref 109) reported that pre-
cipitates in a 1.25Cr-0.5Mo changed from predominantly
M;C type to predominantly M,;Cg type with increasing
tempering temperature from 520 to 710 °C. However, the
effect of tempering temperature on HTHA resistance was
not linear. The resistance was lowest at 620 °C, which
was attributed to the instability of M;C precipitates at the
grain boundaries. It should be noted that the tempering
time was only 30 min in their experiments, which is gen-
erally considered low for stabilizing the carbides.

Thermal cycle of welding can alter the grain size, decrease
the stability of carbides (e.g., cementite) and result in
residual stress development. As such, welded components
are typically more susceptible to HTHA, particularly in
the HAZ. PWHT enhances HTHA resistance. It is known
that if proper PWHT is not carried out, the HTHA resis-
tivity of an alloy steel (e.g., C-0.5Mo or Cr-Mo steels)
can be as low as that of carbon steel (Ref 110). A proper
heat treatment for C-0.5Mo steel after normalizing or after
welding can consist of tempering at 650 °C minimum for
5 h minimum (Ref 111, 112). Very high tempering tem-
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peratures (e.g., 690 °C for 16 h) are also recommended
for PWHT of Cr-Mo steel weldments (Ref 113).

It is not clear (or cannot be determined) which weld/HAZ
sub-region is most susceptible to HTHA. Parthasarathy and
Shewmon (Ref 114) showed through dilatometric study
coupled with microstructural examination of bubble density
that the weld metal of a 2.25Cr-1Mo steel was more af-
fected by HTHA than the HAZ and the base metal was the
least affected. Prager (Ref 38) observed that, in general,
HAZ was more susceptible to HTHA than weld metal and
the HAZ sub-region of failure (i.e., fine-grained vs. coarse-
grained) varied among the tests and 7—P conditions. Schlogl
and Van der Giessen (Ref 115) used modeling and numeri-
cal analysis and found that the weld regions of a 2.25Cr-
1Mo steel in the order of decreasing accumulated damage
are fine-grained HAZ, coarse-grained HAZ, weld metal and
base metal. The main factor in the difference was methane
pressure variation in these regions. Manna et al. (Ref 116)
showed through some laboratory tests on Cr-Mo steels that
the most susceptible sub-region would depend on the level
of applied stress; in the absence of stress, weld metal, fine-
grained HAZ and inter-critical HAZ exhibited the highest
degree of cavitation, whereas in the presence of stress the
most damaged regions (exhibiting microcracks) were base
metal and inter-critical HAZ, while weld metal was least
damaged. It is clear that not only many factors (such as
stress, composition and thermal history) affect the area of
highest susceptibility, the criterion for HTHA degree of
damage (particularly those concerning bubble formation in
the incubation period vs. mechanical property deterioration
that is more pronounced in the rapid attack stage) can also
affect the conclusions. It should be added that there have
been several reports of failure of piping weldments just out-
side the HAZ (Ref 68, 71, 117, 118), i.e., the sub-critical
HAZ, that has not been studied well either experimentally
or by modelling.

Prior cold work can accelerate HTHA and reduce the
incubation time (Ref 4, 21, 119).

Researchers have reported bubble nucleation in the vicin-
ity of carbides and pearlite colonies (Ref 23). It was ob-
served that continuous carbide precipitation along grain
boundaries would increase the susceptibility of carbon
steel to HTHA, compared to when carbides were dis-
persed in the matrix homogeneously (Ref 75). On the
other hand, Shih and Johnson (Ref 24) noted MnS inclu-
sions to be associated with bubbles in carbon steel sub-
jected to HTHA, indicating that inclusions are preferred
sites for bubble nucleation. Su et al. (Ref 28) considered
that this might be due to H,S formation rather than
methane formation, whereas Allen et al. (Ref 53) con-
cluded that carbon is needed for cavitation/fissuring at
inclusions based on the observation that the inclusions
near pearlite colonies were more affected and fissuring
was accompanied by local decarburization. Allen et al.
also concluded that reduction of inclusions may not be a
solution for HTHA mitigation (Ref 53) . Bubble formation
at second phases (such as MnS inclusions) in addition to
grain boundaries have been reported by many researchers
[e.g., (Ref 79)].

Preferred bubble and fissure nucleation along manganese
sulphide and manganese silicate inclusions in Si-killed
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steel exposed to HTHA at 450 °C and 6.5 MPa H, for
44-220 h was observed by Ransick and Shewmon (Ref
120). Upon 15% cold work, fissuring along grain bound-
aries was promoted.

e Prior exposure to neutron diffraction can cause formation
of helium bubbles along grain boundaries (1-100 nm in
size) at T > 0.5 T, as well as reduction of the incubation
time for HTHA at lower temperatures (Ref 73).

11.7 Environmental Species

e It has been reported that moisture enhances decarburiza-
tion (Ref 4, 121).

e Damage is high at extreme ends of pH and is the lowest
around the neutral point (6.8-7.2). Dissolved H,S (acidic
condition) and cyanide (alkaline condition) were consid-
ered to be very detrimental (Ref 72). Antimony, cyanide
and hydrogen sulphide, if present, can increase the rate of
hydrogen diffusion into the steel as they act as poisons
for hydrogen recombination at the surface, where corro-
sion occurs.

¢ In mixed hydrogen-nitrogen environments and under 7-P
conditions conducive to HTHA, carbon steel loses carbon
and absorbs nitrogen. Formation of a nitride case on aus-
tenitic stainless steel, which shows the highest resistance
to HTHA, has been reported (Ref 18). In ammonia syn-
thesis gas, a very thin and brittle nitride case forms above
545 °C (850 °F) on steels with over 2% Cr (Ref 37, 122).
Wagner et al. (Ref 123) also reported a case of compro-
mised HTHA resistance of 2.25Cr-1Mo steel after 8 years
of service in an ammonia plant at 400 °C due to nitriding
and decarburization at the inside surface and suspected
transformation of otherwise stable carbides to carboni-
trides. They referred to the damage induced by the ammo-
nia-bearing synthesis gas as chemically induced hydrogen
cracking.

e A small addition (10 vol.%) of H,S to H, was reported to
inhibit HTHA of carbon steel at 525 °C (977 °F) after
240 h of exposure by the formation of a sulphide scale at
the surface (Ref 124). This is while testing in H, (without
H,S addition) resulted in significant tensile strength reduc-
tion and formation of fissures. It should be noted that the
test specimens did not have any mill scale (or oxide scale)
that could provide some protection to hydrogen ingress
and it is not known if the results are still valid for a long-
term exposure.

* Fouling and deposit formation in boiler tubes can result in
under-deposit corrosion and hydrogen ingress into the
steel. Cases of decarburization and intergranular fissuring
were reported close to the inside surface of waterwall
tubes in a high-pressure boiler as a result of HTHA pro-
moted by poor boiler conditions (Ref 125).

e A combination of oxygen and chlorides in boiler feedwa-
ter used in a steam-assisted recovery oil extraction opera-
tion was suspected to promote acidic conditions and
internal corrosion in steam lines that resulted in HTHA
decarburization and fissuring under the corroded areas and
subsequent rupture of the tubes (Ref 126).
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12. Inspection and Evaluation

12.1 Non-destructive Examination

Visual inspection would not be applicable as HTHA exhibits
no macroscopic evidence (except for blistering in some cases).
NDE/NDT methods, particularly different types of ultrasonic
testing (UT), have been tried with various degrees of success
(mostly limited, but under continuous improvement) in detect-
ing various stages of HTHA damage. Stage 1 HTHA or
“incubation period” involves the formation of small micro-
scopic damage (i.e., mostly grain-boundary cavities) that is
generally not detectable by NDE (Ref 2). It is only in the later
stages of the attack (i.e., Stages 2 to 4 as per API 941
classification or Stages 2 and 3 as per general mechanical
property change classification, when grain-boundary fissures,
microcracks or blisters, and macrocracks form) that damage
may be detected by some NDE techniques. In general, welds
add to the challenge in detecting HTHA damage, as they are a
source of signal “interruption” due to the associated reinforce-
ment (as well as root bead geometry/anomalies), misalignment
and/or coarse-grained HAZ (Ref 33).

API RP 941:2016 discusses the suitability of various NDE
techniques for HTHA assessment and the Welding Institute
Research Report RR1134 (Ref 7) provides a critical review of
all the available NDE techniques for HTHA inspection. The
reportedly most successful types of UT are backscatter, velocity
ratio, time-of-flight diffraction (TOFD) and UT spectrum
analysis (Ref 54, 66, 127). HTHA damage decreases ultrasonic
wave velocity and increases its attenuation and backscatter (Ref
32). Manual or automated UT (using longitudinal or shear wave
techniques) are not capable of detecting early stages of HTHA
fissuring. UT attenuation method can be useful, when there is
significant damage for example in the form of blisters at the
inside surface or fissuring over a significant fraction of wall
thickness (Ref 128). Ohtsuka and Shindoh (Ref 129) used a
“pulse echo digital overlap” method to improve UT velocity
and attenuation results by eliminating errors and poor display
that originated from chattering of an oscilloscope cathode ray
tube display. Nomura and Imanaka (Ref 130) reported that
variation in attenuation with a change in signal frequency had
high potential for detecting HTHA damage at an early stage of
attack after the incubation time. Automated ultrasonic backscat-
ter testing (AUBT) is considered by some researchers to be the
most effective NDE method for HTHA assessment (Ref 7). It
involves backscatter technique along with spectral analysis and
velocity-ratio measurement. Kawano et al. (Ref 131) reported a
very high level of sensitivity for backscatter UT technique (to
the extent of detecting bubbles at the inner part of the wall) and
introduced an “‘equivalent defect size” as a UT measure of
HTHA damage degree. McGovern et al. (Ref 132) proposed a
nonlinear UT method of wave mixing for through-wall
detection of HTHA damage from the outside surface of
vessels. They claim that their nonlinear methods (with or
without pulse inversion) can detect HTHA damage at an earlier
stage than linear UT (e.g., backscatter) could (Ref 133).

On the other hand, some researchers in the USA have found
unsatisfactory results with the API RP 941 recognized UT
methods, despite more satisfactory results obtained in Asia and
Europe. Nugent et al. (Ref 134) concluded that velocity ratio,
amplitude and spatial averaging UT methods were not reliable
or suitable for HTHA detection. Conventional shear wave, high
frequency shear wave and angle beam spectral analysis were
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found unreliable too. Attenuation, spectral analysis and fre-
quency dependence were found somewhat successful. In their
2018 article, Nugent et al. (Ref 135) concluded that TOFD and
phased-array UT (PAUT) with or without total focusing method
(TFM) provide the best results in evaluating HTHA. They
provided procedural details on how to run these methods
successfully for detecting and sizing HTHA damage. Neve
et al. (Ref 136) also reported more satisfactory results with
PAUT, TOFD and TFM than AUBT, particularly in terms of the
detection limit.

From all these accounts, it appears that the degree of success
of a method/technique is not merely an inherent factor and it
depends largely on the procedural details (such as selection of
parameters) and the skill of the technician who executes the
test. Birring et al. (Ref 137) pointed out the subjectivity in some
UT interpretations and emphasized on the importance of proper
technique, proper procedure and inspector skill. They also
provided some insight on how to distinguish between UT
signals from hydrogen damage cracks and stringers of inclu-
sions (that can be a source of miscall). Yamani and Deriche
(Ref 138) used an ‘“automated ultrasonic detection and
classification system” to minimize human errors and empha-
sized on creating a reliable database and “advanced signal
processing techniques” for correct identification of defects.

UT can measure the portion of the wall thickness affected by
HTHA (i.e., the depth of attack), as long as at least 10-20% of
the wall thickness contain fissures and/or blisters. This
measurement can be used as “lost wall” in the assessment of
fitness for service (FFS) (Ref 127). Watanabe et al. (Ref 29)
proposed a UT velocity ratio technique to assess the depth of
attack. They found a range of traveling time ratio between the
longitudinal and shear waves (#; /¢s) of 0.546-0.588 for different
degrees of attack on components in service and proposed a
critical value of 0.550 to be used as a criterion for existence of
significant HTHA damage. Takatsubo and Yamamoto (Ref
139), on the other hand, used a “pore response function” of
ultrasound waves for quantitative evaluation of area fraction
and size of microcracks in hydrogen attacked steel.

Acoustic emission testing (AET) has been used during the
cool down of equipment for detection of HTHA (Ref 82, 140).
This was possible as thermal gradients typically produce
adequate stress to “activate” HTHA damage, i.e., to cause the
fissures to form or propagate so that they can be detected by
AET. AET does not give much information about the crack (in
terms of location and characteristics) and does not detect static
or inactive defects (Ref 140). Some researchers have used AET
to examine the dynamic fracture mechanism during a fracture
toughness test in hydrogen attacked steel at different stages of
attack (Ref 141, 142) or to correlate acoustic emission signal
behavior with the degree of HTHA in a tension test (Ref 143).

There are also reports of engaging magnetic measurements
(Ref 144) and an improved electromagnetic method (eddy
current) with special transducer and lens (Ref 145) for detecting
HTHA damage with limited success.

Field metallography and replication may be useful only
when access to the inside surface is possible and granted, as the
damage is typically close to the inside surface of the vessel or
tubular. Even access to the inside surface may only show
surface decarburization (if present), while micro-fissures are
typically further inside the wall (Ref 82).

7888—Volume 30(11) November 2021

12.2 Destructive Examination and Testing

Destructive methods by cutting pieces out for metallo-
graphic examination and/or mechanical testing are the most
reliable techniques for evaluation of HTHA (although not
always feasible for equipment in service). A typical metallo-
graphic examination involves preparing a metallographic cross-
section through the region of interest (e.g., a cross-weld sample
that includes weld metal, the HAZ’s and the base metals on
both sides of the weld) and examining it in an optical
microscope at a magnification of approximately 50-200x first
in the as-polished condition (Ref 62, 19, 146). This may be
preferred to examining the microstructure in the etched
condition, as in the case of a ferrite-pearlite microstructure
some intergranular microcracks may not be readily discernible
adjacent to the pearlite colonies. It should be added that macro-
etching of the polished sample by hot acid (i.e., immersion in
50% HCl at 160-175 °F (70-80 °C) for 30 min) to evaluate the
depth of fissuring attack was part of the evaluation in the past
(Ref 16, 147).

Microstructural examination may be continued in a scanning
electron microscope (SEM) to look for grain-boundary bubbles
on the metallographic sample at higher magnifications (e.g.,
2000-10,000x). It should be noted that examination of cracks
at lower magnifications (e.g., 100-300x) in the SEM using
secondary electron imaging shows distribution of fissures
(especially those adjacent to pearlite colonies) better than an
optical microscope due to its enhanced topographical contrast.
Transmission electron microscope (TEM) has also been
employed for the examination of the damage by some
researchers at least since 1974 (Ref 50, 79, 148, 149).
However, TEM is not a very useful or practical tool due to
the difficulties in preparing the thin-foil sample, the high level
of expertise needed for operating a TEM and the fact that a tiny
TEM sample may not be representative of the physical
component. TEM extraction replicas, however, are useful for
examining the carbides through electron diffraction and energy-
dispersive x-ray (EDX) spectroscopy (Ref 109, 150).

Breaking the damaged regions cryogenically to open some
cracks [referred to as “cryo-cracking” by some researchers
(Ref 151)] and examining the crack surfaces in SEM is another
step in metallurgical evaluation of HTHA damage (Ref 152).
The HTHA damaged regions may exhibit areas of dimpled
intergranular fracture as a result of formation of numerous
(methane) bubbles on the grain boundary surfaces (Ref 151,
153).

Note that as early as in 1950s, it has been shown that
reliance on microstructural alteration as evidence of HTHA is
not advisable as some samples that showed no visible
microstructural alterations (decarburization or fissuring) failed
some mechanical tests (e.g., 180-degree bend test or impact
test) (Ref 62).

Several parameters or measurements have been used to
evaluate the degree or percentage of HTHA damage. This
includes percentage of reduction-of-area loss in a tension test
(Ref 19), chemical hydrogen analysis in combination with other
tests (such as metallographic and UT examinations (Ref 154))
and Charpy V-notch (CVN) impact test (Ref 151). Dilatometry
is the most accurate method used in laboratory investigations to
trace the stage of HTHA damage, when coupled with
metallographic examination (Ref 25). Use of differential
dilatometers with a detectability of 107> delta V/V (Ref 45)
or capacitance dilatometers with a sensitivity of less than 10—6
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delta L/L in monitoring the swelling or expansion rates as a
function of test variables, especially at the early stages of attack
(i.e., delta V/V = 107°-10"%), were reported in late 1970s.

Mechanical testing can include (slow-strain) tension test,
bend test, hardness test, CVN impact test and crack tip opening
displacement. Typically, these tests are complemented by SEM
examination to comment on the presence and location of
bubbles or cavities. Percentage of the change in mechanical
property under the investigation is a quantitative measure of
HTHA damage. It has been known for decades that different
tests have different sensitivity to the onset of damage. Allen
et al. found that bending properties showed a more definitive
indication of attack than the tensile properties (Ref 21). At early
stages of attack, a CVN test may show HTHA damage before a
tension test does and both may show deterioration before
microstructural alterations can be observed (Ref 16). Shewmon
observed that loss of reduction-in-area during a room-temper-
ature tension test is “the most striking indication of hydrogen
attack” (Ref 155). Note that changes in mechanical properties
may depend on the combined effects of different types of
microstructural damage/alterations. For instance, significant
decarburization can result in a decrease in strength/hardness
and an increase in elongation due to softening, whereas grain-
boundary fissuring can result in a decrease of elongation as well
as strength. Hardness may increase in affected areas due to the
presence or saturation of atomic hydrogen. Instances of local
hardness increase has been reported in some literature (e.g.,
(Ref 71, 156)).

Lundin et al. (Ref 22) suggested that CVN toughness can be
correlated to the degree of HTHA damage and this relationship
can be used in equipment safety decision making. They
measured the amount of hydrogen released after elevated-
temperature decomposition of the trapped methane to quantify
the degree of HTHA damage and correlate with the CVN
toughness. This led to the development of “Toughness
Prediction Factors” for C-0.5Mo steel in HTHA susceptible
environment. Experimental results show that the trapped
methane concentration and the CVN absorbed energy have
virtually a reverse linear relationship (Ref 49).

Shewmon and Xue (Ref 157) used a ‘“wedge-opening
loading** specimen to evaluate the effect of HTHA damage on
crack growth rate of carbon steel under steady applied load.
They studied the relationship between pressure and temperature
(separately) with crack growth rate. Later, Shewmon and Xue
(Ref 158) used a modified wedge-opening loading specimen to
evaluate the ’stress-assisted hydrogen attack cracking* of a Cr-
Mo steel. They reported a critical/threshold stress intensity at a
given temperature, above which crack growth increased rapidly
with increasing stress intensity.

HTHA parameters Py and Py (see Section 16.3) have been
used as a degree of HTHA exposure to sort and tabulate/graph
destructive or non-destructive test results (Ref 159). This is
similar to the way Larson-Millar parameter can be used for
comparing different tempering or other thermal exposure test
results.

12.3 Criteria for Attack

A problem with most established boundary limits, such as
the curves presented by Naumann, Schuyten and Nelson, is that
the criterion for attack is not clearly stated. These curves
separate conditions conducive to hydrogen attack from no-
attack (or unsafe from safe or unsatisfactory from satisfactory).
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The criteria for attack could be microscopic/macroscopic
observations (that could range from the observation of bubbles
to fissures and to macrocracks/failure) or property change (e.g.,
a certain level of drop in carbon concentration or mechanical
properties).

The Japan Pressure Vessel Research Committee has used
two experimental criteria for HTHA (Ref 160): (1) a drop
exceeding 15% in CVN absorbed energy or tensile reduction in
area; (2) microscopic observation of bubbles or grain-boundary
fissures at a magnification of 2000x. Criteria for attack should
be standardized globally.

13. Laboratory HTHA Tests and Simulations

Laboratory tests and simulations have been carried out over
the last century to determine the effects of temperature,
pressure, time (and the kinetics of damage), applied stress,
prior cold work, weld thermal cycle, heat treatment, compo-
sition, etc. on the HTHA susceptibility of steel. This section
describes some of the devices, specimen designs and test
methodologies that the researchers have used for successful
assessment of HTHA.

Autoclaves have been used to determine the sensitivity of
steel grades to HTHA under a pair of constant temperature and
hydrogen pressure (Ref 161). The material would then be
examined metallographically to evaluate the state of cavities.
This type of test has a potential of becoming standardized,
especially if the hydrogen-exposed sample is tested mechan-
ically, which is quantitative and more sensitive to damage
initiation than microstructural examination.

Tsubakino et al. (Ref 162) reported an electrochemical
method of charging hydrogen into carbon steel for the
evaluation of HTHA at a temperature of 380-500 °C. They
used a molten NaOH electrolyte and maintained a cathodic
potential of — 1.7 V (against Air/ZrO,), considered to create a
current density equivalent to a hydrogen pressure of 4-8 MPa.
They also reported using a molten NaOH electrolyte for
monitoring the permeated hydrogen concentration in a
hydrodesulphurizing plant at 400 °C (673 K), which they
considered highly reliable (Ref 163).

An interesting test specimen used in the past is the “tensile
test vessel” used by Thygeson and Molstad (Ref 76) that was
devised originally by Van Ness (1955). The specimen is
actually a miniature hydrogen pressure vessel, i.e., the response
of the material is being tested under an externally applied axial
stress and an internal hydrogen exposure. They also placed
some loose wire inside the vessel to examine the non-stressed
response of the material as well.

Masaoka et al. (Ref 152) used critical embrittling temper-
ature* in assessing the effects of chemical composition (both
alloying elements and impurities) and heat treatment on HTHA
resistance of C-0.5Mo and Cr-Mo steels. Critical embrittling
temperature was defined as the temperature corresponding to
50% drop in reduction of area upon tension testing after
exposure to hydrogen at an elevated temperature. This temper-
ature may be above or below the Nelson curve for the material
based on many factors such as material composition, heat-
treatment and applied stress magnitude.

In order to correlate the tempering parameter effect with the
type and stability of carbides in a low-alloy steel (i.e., 0.5Mo or
Cr-Mo), some researchers extract the carbides electrolytically

Volume 30(11) November 2021—7889



for EDX and x-ray diffraction (XRD) analyses. To extract the
carbides, Chiba et al. (Ref 111) dissolved the samples after heat
treatment in an electrolyte of methanol with 10% acetylacetone
and 1% tetramethyl ammoniumchloride and by applying an
electrode potential of — 10 mV (vs. SCE). Some other
researchers (e.g., George et al. (Ref 150)) have used TEM
carbon extraction replica for EDX and electron diffraction
analyses of the extracted carbides.

Since atomic hydrogen dissolved in the matrix can cause
reversible HE, any test on a specimen exposed to hydrogen at
high temperature to evaluate HTHA should be performed after
the specimens are degassed by baking hydrogen out to separate
the effects of the two damage mechanisms (Ref 21). This can be
achieved by annealing the sample in vacuum, for instance at
250 °C for 3 h (Ref 56).

Another important point is comparing the results of the tests
carried out after exposure to hydrogen to the same tests carried
out after exposure to argon, as performed by many researchers
(Ref 4, 56, 77, 80, 85, 102, 164, 165). This will separate the
effects of HTHA from other types of elevated-temperature
metallurgical damage, such as creep (in stressed samples) and
aging. For instance, through such a comparison, George et al.
(Ref 150) concluded that an embrittlement of a 3Cr-1Mo-1Ni
(up to 22% decrease in upper shelf impact energy and 65-100
°C increase in transition temperature) upon exposure to 14-
17 MPa hydrogen at 550-600 °C for 1000 h was due to a type
of ”thermal damage* as opposed to HTHA. One can also
compare a certain parameter (such as CVN absorbed energy)
upon exposure to H, at elevated temperature once to that
without hydrogen and once to that of the as-received condition,
as reported by Shida et al. (Ref 105, 106). Some researchers
have carried out the parallel comparative tests in air instead of
argon (Ref 106, 159). In principle, testing in argon is preferred
to testing in air due to the possible involvement of oxidation
and decarburization in air.

Ando et al. (Ref 166) and Nishimura et al. (Ref 167)
developed ceramic sensors that measured the permeation of
hydrogen into the steel at an elevated temperature and were
used to determine the hydrogen content and diffusivity in the
steel.

14. Prevention and Mitigation

Mitigation of HTHA can be achieved by keeping operating
conditions within the limits known to be safe (particularly
controlling the temperature using the Nelson curves; see
Section 16), proper heat treatment (e.g., tempering after cooling
from the austenitization temperature or PWHT after welding),
upgrading material to more HTHA resistant alloys, and use of
liners or coatings that either are resistant to HTHA and reduce
hydrogen permeation or act as insulators and reduce the metal
temperature (Ref 72). Archakov (Ref 168) distinguishes
between three types of barriers, namely thermal barriers,
diffusion barriers (e.g., films of oxides, carbides or nitrides) and
permeation barrier (e.g., stainless steel clad).

A crucial point is the use of “actual” operating conditions of
a component in risk assessment. Direct temperature measure-
ment and knowledge of temporary conditions and upsets have
been emphasized in the Tesoro incident report (Ref 1).

By using HTHA resistant cladding, the concentration of
hydrogen diffusing into the susceptible metal is reduced due to
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the significantly lower hydrogen permeability of the liner.
Archakov and Grebeshkova (Ref 169) reported that, among
common industrial materials, hydrogen permeability increases
from aluminum to copper, nickel, stainless steel and carbon
steel. They provide mathematical equations (based on Fick’s
Laws) to calculate hydrogen pressure at the interface of the two
metals. By knowing the pressure and temperature at the clad
interface, then HTHA safety can be evaluated using the Nelson
curves for the backing.

Note that liners may initially prevent the attack but may
cause accumulation of hydrogen molecules that form at the
interface of the liner and the vessel, since hydrogen can
typically diffuse through the liner (Ref 4). This can lead to
bulging and disbondment of the liner or clad material, which
compromises the mitigating effect and leads to HTHA at the
bulged areas. One solution is to drill tiny “weep holes” in the
vessel to prevent hydrogen pressure buildup at the interface
(Ref 37, 170). The use of metallurgically bonded austenitic
stainless steel liners inside carbon steel vessels is particularly
effective, not only due to the high corrosion resistance of
austenitic stainless steel, but also because it provides an order
of magnitude lower hydrogen flux than the ferritic material due
to the lower diffusivity of hydrogen and its higher solubility in
austenite (Ref 135). Sakai et al. (Ref 81) estimated that the use
of austenitic stainless steel overlay increases the critical
temperature for 2.25Cr-1Mo steel by approximately 50 °F
(28 °C).

Coatings can have positive, semi-positive or even negative
effects. Non-occlusive coatings (such as zinc, tin, aluminum
and cadmium) are semi-permeable to hydrogen, whereas
tungsten and gold are completely impermeable to hydrogen
(Ref 4). Some coatings/films (e.g., NaSiO4) can accelerate
hydrogen absorption into steel, while others (e.g., Na,CrOy)
can inhibit that (Ref 8).

Another important mitigation measure is the control of
operating conditions and regular inspections. As pointed out by
Rothwell (Ref 8), for equipment operating within 50 psi or
50 °F (28 °C) under the API RP 941-2016 Nelson curves,
regular direct measurements of temperature and pressure and
regular NDE is highly recommended. Most susceptible spots in
terms of temperature or applied/residual stress (e.g., welds)
should be identified and monitored carefully.

With a stricter control of operating conditions and regular
inspections, equipment with HTHA damage may be able to
continue operation until a proper time for replacement. As a last
resort, refractory insulator was attached to the inside surface of
a C-0.5Mo steel vessel with HTHA problems (after disbond-
ment of the original stainless steel clad) to minimize the metal
temperature. This mitigation resulted in HTHA arrest report-
edly, until the vessel was replaced (Ref 170). Refractory liners
are generally not a reliable solution as they can degrade/crack
easily and produce hot spots on the vessel (Ref 171) as well as a
direct path of contact between the process fluid and the vessel
inside surface.

15. Recovery or Healing

Although HTHA is considered an irreversible damage
mechanism, some recovery of properties upon high temperature
annealing has been reported in the literature. Weiner (Ref 19)
reported in 1961 that (partial to significant) recovery in terms of
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ductility (but not strength) may be achieved upon heating the
HTHA affected components at 1250-1650 °F (680-900 °C) for
a period ranging from 0.5 h to several hours, as long as the
component has not been drastically damaged. Metallographic
examination of the recovered material revealed reduced grain
boundary damage.

It has been known that methane gas can decompose to
carbon and hydrogen at temperatures above 450 °C (Ref 154).
Based on this fact, Dong et al. (Ref 172) proposed an HTHA
crack healing heat treatment by heating the equipment cycli-
cally between the room temperature and 1000 °C (5 cycles with
a total time of 10 h). By applying this heat treatment to carbon
steel samples previously exposed to 12 MPa H, at 350-500 °C
for 120 h, they reported that all fissures of 10 microns and
under disappeared. They also tried isothermal heating at a range
of temperature from 650 to 1000 °C. Healing occurred at the
higher temperatures but not adequately at the lower tempera-
tures.

It should be added that heat treatment above the lower
critical temperature of steel (i.e., Aj, approximately 720 °C or
1330 °F) can drastically change the microstructure due to
austenitization and grain growth, which would significantly
alter the original mechanical properties. Therefore, recovery
and healing of HTHA through very high-temperature annealing
may not be very practical.

16. Prediction

16.1 The Nelson Curves

The main tool available to the industry for assessing
susceptibility of a component to HTHA is what is known as the
Nelson curves. The curves, as shown in Fig. 4, were first

published in 1949 by Nelson (Ref 37) and were later
incorporated by American Petroleum Institute in 1970 as API
Publication 941 (Ref 173). Nelson commented that the limits
are to be used for design. They were initially established based
on satisfactory and unsatisfactory industry data. As mentioned
by Nelson (Ref 122), over 22 revisions to the charts (or curves)
were made in 7 years, upon adjustments made to the initial
industry data after more data was gathered over time. These
adjustment and shifts continued over years (Ref 97), as one
would expect from empirically driven industrial data. Cantwell
provides a historical review of the initial development of API
941 in 1970 and the subsequent changes in the next three
editions in 1977, 1983 and 1990 (Ref 174).

Nelson curves have been used vastly (and generally
successfully) around the world for two main purposes. Firstly
for design, i.e., either select the steel type for a given pair of
operating conditions (7 and P) or limiting one of the operating
conditions based on the other parameter and the steel type.
Secondly for inspection planning based on how close the
operating conditions are to the curves and upon establishing
some criteria (Ref 33). See Section 16.3 for the second purpose.

It should be pointed out that the idea behind the curves
originated decades earlier. As summarized by Fletcher and Elsa
(Ref 4), Inglis and Andrews published limits of temperature and
pressure for different types of steel subjected to HTHA in 1933.
The first set of curves for HTHA of carbon steel and low-alloy
chromium steel (1, 2, 3 and 6% Cr) was published by Naumenn
(Ref 14, 15) in Germany in 1938. These curves were based on
laboratory experiments upon 100 h of exposure as opposed to
industry long-term data in the Nelson curves. Naumann had
anticipated lower curves for long-term exposures.

It also appears that it was Schuyten from Shell Development
Company in USA who first published a “boundary condition”
curve for carbon steel upon exposure to hydrogen at longer
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exposure times than 100 h. In 1946-1947, he presented two
curves for carbon steel (Ref 16): Curve 1 (higher) was
Naumann’s tests for 100 h; Curve 2 (lower) was a compilation
of the “long-term” results of tests by several researchers. The
curves were lines passed through points representing “attack”
or “no attack”. Nelson reports that Shell had worked on the
development of long-term limits for their specific operations
(i.e., at temperatures much lower than those reported by
Naumann) before WWIL. More data were obtained at Shell
during WWII upon an increase in production demands. Nelson
also refers to the technical data received from the Germans
during the war (Ref 37).

16.1.1 Carbon Steel Curve. Between 2010 and 2014,
there were reports of a series of failures of carbon steel
weldments without PWHT around the world that operated in
the safe zone of the API RP 941 Nelson curve. This included
refineries in the USA (e.g., (Ref 1, 68)) and Europe (e.g., (Ref
117)). Following the recommendations from these investiga-
tions, a curve for non-PWHT’ed carbon steel material was
added to the Nelson curves in 2015 and released in the 8"
Edition (2016) of the API publication. This curve is approx-
imately 50 psi to the left of the preceding carbon steel curve at
the vertical leg and approximately 50 °F lower at the horizontal
leg. (The distance is slightly larger between the knees of the
curves.) It should be noted that Nelson did distinguish between
the welded and non-welded carbon steel curves as early as in
1960 (Ref 175). The vertical leg of the curve was set at 200
psia hydrogen partial pressure for ”not welded* carbon steel
and at 100 psia for “welded or hot bent (Ref 97, 176).
However, this distinction was lost in the second edition of API
Publication 941 (Ref 42) when the vertical leg for both
conditions was set to the lower limit (i.e., 100 psia). Table 2
summarizes these changes for carbon steel over time.

It should be pointed out that many failures of the equipment
(nominally) operating in the safe zone is perhaps due to the fact
that the actual operating conditions are higher than the nominal
values, even for a relatively short period of time (Ref 68, 71).
This has even been considered plausible for the catastrophic
Tesoro Petroleum refinery incident in 2010 (Ref 1, 8). In fact,
one of the recommendations of the investigation report on the
Tesoro incident, as pertains to API RP 941, was a requirement
for the use of the actual operating conditions in failure
assessments (Ref 1).

16.1.2 0.5Mo Steel Curve. 0.5% Molybdenum steel (i.c.,
C-0.5Mo and Mn-0.5Mo) is perhaps the only type of steel that
was subjected to a roller-coaster experience. In 1965, Nelson

raised the 0.5Mo curve approximately 50 °F between 725 psia
and 1500 psia, due to satisfactory industry results (Ref 78, 97).
This left a discontinuity on the curve at 725 psia and 840 °F
(that was originally the break point between the vertical leg of
the HTHA curve and decarburization shelf for 0.5Mo steel),
thought to be rectified in the future with more data gathering.
He also added several sub-curves between the carbon steel
curve and 0.5Mo steel curve (i.e., for 0.1, 0.2, 0.3 and 0.4% Mo
steels) in an additional chart to show the effect of trace alloying
elements. In 1966 (Ref 176), Nelson removed the discontinuity
in 0.5Mo curve (at 725 psia and 840 °F) and instead added a
0.25Mo steel curve to the main chart (for the first and the last
time).

In the next years, however, several reports of failures under
the curve of 0.5Mo steel were received and as a result the curve
was lowered about 60 °F (~ 30 °C) in the 2nd edition of API
Publication 941 in (Ref 174). As pointed out by Baumert et al.
(Ref 128), despite continued failure reports below the revised
curve, the 3 edition of API 941 (1983) did not lower the curve
for 0.5Mo steel any further and only suggested caution when
this type of steel is used in catalytic reformers. Eventually,
further unexpected failures significantly under the revised curve
led to the removal of the 0.5Mo steel curve from the main
diagram in the 4th edition of API RP 941 (1990) and its
separate presentation so that the users apply caution when
dealing with 0.5Mo steel (Ref 47).

The problem with 0.5Mo steel is suspected to be due to the
stability of the carbides, which depends on the exact compo-
sition (rather than nominal) and the thermal history. Chiba et al.
(Ref 112) showed through XRD analysis that the main carbide
type in 0.5Mo steel was M3C (similar to cementite), which has
a relatively low stability. In the base metal, there was also the
more stable M,;C¢ type whose relative amount increased with
increasing tempering temperature (with a sufficient time of at
least 5 h). But in the simulated HAZ, the predominant type
remained to be M;C even upon tempering between 650 and
700 °C and the only difference was the increase of molybde-
num concentration in the carbides with increasing tempering
temperature. They found that a tempering temperature of
650 °C provides the optimum effects of carbide stability and
distribution with regards to 0.5Mo susceptibly to HTHA.

Kimura et al. (Ref 103, 177, 178), however, reported a
different account for M,3Cg4 carbides in 0.5Mo steels. In the
past, there were two options for the heat treatment of 0.5Mo
steel, i.e., annealing and normalizing-and-tempering. Kimura
et al. found that slow cooling from austenitizing temperature
associated with annealing can result in precipitation of

Table 2 Vertical leg limit evolution of the nelson curve for carbon steel

Pressure, psia

Welded (or hot Not-welded or welded-and-

s Note
Year bent) PWHT’ed
1949 200 200 The first publication by Nelson on boundary conditions (Ref 37)
1965 100 200 Nelson made a distinction between the two weld conditions (Ref 97, 175)
1970 100 200 API Publication 941, 1st ed. (Ref 173)
1970 100 100 API Publication 941, 2nd ed. (Ref 42), reduced the limit for not-welded or
welded-and-PWHT’ed steel
2016 50 100 API RP 941, 8th ed. (Ref 2), reduced the vertical and horizontal limits for

welded steel (50 psia and 50 °F)

7892—Volume 30(11) November 2021

Journal of Materials Engineering and Performance



”abnormal quasi-M,3C¢ globular carbides in 0.5Mo with a
ferrite-pearlite microstructure and significant reduction of
HTHA resistance. The quasi-M,3Cg carbide in 0.5Mo steel
was thought to be different from the thermally stable M,3Cq
carbides in Cr-Mo steels. Normalized 0.5Mo steel microstruc-
ture comprised M;C carbides in a bainitic microstructure and
showed higher HTHA resistance. Upon examining samples
from 156 heats from the industry, they observed that all failures
below the Nelson curve for 0.5Mo steel were associated with
the slow-cooling heat treatment and the massive globular quasi-
M,3Cq carbides. In fact, they provided a correlation between
the percentage of Mj3C4 carbides and deviation from the
Nelson curve as well as effective curves between the Nelson
curves for 0.5Mo and carbon steel for 20, 40, 60, 80 and 100%
M;;C carbides (Ref 179).

16.1.3 Incubation Curves. Nelson had also provided
”time for incipient attack‘ curves (a.k.a. ”incubation curves)
for carbon steel and 0.5Mo steel that would show the effect of
time on the 7-P curves (Ref 97). In practice, it would serve to
predict the effect of unplanned upsets or intentional short-term
increase in temperature or pressure on HTHA damage; one
could determine how long they have until detectable HTHA
damage occurs after an upset or excursion. It should be added
that the incubation curves for 0.5Mo steel above 100 h were
estimates based on the corresponding curves for carbon steel.
Some researchers found that the Nelson’s incubation curves of
100-1000 h for carbon steel in API 941-1977 (i.e., the 2nd
edition) to be very conservative. For instance, Pishko et al. (Ref
99) found through laboratory tests that the incubation time in
their experiments on carbon steel at 375 °C and 7.6 MPa H,
was approximately 10 times larger than that predicted by the
curves.

See Section 20 for a demonstration of the use of the
incubation curves in a case study.

16.2 Madifications to and Substitutions for the Nelson
Curves by Other Researchers

There has been some criticism towards the empirically
obtained Nelson curves. Van der Burg et al. (Ref 36), among
many others, believed that the Nelson curves are too simple for
determining the susceptibility of a given component to HTHA.
They are based on material general type, while neglecting many
variables such as exact chemical composition, prior heat
treatment (except for the distinction between as-welded and
PWHT’ed carbon steel curves), the state of stress (applied and
residual) and the time in service. In other words, data of several
variables are plotted together. Van der Burg et al. also observed
that the Nelson curve predictions are too optimistic for some
components (with aggressive, unstable carbides and high levels
of stress) and too conservative for other components (under low
levels of stress and with very stable carbides due to proper heat
treatment).

There have been some attempts to replace or improve on the
Nelson curves by various researchers. After the removal of
0.5Mo Nelson curve from API 941-1990, Saugerud et al. (Ref
46) used a swelling model for HTHA and a probabilistic
approach to establish ”Nelson-type* curves for C-0.5Mo steel
with different values of “’probability of hydrogen attack®, i.e.,
10, 50 and 90%. McLaughlin (Ref 180) also reported the
establishment of a new/revised C-0.5Mo curve at ExxonMobil
that was 50 °F and 20 psi above the carbon steel curve of API
941-1990. They also added three partial curves, shifted up at
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steps of 25 °F from this "effective Nelson curve* for C-0.5Mo
steel, indicating several stages/categories of increased proba-
bility of HTHA.

Staats and Buchheim (Ref 181) developed a qualitative
approach in 2016 for using adjusted Nelson curves in risk
management planning. In addition to the two main parameters
(T and P), the approach took into account cladding type and
thickness, corrosion scale and confidence in the operating
information. They produced an “adjusted Materials HTHA
Resistance curve” based on the Nelson curves and the factors
they would consider in each specific case. Decisions were made
whether each factor/variable would raise or lower the curve.
The drawback of such approach is that it is subjective and
arbitrary in nature and does not follow any theoretical or
experimental criteria. They concluded that a qualitative method
to plan inspection is more practical than trying to calculate
HTHA remaining life (which would be very complicated if all
important factors were to be considered.)

Also in 2016, Panzarella and Cochran (Ref 49) introduced
time-dependent curves (referred to as “Prager curves”) to
replace the Nelson curves for “safe zone™ assessment. Several
curves were provided for different periods of time (instead of
one single Nelson curve) that were obtained using a proba-
bilistic approach and a Monte Carlo analysis. The sophisticated
theoretical model behind these curves is briefly described in
Section 17.

16.3 Hydrogen Attack Tendency Charts

Upon removal of 0.5Mo Nelson curve from the 4th edition
of API Publication 941 in 1990, inspection planning of
equipment made of 0.5Mo steel became a crucial task. Hattori
and Aikawa (Ref 33) described a method of assessment that
included the parameter of time in determining the likelihood of
HTHA damage. This would be used for inspection interval
planning. They used two HTHA parameters, namely Py and
Py, to derive a hydrogen attack tendency parameter and
establish a chart for assessment of HTHA probability (i.e., the
“HAT chart”). Py =log (Py) +3.09 x 10°* x T x (log
(¢) + 14), where Py, is hydrogen pressure in kgflem?®, T is
operating temperature in Kelvin and ¢ is operating time in
hours. Py is “an expression of time dependency curves ... with
temper parameter, proposed by Japan Society of Material
Science.” Py = 3 X log (Pyp) + log (£) — 9.92 x 10%/Tand is
derived from Shewmon’s expansion/swelling rate theoretical
equation. Hattori and Aikawa (Ref 33) also proposed limits for
the calculated HAT for three intervals of inspection (i.e., 2, 4
and 6-8 years) and proposed empirically determined critical
values for both parameters Py and Py, above which the
component would be unsafe, for three conditions: normalized-
and-tempered base metal, PWHT’ed simulated HAZ and non-
PWHT’ed simulated HAZ.

A HAT chart is a combination of two diagrams (Ref 33): the
upper diagram is the Nelson curves (i.e., API Publication 941-
1983, 3™ edition) for carbon, 0.5Mo and 1Cr-0.5Mo steels and
the lower diagram shows the condition of hydrogen exposure in
terms of the HAT parameter (HAT =3 X log (Pyp) — 9.92 x

10%/T) and time in service (Fig. 5a). Based on the combination
of the HAT value and the exposure time, the equipment may be
in one of four possible zones: safe, unsafe for as-welded HAZ,
unsafe for PWHT’ed HAZ and unsafe for normalized-and-
tempered base metal. Later in 1997, Hattori (Ref 160) proposed
a “corrected HAT = HAT + AHAT” and an “advanced HAT
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Figure 5 Examples of HAT charts: (a) Original HAT chart (Ref 33); (b) Advanced HAT chart (Ref 160). (Redrawn from the original graphs)

chart” for welded C-0.5Mo steel to take into consideration the
effect of unstable carbides. AHAT = 1.3 x (quasi-M»;Cg
ratio) and the quasi-M,3Cq ratio was “quasi-M,3Cq versus
Fe;C in x-ray diffraction height.” (Perhaps, it was meant to be
the ratio of quasi-M,3C¢ carbide to all carbides or in other
words the quasi-M,3Cg¢ carbide fraction.) Plastic replicas were
used to extract the carbides non-destructively and determine the
ratio/fraction.

The advanced HAT chart comprised a third section between
the upper and the lower diagrams to shift the horizontal axis from
the original HAT to the corrected HAT and used the critical Pyy for
normalized-and-tempered base metal as the safe versus unsafe
criterion (Fig. 5b). Hattori presents an example, as shown in
Fig. 5b, for the use of HAT charts. The case represents a welded
C-0.5Mo steel component at a hydrogen partial pressure of
5 MPa and a temperature of 380 °C (653 K), which translates to
a HAT parameter of — 13.1. Using the original HAT chart (i.e.,
ignoring the middle section for carbide morphology), the
component would be in the safe zone after 100,000 h of service
(based on the base metal critical Py, value, rather than the HAZ
critical values in Fig. 5a). However, correcting for the presence of
70% quasi-M,3Cq carbides, a corrected HAT value of — 12.2 is
calculated that shifts the point to the unsafe zone even for the base
metal. Hattori also proposed a significant procedure in the form of
a flow chart “for assuring the structural integrity of C-0.5Mo
equipment” in service (Ref 160).

In 1999, Hattori et al. (Ref 182) presented a method to
evaluate the HTHA resistance of 0.5Mo steel equipment non-
destructively. This method involved hardness testing at the
HAZ (correlatable to Py threshold value) and identifying
carbide morphology of the base metal using plastic extraction
replicas and XRD. HAT charts were used to predict the
remaining life of the equipment.
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Nomura and Sakai (Ref 102) also used the two engineering
parameters, Py and Py, to establish 7P limit curves. They
showed the relationship between the parameters and the
theoretical equations (directly for Py and indirectly for Py).
They also used these parameters for 2.25Cr-1Mo steel, of
course with different constant values in the equations. In the
end, they showed that the 7—P limits (similar to the Nelson’s
curves) could be established through either a theoretical
approach (employing modeling and bubble size measurements)
or a parametric method, although they had to choose several
parameters in a relatively subjective manner or through a
“fitting approach”. A detailed report on derivation and
application of Py (for establishing time-dependent boundary
curves and to show the effects of applied stress and austenitic
overlay parametrically) was published by Sakai et al. (Ref 81)
in 2000.

Use of the parameter Py for establishing inspection and
prioritizing guidelines was included in API Publication 581
(2000) Appendix I and implemented by some North American
end users in the following years for HTHA assessment of C-
0.5Mo steel equipment (Ref 137, 180). However, the parameter
and its use in determining the susceptibility to HTHA was
removed in the third edition of API RP 581-2016 Section 19,
the reason for which was not stated.

16.4 Depth of Attack

Bisaro and Geiger (Ref 55) proposed that the maximum
depth of attack is a function of hydrogen pressure squared (i.c.,
Pip%). They could show that hydrogen permeation rate
increases over time and reaches a constant value that is a
function of temperature. The change in the permeation from the
initial value to the constant value (being a function of hydrogen
pressure squared) was found to be proportional to the maximum
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depth of attack. However, this discovery did not apparently lead
to propose a practical method for determining the depth of
attack in service. See Section 12.1 for some non-destructive
techniques for determining the depth of attack in service.

17. Modelling

The aim of this section is to briefly review, in a chrono-
logical order, the attempts made over the last six decades to
provide models for HTHA damage without delving into the
actual equations or the mathematics, which would be outside
the scope of this work. The aim of modeling is to provide a
predictive tool that is more accurate than the Nelson curves and
takes into considerations parameters in addition to temperature
and pressure, e.g., time and stress. Ultimately, models are
expected to be used in fitness for service, remaining life
assessment and inspection planning. In general, HTHA models
can be grouped in two categories (Ref 183): nucleation models
and growth models. Growth models are more sophisticated and
capable of predictions within an order of magnitude reportedly.
They consider methane production rate (represented by a
function of cavity size/volume) and either unconstrained or
constrained cavity growth by creep.

The first model on incubation thermodynamics and kinetics
of the attack was proposed by Weiner (Ref 40, 19). By
combining two equations he derived from experimental work
(one relating incubation time to temperature and the other to
pressure), Weiner formulated an equation for incubation time as
a function of pressure and temperature: ¢, = C P exp(Q/RT).
In this equation, ¢ is time in %, P is hydrogen partial pressure in
psi, T is temperature in K and R is gas constant (1.985 Cal/
K mol). He found an activation energy (Q) of 14.6 kCal/mole
for the reaction between carbon and hydrogen in iron as well as
the constant values of C =139 x 10° and n=3. This
equation has been accepted and cited by many researchers
and reviewers since then (e.g., (Ref 8, 65, 127)).

Vitovec presented a mathematical analysis of void growth
into fissures in Ref 63, considering several steps for hydrogen
and carbon reactions and several stages for the growth of
cavities. Cavity growth mechanisms include surface tension,
vacancy diffusion and dislocation movements. The last two
items are creep deformation mechanisms; dislocations become
the active mechanism after a certain degree of cavity growth,
i.e., when they are “large”. The model explained for incubation
time and the effect of stress on HTHA; the effects of internal
hydrogen pressure inside the cavities and the external stress
were “‘additively superimposed”.

For the next 2 decades, Vitovec continued working on
HTHA modeling (Ref 183) and in 1982 (Ref 65) he considered
eight reaction steps from adsorption of hydrogen atom at the
surface and dissolution of carbides to the final reaction between
H and C inside the voids. A goal in modeling is to find the most
time-controlling step to establish a kinetic analysis, which in
Vitovec’s opinion might depend upon conditions (e.g., humid-
ity facilitates decarburization). It should be added here that
Weiner concluded that carbide dissolution is the rate controlling
reaction for both incubation and embrittlement. Other research-
ers identified other sub-mechanisms as the rate controlling
factor: Thygeson and Molstad (Ref 76) concluded that the
chemical reaction to form methane was the rate-controlling
factor. Shewmon (Ref 154) believed that at high temperatures
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the rate controlling factor in incubation time for fissuring
(including bubble formation) is iron diffusion rate migrating
away from the growing cavities (“bubbles’’), whereas at lower
temperatures (and higher pressures) the limiting factor is carbon
supply (Ref 155).

Sagues et al. (Ref 25) used kinetic equations for methane
generation and cavity growth by creep or grain-boundary
diffusion in 1978. The growth mechanism was found to be a
function of temperature and pressure. They found that two
processes determine the rate of damage: expansion by creep
and surface-reaction rates for methane production.

McKimpson and Shewmon (Ref 184) used an in-situ
dilatometer in 1981 to investigate the initial-stage kinetics of
HTHA in a carbon steel with 0.3% C. They presented two
models for expansion of bubbles resulting in the swelling of
steel: a diffusional model and a power-law creep equation. At
the earlier stage when the bubbles are small, growth rate based
on grain-boundary diffusion model is virtually independent of
bubble size. The creep model, on the other hand, predicts a
strong dependence on bubble size (at all sizes) as well as
methane pressure. They concluded that the constant rate of
expansion at the initial stage (as revealed by highly sensitive
dilatometry) suggests that the primary mechanism of early
expansion under both regimes of the Nelson curves (i.e., low-
temperature, high-pressure regime and high-temperature, low-
pressure regime) is grain-boundary diffusion that moves iron
atoms away from the bubble surface and is driven by “near-
equilibrium internal methane pressure”. During the rapid
attack, the mechanism of expansion is probably power-law
creep.

Similarly, Sundararajan and Shewmon (Ref 104) elaborated
on the kinetics of bubble growth through the two parallel
processes of power-law dislocation creep and grain-boundary
diffusion in 1981. They addressed mechanisms of cavity
surface diffusion and matrix accommodation (i.e., creep
deformation of the adjacent grains). In grain-boundary diffu-
sion model, bubble growth rate is a linear function of methane
pressure. In the creep model, there is a power-law dependence
(i.e., exponent 1) on methane pressure as well as bubble size.

Shih and Johnson (Ref 27) calculated the Nelson curve for
carbon steel in 1982, based on a void growth model that
involved methane reaction kinetics. Methane pressure was
considered the driving force and the growth process was
considered to be achieved by grain-boundary diffusion at the
early stage of damage and later by creep.

Realizing that methane pressure in bubbles is significantly
lower than methane fugacity, Odette and Vagarali (Ref 59)
presented an “equation-of-state” in 1982 for a better assess-
ment of methane pressure (in carbon steel), which is necessary
for a successful modeling.

Parthasarathy (Ref 75) proposed a model in 1985 based on
constraint-free growth of methane bubbles along the grain
boundaries. The density of the bubbles would determine the
HTHA strain rate, which depends on steel composition.

The synergy between creep deformation due to external
stress and grain boundary cavitation due to methane bubble
growth was numerically investigated in 1987 by Shewmon (Ref
185). The model took into consideration the interaction
between bubble pressure, power-law creep and grain-boundary
diffusion. It was found that the controlling mechanism is
power-law creep under this synergistic condition.

In all these models of late 1970s and early 1980s, an
equation of the form & = C Pcp4” exp(— Q/RT) is assumed for
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the incubation strain rate. The value of the exponent n, when
determined experimentally by dilatometry, indicates the growth
mechanism: grain-boundary diffusion (n = 1-2), bubble surface
diffusion (n = 2-7) or dislocation creep (n = 7-10) (Ref 6).
Note that a similar equation can be considered based on the
hydrogen pressure instead of methane pressure, in which case
the values of C, n and Q would be different.

Through several papers between 1996 and 1998, Van der
Burg, Van der Giessen and colleagues (Ref 34-36, 58, 84, 186)
provided models to calculate HTHA damage and the remaining
life of the component in HTHA-susceptible service. In 1996,
they started from Odette-Vagarali model for methane pressure
calculation (Ref 59) and added a model for the growth and
coalescence of grain-boundary cavities under macro-scale
stress. The model was used for the calculation of the Nelson
curves. The results were presented in a non-dimensional form.
They expanded on the refinement of their original theoretical
model to predict HTHA in their subsequent articles, for
instance by presenting a 3-D version of the continuum damage
relationship (Ref 34). Time of failure was considered to be
reaching a growth ratio of a/b = 0.7 for penny-shaped cavities
of diameter 2a and center-to-center spacing of 2b. In 1997, they
developed a two-dimensional “continuous damage relation”
that was verified by finite-element analysis. The continuous
damage relation was based on creep deformation along with
two extreme/contrasting modes for HTHA cavitation, i.e., the
uniform ‘dilatant’ cavitation mode (where creep deformation of
the grains is negligible) and the non-uniform cavitation mode
(with significant grain creep deformation). In 1998, they
applied the model to a specific steel (2.25Cr-1Mo) and
concluded that cavitation is initially accelerated by stress,
whereas it is decelerated by stress later towards the end of the
lifetime. The deceleration was thought to be due to a
compressive stress development (from the adjacent grains)
after re-distribution of internal stresses.

Brear and Church (Ref 187) also attempted in 1996 to
include the effect of stress and time in a mechanistic model
divided into two types of damage, namely surface decarbur-
ization and internal attack. They consider a ‘“‘degeneration
acceleration factor” for the effect of stress after Chuang et al.
(Ref 188) as well as a “continuum damage mechanics”
formulation to include the effects of creep damage.

In 2000, Schlogl et al. (Ref 189) presented a sub-lattice
model to calculate the equilibrium methane pressure as a
function of the Gibbs energy of different carbide types (M,Cs,
M;3Cs, MgC and M,C) and volume fractions in 2.25Cr-1Mo
steel at different temperatures and estimate the HTHA lifetime.
In their 2001 model, Schlogl et al. (Ref 161) coupled methane
pressure with cavity growth (unlike some earlier models, in
which they were decoupled). The modeling of carbide disso-
lution and diffusion of metal and carbon allowed considering a
non-equilibrium condition, which was thought to be more
relevant to industrial situations.

Also in 2001, Van der Geissen and Schlogl (Ref 190)
presented a model that described the secondary and tertiary
stages of creep coupled with HTHA. As a simplifying
assumption, the methane gas was assumed to be in equilibrium
condition (unlike in their other paper of 2001 mentioned
above). On the other hand, Schlogl and Van der Geissen (Ref
191) presented in 2002 a numerical microstructure model that
included a fewer simplifying assumptions (compared to their
earlier models). The model was based on variation approach
that coupled two processes, namely carbon diffusion in ferrite
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and the chemical reaction between hydrogen and carbon to
form methane. Since the problem became very sophisticated
and nonlinear, FEA was used to solve the problem. They
acknowledged that the diffusion rate of the metal atom at the
dissolving carbide may be the rate controlling process, which
they intended to incorporate in future research.

The number of papers on modeling decreased significantly
post 2002. As an example of post-2002 paper on modeling for
HTHA, the article published in 2011 by Tang et al. (Ref 192)
can be mentioned. Through a micromechanics model and
computational study, they examined the effect of internal
hydrogen and methane pressure on the creep crack growth rate.
They took into consideration the effect of traction pressure on
the crack flank, which they considered an improvement to their
earlier works between 2002 and 2008.

Panzarella and Cochran (Ref 49) developed a mechanistic
model of HTHA damage propagation between 2013 and 2016
to be used for FFS evaluation and risk-based inspection
decision making. The model was to be proposed as a new Part
15 of API 579-1/ASME FFS-1 in its ““‘upcoming edition”. Two
sub-models were developed based on “cavity-like” and
“crack-like” damage (i.e., volumetric vs. planar). The volu-
metric damage model is based on the Materials Properties
Council Omega creep damage model (API 579, Part 10),
modified to account for the internal cavity stress due to methane
pressure. Cavities coalesce and form microcracks and macro-
cracks. The crack-growth model accounts for accelerated crack
growth due to hydrogen interaction and is based on a functional
analysis and design type of approach that uses empirically
measured crack growth rates modified for hydrogen. Two types
of damage propagation are considered for the two types of
damage. Failure time is defined as the time the equivalent
effective (von Mises) stress reaches ultimate tensile strength at
any point in the wall. The remaining life is calculated by
subtracting the current service life from the calculated failure
time. Panzarella and Cochran included many parameters/vari-
ables in their models, such as the effect of the “thinning wall”
(i.e., reduction of the undamaged wall thickness upon damage
accumulation) on hydrogen diffusivity and solubility, material-
specific carbon activity, cladding effect, empirical methane
fugacity-pressure relationship as a non-ideal gas, kinetics and
dynamics of methane formation, the methane pressure drop
upon cavity growth, residual stress and welding effects, and the
effects of variable operating cycles. They proposed three levels
of inspection for FFS: Level 1 is a screening procedure based
on the available preliminary “screening curves”, whereas
Levels 2 and 3 are two levels of in-depth analysis (applicable to
the cases that fail Level 1 screening), in which the shortest
perdition of each model (i.e., volumetric vs. planar) is reported
as the remaining life.

In 2019, Johnson et al. (Ref 193) briefly presented two
methodologies for life assessment of equipment in hydrogen
services and a better understanding of the effects of time and
stress on the component’s life. Through the ‘“screening”
method (Model 1), a damage index (DI) was calculated by
integrating the damage rate (expressed by Parthasarathy
equation and using Orr-Sherby-Dorn interpretation) over a
period of time. They provided a guideline for the interpretation
of different values of DI and categorization of the condition
into various levels of damage likelihood. The “advanced”
method predicts damage progress through the wall and the two
models separate volumetric damage (Model 2) from crack
growth (Model 3).
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In 2020, Chavoshi et al. (Ref 194, 195) presented a
continuum damage mechanics model that combined creep and
HTHA damage to evaluate FFS of a C-0.5Mo steel after
80,000 h at 350-500 °C and under a hydrogen pressure of
4 MPa. The model, incorporated into finite element analysis,
used hydrogen fugacity and a coupling between Fick’s
diffusion law and a multi-axial creep ductility model.

It should be added that many modelling approaches yield
sophisticated equations that need to be solved through numer-
ical analysis. There have also been some attempts to present
simplified closed-form analytical equations, for instance for the
incubation period (Ref 196) or the radius and density of
bubbles formed during the incubation period of HTHA in
quenched-and-tempered 2.25Cr-1Mo steel (Ref 197), by ignor-
ing some factors. Dadfarnia et al. (Ref 198) also presented in
2019 “a simple (one-dimensional) constraint-based model” by
improving the mechanistic models of 1980s. They established
Nelson-type curves for the material at different levels of stress;
the curves were no longer merely phenomenological (i.e., safe
vs. unsafe), but showed time to failure. In comparison with
experimental results, the model was reportedly satisfactory
under external stress, but not under no external stress.

18. Fitness for Service and Life Assessment

The advancements in NDE and modelling have paved the
way for development in FFS, remaining life assessment and
inspection planning. A major work in this field took place in
Japan in the 1970s and 1980s, for instance upon the develop-
ment of HAT charts (Section 16.3), as reported by Hattori et al.
(Ref 182). FFS and life assessment likely gained increasing
attention in North America in the 1990s and afterwards (Ref
113, 140). Material Properties Council reported the develop-
ment of databases on materials exposed to hydrogen (esp.
2.25Cr-1Mo steel) at least since 1990s (but likely starting from
the 1970s) to be used for life assessment (Ref 113).

Another major work in this field initiated in 2013 by the
Equity Engineering Group through a joint industry project, after
development of volumetric and crack-like damage models (Ref
49), as discussed in Section 17. More recently, Wilkowski et al.
(Ref 199) discussed the application of leak-before-break
concept (that had been developed in the nuclear industry for
some decades) to HTHA, particularly for non-PWHT’ed
seamless carbon steel piping with girth welds. They provided
details on the effect of start-stop positions of different weld
passes on crack initiation locations and discussed the effects of
inside-initiated crack/flaw on impact toughness (transition
temperature) and fracture toughness (crack tip opening dis-
placement and J-R curve) of carbon steel.

Franceschini et al. (Ref 200) used a temperature-based
“assessment point margin” (compared to API 941-2016 for
PWHT’ed carbon steel) for carbon and 0.5Mo steel at a given
hydrogen partial pressure. The probability of failure was
considered high, medium, low or very low when the point was
within 0-10, 10-30, 30-60 and over 60 °C of the curve,
respectively. Then a consequence of failure categorization was
established based on the magnitude of the plant area affected
upon a failure. The combination of probability of failure and
consequence of failure established the risk matrix. Detailed
HTHA evaluation (based on models that took into account time
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in service and stress in addition to 7 and P) was performed on
the component with a risk index of high or medium-high.

Prueter et al. (Ref 201) reported a case study of FFS of a
vintage C-0.5Mo steel pipe in hydrogen service for over 45
years, in which NDE results and fracture mechanics were used
to provide guidelines for safe shutdowns and start-ups to avoid
brittle fracture. They determined minimum pressurizing tem-
perature and developed IOW’s as short-term measures until the
pipe could be replaced.

Johnson et al. (Ref 193) developed two methodologies for
life assessment and FFS: screening (“classifying and ranking
equipment”) and advanced assessment (“predicting through-
wall damage progression®). In both methods, the effect of time
was considered. In the screening method, a damage index was
calculated by integrating the damage rate over a period of time.
They presented incubation time (after Weiner’s definition and
data) versus methane partial pressure in a Larson-Miller form.
Then they provided a guideline for different values of DI from
incubation to the onset of failure in four categories, D
(DI < 0.1), C (0.1 < DI < 0.25), B (0.25 < DI < 0.4)
and A (DI > 0.4). These models neglected the effect of
applied stress. In the advanced assessment method, they used
the ”accepted FFS methods and principles* (as opposed to a
true FFS method as per general methodology of API 579-1) to
determine “minimum detection limit” of the inspection method
and the “critical flaw size”. They also separated ““volumetric
HTHA damage” model from ““crack-growth” model.

19. Related/Accompanying Mechanisms

In many industrial cases, HTHA is preceded, accompanied,
or proceeded by other damage mechanisms, such as corrosion,
creep and corrosion fatigue. Since HTHA is a small-scale
microscopic damage and the other mechanisms are larger-scale
macroscopic damage, HTHA can be overlooked. Corrosion and
scale formation/build-up inside the HTHA cracks open to the
inside surface can result in “wedge opening” stresses at the tip
of the cracks upon cooling (as experienced over shutdowns),
which in turn can promote further HTHA crack growth or crack
propagation without HTHA (Ref 68). In practice, a complete
separation of HTHA from creep, creep-embrittlement, temper
embrittlement, stress relaxation cracking and stress relief
cracking may be difficult and all such closely related damage
mechanisms need to be considered in high-temperature studies
for Cr-Mo steels, as demonstrated by Imanaka et al. (Ref 89).
The possible interaction among HTHA and two main damage
groups, namely creep and metallurgical aging (including grain-
boundary segregation and precipitation), is symbolically shown
in Fig. 6. The main damage mechanisms related to HTHA are
briefly reviewed below and the similarities and differences
between these mechanisms and HTHA are summarized in
Table 3.

19.1 Decarburization

Decarburization is an elevated-temperature damage mecha-
nism of carbon steel and low-alloy steel that involves carbide
dissolution and atomic carbon diffusion to the surface, where
insoluble gasses (e.g., CH4 or CO/CO,) can form. Decarbur-
ization results in loss of strength and hardness (Ref 202). As
described in Section 10, the main HTHA damage mechanism
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involves internal decarburization and grain-boundary methane
bubble formation that leads to fissuring. With the increase of
temperature above approximately 600 °C, surface decarburiza-
tion may replace internal HTHA.

19.2 Hydrogen Embrittlement

As described in Section 4, HE is a low-temperature
reversible/temporary embrittlement due to absorption of hydro-
gen that typically affects relatively low-strain-rate properties
(such as tensile properties) rather than high-strain-rate proper-
ties (such as impact toughness). Proper heat treatment (i.e.,
annealing at approximately 200-300 °C for several hours) can
result in diffusion of hydrogen out of the material and recovery
of the affected properties. In many cases, hydrogen damage
(upon cooling (Ref 68)) and HTHA (at the elevated temperature
of service) may form on the same equipment. To avoid
hydrogen damage upon cooling, adequate time should be given
between approximately 300 and 200 °C for dissolved hydrogen
to diffuse out of the metal (Ref 203).

19.3 Creep

Creep is the time-dependent deformation of the material
under sustained stress at an elevated temperature, typically over
40-50% of Ty, where Ty, is the melting temperature of the
material in Kelvin (Ref 204). Creep can cause formation of
intergranular voids and fissures that would evolve into micro-
cracks and macrocracks that are perpendicular to the applied
principal stress. Research shows that there can be significant
similarity, interaction and synergy between creep and HTHA.
The synergy increases in the low-pressure, high-temperature
regime of HTHA (Ref 46). The threshold temperature for creep
damage of carbon steel, 0.5Mo steel, normalized-and-tempered
1.25Cr-0.5Mo steel and 3Cr-1Mo-V steel are reported to be
345 °C (650 °F), 400 °C (750 °F), 425 °C (800 °F) and
440 °C (825 °F), respectively, in API RP 571 (Ref 204).

The similarity in nucleation of grain-boundary cavities in
creep and HTHA is to the extent that some researchers have
proposed the same mechanism(s) for both (e.g., the “void
sheet” theory by Hirth (Ref 205)). Methane bubbles (i.c.,
cavities) are believed to grow by creep deformation (Ref 25).
As reported by Fletcher and Elsea (Ref 4), Kolgatin et al.
(1959) studied the effect of HTHA on creep, when HTHA was
significant. HTHA not only decreased endurance (long-time

Metallurgical
Aging

Figure 6 Interactions among three main groups of elevated-
temperature damage mechanisms
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Table 3 Comparison between HTHA and some other damage mechanisms

7]
[}
2
=5
Q
[}
2
[}
g
v
=
o
&0 3
O =
2. a3
25 g¢2¥dx=
=
23 © Q395w 2
—go j:ﬁ%.g 9
o S P s
S8 EEZE® 5%
<| 3= 2&£8= £5§
= 2 .. 5 o8 ¥ =@
Q o) = S A < 5
) ST S = 0 RSISS
- g O® ® & Bh =
° 5 ES un @
E n < L s - Sw
S s 5 pE8E =¢
- © %‘DOQQ:E E.S:‘
b 4.8 EE <=8 o2
@« e = Ea
2 £ = S o= 3 2
5] = T o .. -
2 = 2 MRS S S =
) 8 Qw0 g S
- < = EE‘Sb Q)%
é = = A s 32 =
E| WS _ 583 E2
a g 2228823
LS 0o &= 00 E
b7 w "8 E" S &0
»n Q
S e 008 8 e
G s 0o =3 v 1%
o_:v‘5~;.$§a®
» EES8%<=08 5 ¢
2w e S22 os 5 &
o » 5 [ R 7R S
.—QEQ’E"-o'Oo'U
o8 &0 .= o
E£>E—cw§2cﬂ®
L, BhE 898y g =
L = T < »n 2R
= Q2 wi & ».a5 0
=1 O - g >
17 S o S =
T > 0 < S
o R——5g 9 €909
E=m s 2 O .8F O
> oS 2z R O
e T oEacs2383
Q-Eo'"'”‘”:‘g_c
S = m= 2 9 3 =]
5T 35382 ¢
2 SoET a0 o B
72}
B
72}
=]
.2
w)
2
5 &
s .2 i
k=) =
N = EBo &
wn 9 i
< - B
e & FE 2
< 5 g I o
E o e 8.8 =
< = ] =
Tz 5 §f S8
s | E & w3 8%
= s T =22 'gg
z 4y & € 7
) < < & O O w
@ <= 5. ]
) b S = - o P
= < O B s O B
= 3. [= S esg o @2
= 15} 5 ES e 2
= ) O EREoaS
— . o = QmoE
£ = 5 g8 ¢
El g = ZESE:s8
21y F 85855
N 2 TEZTTE o
3 g fnggg‘s“
. -
K 38 = I S5
3 s S ®ssa
— 2 8 8%
R B ETESES:3
£ 5, = & o0
= @ B 0O p 8 & “
s > c 7=
E ] = 2 LT e
. - — = =
7] = O="m o=
E. g :>‘D"“§;~
8= s <.E 2T S5 3
-
=
£ £
Z 2
= p=
] = o
= | § 5 =
g| & g =
E| 8 ° 2
= = =
s 2 & °
s | = S A 5]
£ & = & 5]
137 9 o =
< O > = [}
[=] A — O ~

Journal of Materials Engineering and Performance



strength) greatly, but also made the failure appear brittle and
intergranular without significant amount of deformation (that
was present during tests in nitrogen). The effect of stress on
HTHA was studied by stress-rupture testing in hydrogen as
compared to the test in argon. Hydrogen affected negatively the
stress-rupture properties and the rate of hydrogen attack was
increased by creep.

Allen et al. (Ref 164) found a loss in the creep rupture
strength of normalized mild steel (AISI 1020) in hydrogen at
400-1400 psi and 800-1000 °F, compared to the same test in
argon. The relative loss of strength (noted as high as 60%)
typically increased with increasing exposure time (i.e., “time to
fracture”). It was also found that the HTHA rate increases by
stress during creep and fissures formed mostly along grain
boundaries and in the direction normal to the stress, when
compared to an unstressed sample in which fissures occurred
mostly along MnS inclusions elongated in the rolling direction.

Looney et al. (Ref 77) also investigated the combined effects
of HTHA and creep deformation on 2.25Cr-1Mo steel at 600
°C in 1998. They observed that, when tested in hydrogen
atmosphere (as compared to that in argon), the creep-rupture
deformation decreased drastically, brittle cracks formed at the
stress riser notch machined in the tubular and more cavitation
formed in the steel. Note that the distinction between HTHA
cavities and creep cavities are often difficult (Ref 154).

19.4 Creep Embrittlement

In its broadest scope, creep embrittlement can be defined as
a reduction in creep or creep-rupture ductility (e.g., as
manifested by reduction of elongation or reduction-in-area
upon lab testing) due to the involvement of other mechanisms
such as strain ageing, grain-boundary segregation/precipitation
and HTHA. Therefore, HTHA may be considered as a cause of
creep embrittlement, when HTHA and creep are both active.
Bruskato (Ref 206) examined the effect of composition on
temper embrittlement and creep embrittlement of 2.25Cr-1Mo
steel welds. He suspected that impurities and some solutes
(especially silicon, manganese, phosphorous and tin, followed
by arsenic and antimony) could be an underlying cause of both
damage mechanisms.

19.5 Reheat Cracking

Reheat cracking is intergranular cracking of an alloy at the
elevated temperature of service or during heat treatment
without significant deformation (i.e., unlike typical creep).
The main cause of reheat cracking is metallurgical alteration of
the microstructure, such as grain-boundary segregation and
precipitation, or intragranular precipitation and hardening.
Stress relaxation cracking is another term that applies to a
special type of reheat cracking (when the stress is residual and/
or the stress level decreases upon cracking). If the cracking
occurs upon PWHT, the term stress relief cracking is typically
used. Vanadium addition to Cr-Mo steel to improve elevated-
temperature service cracking (such as creep and HTHA) is
believed to compromise the stress relief cracking of the material
upon PWHT. To counteract this possible detrimental effect, the
sulfur level is typically limited to 0.002% (Ref 90, 91).

19.6 Fatigue and Gorrosion-Fatigue

Typically, the internal damage introduced by HTHA facil-
itates the initiation of a progressive cracking mechanism such
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as (thermal/mechanical) fatigue or corrosion-fatigue, rather than
an instantaneous overload fracture. This becomes a significant
factor after Stage 1 HTHA, i.e., upon the formation of fissures.
Prior HTHA damage may not affect the fatigue propagation rate
significantly (although it does slightly), as studied by Pendse
and Ritchie (Ref 207) on quenched-and-tempered Mn-Mo-Ni
steel and normalized-and-tempered 2.25Cr-1Mo steel. A case
of sulphidation-driven damage after significant HTHA fissuring
was examined by McLaughlin et al. (Ref 68).

Suh et al. (Ref 52) studied the effect of HTHA on high-
frequency high-cycle fatigue life of Inconel 718 alloy. The
fatigue life was decreased 10-20% after exposure to hydrogen
at 100 bar and 300 °C for 72-100 h. A similar study was
carried out by Nahm et al. (Ref 208) on Type 316L stainless
steel that showed a similar result.

20. Case Study

The failure of the inlet flange of a hydrogenerator reactor
piping that was reported elsewhere (Ref 71) in detail is very
briefly reviewed here in order to demonstrate the use of the
incubation curves (that was not achieved in the previous
publication). The use of optical and scanning -electron
microscopy in both the as-polished and as-etched conditions
of a metallographic sample is also demonstrated.

The NPS 6, Schedule 10, non-PWHT’ed carbon steel piping
leaked after 47 years of service upon the formation of a
circumferential crack on one side of the flange neck (i.e., the
extrados). Natural gas with less than 15 ppm H,S (reportedly)
and some recycle hydrogen gas ran through the piping at
approximately 750 °F (400 °C) and 400 psi (2.8 MPa). Hydro-
gen partial pressure was temporarily increased 3 years prior to
the failure from 64 psia in average to 116 psia for a period of
275 days.

Metallographic examination revealed a through-wall, scale-
filled crack in the sub-critical HAZ of the flange (Fig. 7a).
Microscopic examination revealed regions of intergranular
fissures with limited internal decarburization (Fig. 7b-e). SEM
examination revealed small cavities (i.e., likely methane
bubbles) along grain boundaries (Fig. 7f) without noticeable
grain distortion (i.e., consistent with HTHA as opposed to creep
deformation and cracking). HTHA damage had drastically
compromised the Charpy impact toughness of the flange. XRD
analysis revealed that the internal scale was 97% iron sulfide
(pyrrhotite and troilite). EDX analysis showed that the scale on
the main crack was also made predominantly of iron and sulfur.

It was concluded that HTHA damage formed during the
upset period, whereas the crack propagation to failure occurred
after return to the normal condition by another damage
mechanism (likely a combination of sulfide scale formation/
accumulation inside the cracks and hydrogen embrittlement
upon shutdowns). After return to the normal condition, NDE
inspection should have been performed on the component
periodically and the piping should have been replaced.

Figure 8 shows the pre-2016 API RP 941 incubation curves
for carbon steel. No revised incubation curves are yet available
for welded (but not PWHT’ ed) carbon steel. The solid line in
Fig. 8 shows the main pre-2016 carbon steel curve, i.e., the
long-term exposure limit [typically considered 200,000 h (Ref
180)], whereas the dashed lines show the limits for some
shorter exposure periods. The normal operating condition was
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Figure 7 Metallographic examination results: (a) weld macro-section; (b) as-etched optical micrograph of an area adjacent to the main crack
and close to the inside surface, 100x; (c) the same area as in ‘b’ as polished; (d) the same area as in ’b’ as viewed in SEM; (e) SEM image of
internal fissures near the main cracks, 500x; (f) grain-boundary cavitation, 10,000x

below the main curve and as such it was considered to be in the
safe zone. This is in agreement with the results of an inspection
performed on the piping 4 years prior to the failure that
revealed no cracking. The upset condition, however, was above
the long-term exposure carbon steel curve, but below the curve
for 10,000 h (417 days) exposure. This means that, based on
these incubation curves, detectable HTHA damage should not
have occurred after an upset period of only 275 days at 750 °F
and 116 psia Pyp.

The hydrogen partial pressure limit at 750 °F can be plotted
versus exposure period, as shown in Fig. 9. Interpolation of the
data in Fig. 9 for a duration of 6600 h (i.e., 275 days) of upset
condition gives a hydrogen partial pressure limit of approxi-
mately 191 psia. This means that if the component was in
service at an upset condition of 750 °F and 191 psia Py,
detectable HTHA damage would likely occur after 275 days.
However, HTHA damage occurred at a lower hydrogen
pressure of 116 psia. The discrepancy may be due to the
contributing factors in the failure, particularly lack of PWHT.
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As per the eighth edition of API RP 941 (2016), the
incubation curves for carbon steel are for non-welded or
PWHT’ed equipment only and no incubation curves are
available for welded carbon steel. As a simplified solution,
one could shift all the incubation curves 50 psia to the left and
50 °F down, i.e., the shift made by API RP 941-2016 to the
long-term carbon steel curve. This would place the upset
condition between the 10,000 and 1000 h incubation curves
(Fig. 10), meaning that the upset condition would be unsafe for
10,000 h exposure but safe for 1000 h condition, consistent
with the observed HTHA damage after 6600 h exposure.
Interpolation of the data for a duration of 6600 h on a graph of
shifted incubation time versus pressure at 750 °F (not presented
here, but similar to that in Fig. 9) gives a hydrogen partial
pressure limit of approximately 126 psia, which is close to the
upset condition of 116 psia.

It can be concluded from this case study that the new curve
for non-PWHT’ed carbon steel appeared too conservative for
the inlet piping, as it would suggest that the normal condition
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Figure 9 Hydrogen partial pressure limit vs. time in service for carbon steel (not welded, or welded and PWHT’ed) at 750 °F

was unsafe for long-term exposure (e.g., over 200,000 h or
23 years). Therefore, in terms of long-term exposure, the pre-
2016 curve appeared more applicable by showing that the
normal condition would be safe, but the upset condition would
be unsafe. The pre-2016 incubation curves, on the other hand,
could not predict the HTHA damage at the upset condition.
Shifted incubation curves to lower temperature and pressure,
however, predicted the HTHA damage during the upset period
nicely, in support of the 2016 distinction that the available
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incubation curves are not to be used for non-PWHT’ed carbon
steel. These two contradictory observations regarding the 2016
changes to API RP 941 curves may come from the fact that the
incubation curves are generally less accurate for predictions
than the long-term curves and may need to be re-established in
the future more accurately. The case study was also a reminder
that an assessment of the points of high stress on all equipment
(i.e., the extrados of the flanged end in this case) is necessary
for strategic and successful inspection planning.
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Figure 10 Shifted incubation curves for non-PWHT’ed carbon steel
21. Future Research Need and Challenges

The two main areas of research and development in HTHA
should be NDE inspection and prediction. From the review of
NDE papers in the past few decades, it appears that the industry
is on the right path and with the emerging technological
development there should be significant progress in detection
and sizing of damage at Stage 2 of HTHA or, possibly, at the
transition between Stage 1 (incubation) and Stage 2 (rapid
attack). The detection of microscopic grain-boundary bubbles
close to the inside surface of a vessel (i.e., within Stage 1),
however, will most likely remain unachievable by NDE.

Many attempts have been made in the past six decades in
developing theoretical models that take into account parameters
not considered directly by the Nelson curves, particularly time
and stress. Unfortunately, no single model has yet emerged to
be accepted globally for the prediction of HTHA failures. What
industry likely needs is the continuation in development of
simple prediction tools, such as reliable boundary conditions
and incubation curves (with clear criteria for attack) and/or
HAT charts (including critical values of Py or Py for different
conditions) for the main generic steel types and in different
conditions (i.e., with and without PWHT for carbon steel). This
could take care of the effect of time in a practical way.

Although the effect of stress is not addressed in the Nelson
curves explicitly and no 7-P contours (similar to incubation
curves) are available for the effect of stress, “normal” service
stress is inherently included in the Nelson curves. The curves
are established primarily based on the actual industrial data and
all equipment in service are subjected to external stress (i.e.,
internal-pressure-induced hoop and axial stresses as well as
bending stresses at the flanges that fluctuate upon heating and
cooling cycles). Conceivably, the reported HTHA damage (or
at least failures) had occurred at the areas of high stress.
Therefore, as long as the magnitude of stress is not unusually
high on a component, the Nelson curves (or Nelson-type
curves) should remain to be a reasonable predictive tool for
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HTHA failures. The results of the case study presented in
Section 20 is a testimony to this opinion. The case study
showed that although the transverse crack occurred on one side
(i.e., the extrados), indicative of a significant bending stress, the
pre-2016 Nelson curve for carbon steel predicted the long-term
HTHA response of the spool correctly. There was a discrepancy
when using the incubation curves, but that can be rectified by
establishing more accurate incubation curves (for both
PWHT’ed and non-PWHT’ed conditions) with consistent crite-
ria for attack.

Nevertheless, it would be beneficial to have some labora-
tory-based 7-P contours for each generic material group at
several levels of external stress, e.g., 0, 25, 50 and 75% of the
nominal yield strength. Interpolation of the data derived from
plotting a variable of interest (e.g., #, T or P) against the external
stress level can predict the possibility of HTHA damage under a
specific level of stress determined for a location of high-stress
on a component. Stress estimation may be done through
analytical or numerical calculations. High-temperature strain
gauges may also be used during start-up heating to assess
thermally induced stresses on the components.

22. Conclusions

The following conclusions can be drawn from the historical
review of HTHA investigations between 1930 and 2020:

1. HTHA was discovered in the early twentieth century in
Germany. Our understanding of the damage mecha-
nism(s) and our knowledge on its different aspects grew
decade by decade. Distribution of the published articles
on the subject since 1930 reveals several peaks, some
of which were shortly after catastrophes, namely WWII
and the deadly plant explosions in Japan (1982) and
USA (2010), and the subsequent changes to regulations
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and recommended practices (especially API RP 941 in
1990 and 2016).

In terms of terminology, hydrogen attack was the preva-
lent term in the twentieth century referring to the high-
temperature, irreversible hydrogen damage. In the
twenty first century, high-temperature hydrogen attack
(with the acronym HTHA) became the predominant
term, after going through some transitional terms such
as hot hydrogen attack, to distinguish it from the low-
temperature, reversible hydrogen embrittlement.

HTHA can result in bubble nucleation at inclusions, car-
bides or grain-boundaries (that may or may not have
second phases). The chemical reaction between atomic
hydrogen and solutes, carbides or inclusions can result
in the formation of non-soluble gasses such as methane,
molecular hydrogen, hydrogen sulphide, steam or
ammonia in the cavities. Methane formation is the main
chemical reaction in HTHA of steel.

HTHA occurs in carbon steel in the temperature range
200-600 °C, with 0.7 MPa (100 psia) hydrogen partial
pressure minimum. Many factors can affect the suscepti-
bility temperature range and the rate of damage, such as
(residual or applied) stress, (actual as opposed to nomi-
nal) composition and prior thermal history (i.e., heat
treatment or welding).

HTHA resistance depends on the activity of carbon
(and, to a lesser degree, other solutes such as sulphur
and oxygen), which is a function of matrix solubility
for carbon, carbide stability and carbon/carbide concen-
tration. Other factors include grain-boundary condition
(i.e., surface energy and solute segregation concentration
that may have a retarding effect on carbon diffusion
along the grain boundary or may conceivably affect
decohesion strength at the grain boundary), surface con-
dition (where hydrogen adsorption, dissociation and in-
gress occurs) and the matrix creep strength (affecting
the methane bubble growth rate).

HTHA is described to have two main forms, namely
surface decarburization (without fissuring) and internal
decarburization along with fissuring. In reality, only the
latter is due to HTHA and resulting in the entrapment
of non-soluble gasses in the metal. The former occurs
by carbon diffusion to the surface, is driven by carbon
concentration gradient, occurs mostly at temperatures
higher than methane formation temperature limit (i.e.,
approximately 600 °C) and does not require hydrogen
ingress into the metal. Surface decarburization can also
take place in oxidizing environments.

The recent distinction of non-conventional or non-classi-
cal HTHA (based on damage morphology, damage loca-
tion, prior thermal history (particularly PWHT) and
service conditions) may not be necessary and may need
careful reconsideration. HTHA may manifest itself
somewhat differently under different conditions (e.g.,
based on the magnitude of applied stress) or at different
weld/HAZ sub-regions.

The three main stages of attack (based on mechanical
property change) are incubation, rapid attack and satura-
tion (or steady state). There have been many other cate-
gorizations based on different aspects of the damage
such as chemical reaction and kinetics steps. The divi-
sion of the incubation period to detectable and non-de-
tectable in the seventh and the eighth editions of API
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11.

12.

13.

14.

15.

RP 941 with evolving descriptions may require revalua-
tion especially in terms of the provided descriptions that
appear problematic, as discussed in Section 9.2.

It cannot be determined which weld region (i.e., weld
metal or different HAZ sub-regions) is most susceptible
to HTHA. Many factors (such as stress, composition
and thermal history) affect the area of highest suscepti-
bility. There have been several reports of failure of pip-
ing weldments just outside the HAZ, i.e., in the sub-
critical HAZ, that has not been studied well either
experimentally or theoretically.

Detection and sizing of HTHA damage in its early stage
of growth (i.e., prior to the formation of macro-cracks)
by NDE is a key field of research that is still under
development and progress. There are several UT tech-
niques that have shown promise in the detection of
HTHA damage at relatively early stages of attack,
examples of which include AUBT, TOFD and PAUT
with or without total focusing method. The degree of
success of a method/technique is not merely an inherent
factor and it depends largely on the procedural details
(such as selection of parameters) and the skill of the
technician who executes the test.

All HTHA 1lab tests should be compared with a test in
argon in order to separate HTHA from metallurgical
ageing. In addition, the samples need to be degassed by
low-temperature annealing (e.g., in vacuum at 250 °C
for 3 h) after the exposure to hydrogen at the elevated
temperature and prior to mechanical testing to remove
diffusible hydrogen and separate HTHA from HE.

Very high-temperature annealing, e.g., isothermally at
680-900 °C for several hours or cyclically between the
room temperature and 1000 °C with a total time of 10
h, has been proposed for healing of microscopic HTHA
damage and recovery of (some) properties in the past.
However, the associated changes in the microstructure
(due to austenitization and grain growth) and mechani-
cal properties raise doubt on the practicality/usefulness
of such procedures.

The Nelson curve for 0.5Mo steel was removed from
API Publication 941 in 1990 after receiving many fail-
ure reports of 0.5Mo steel equipment under the Nelson
curve (i.e., in the safe zone). The problem with this type
of material appears to be due to the effects of heat treat-
ment and actual composition on the carbide type and
stability. Rigorous inspection should be in place for
0.5Mo steel equipment still in service.

API RP 941 added a second carbon steel curve in 2016
for welded, but not PWHT’ed, carbon steel, which is
approximately 50 psi to the left of the preceding carbon
steel curve at the vertical leg and approximately 50 °F
lower at the horizontal leg. This change places many
carbon steel equipment already in service in, or very
close to, the “unsafe zone”. Future reports from the
end-users will show if such conservative regulation was
necessary or the actual problem resulting in the unex-
pected failures of carbon steel piping has been excur-
sion beyond the nominal operating conditions and/or
improper shutdowns and start-ups.

Nelson curves do not take into account the effect of
time. This deficiency has been addressed by establishing
incubation curves (for carbon steel) or developing HAT
charts for 0.5Mo and Cr-Mo steels. HAT charts and the
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use of time-included HTHA parameters (i.e., Py and
Pyw), as developed in Japan in the 1990s, does not ap-
pear to be appreciated in the rest of the world as much.
The parameter Py had been implemented in API RP
581 to assess HTHA susceptibility, but it was removed
from its third edition in 2016.

16. Many HTHA models have been developed in the last
six decades. The growth models typically take into ac-
count an interaction between methane pressure, power-
law creep and grain-boundary diffusion. Models are
used in FFS evaluation, remaining life assessment and
inspection planning.
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