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Abstract: The growing need for hydrogen indicates that there is likely to be a demand for transporting hydrogen. Hydrogen pipelines are an economical option, but the issue of hydrogen damage
to pipeline steels needs to be studied and investigated. So far, limited research has been dedicated
to determining how the choice of inspection method for pipeline integrity management changes
depending on the presence of a coating. Thus, this review aims to evaluate the effectiveness of inspection methods specifically for detecting the defects formed uniquely in coated hydrogen pipelines.
The discussion will begin with a background of hydrogen pipelines and the common defects seen in
these pipelines. This will also include topics such as blended hydrogen-natural gas pipelines. After
which, the focus will shift to pipeline integrity management methods and the effectiveness of current
inspection methods in the context of standards such as ASME B31.12 and BS 7910. The discussion
will conclude with a summary of newly available inspection methods and future research directions.
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The increase in demand for energy, brought on by higher populations and standards
of living, means that traditional, non-renewable fossil fuels are bound to be depleted at
some point [1]. This fact, alongside rising concerns over global warming and the role that
carbon-based fuels have to play in it, means that there is a strong demand for alternative
fuels [1,2].
Hydrogen has quickly emerged as an attractive prospect to address this issue for a
number of reasons. Firstly, fuel cells devices, specifically of the Proton Exchange Membrane (PEM) type, offer a higher efficiency and lower emission alternative to the internal
combustion engine [2]. Additionally, hydrogen fuel cell electric vehicles (FCEVs) offer
a longer range and a reduced refuelling time compared to “battery electric vehicles” [3].
Moreover, hydrogen has been poised to solve the issue of “decarbonising” heat, while
reducing expenses and disruptions to consumers [3]. Another practical advantage that
stands to be realised is faster refueling when hydrogen is used as an energy source [1].
Hydrogen is also a more energy-dense fuel compared to gasoline, with the energy in a
kilogram of hydrogen gas being equivalent to that in 2.8 kilograms of gasoline [4].
However, the full realisation of the possibilities of hydrogen is contingent on a number
of factors, one of them being a functional “hydrogen refuelling infrastructure” and the
establishment of a “safe and efficient national infrastructure for hydrogen delivery and
distribution” [1,2].
While there are a number of options available for long-range hydrogen transport such
as shipping it in the form of liquified hydrogen, liquid organic hydrogen carriers (LOHCs)
or ammonia, pipelines are the most economical option for hydrogen gas transport over
medium to long range [5–7]. Specifically, this is true for distances of less than 1500 km and
for volumes of more than 10 tonnes per day [5]. Additionally, with pipelines, there exists
the possibility of blending hydrogen into existing natural gas pipelines—an important
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consideration given that it costs 10 to 15% of the cost of a new hydrogen line to re-purpose
a natural gas pipeline to a hydrogen line [5].
While considering hydrogen transportation, it also becomes important to account
for the deterioration of the pipeline. This tends to be seen in the form of Hydrogen
Induced Cracking (HIC), Sulphide Stress Corrosion Cracking (SSCC) and Stress-oriented
HIC (SOHIC) [8]. These forms of failure occur when atomic hydrogen finds its way into
the interstitial spaces of the pipeline material and the Hydrogen Embrittlement (HE) that
precedes such failures can be modelled either by the Hydrogen-Affected Localised Plasticity
(HALP) model or the Hydrogen Enhanced Localised Plasticity (HELP) model [8].
To mitigate against damage resulting from hydrogen degradation, there are a number
of available strategies, one of which is coating the exterior and the interior of pipelines [8].
The strategy/strategies are deployed based on the extent of degradation and/or the risk
level [8]. This, ostensibly, necessitates reliable methods to monitor the extent of damage
during the service of the pipeline.
Additionally, the fact remains that the failure of hydrogen pipelines has catastrophic
consequences [9]. Ensuring the integrity of pipelines then becomes important, and nondestructive testing methods such as Magnetic Flux Linkage (MFL), Ultrasonic Testing
(UT) and Eddy Current Testing (ET) offer an increasingly accurate method of detecting
defects in pipelines, the majority of which are made from carbon steel, low alloy steel and,
stainless steel [10,11].
So far, there has been very little research dedicated towards determining how the
presence of coatings in hydrogen pipelines might affect the choice of inspection method for
the purpose of pipeline integrity management. Therefore, this review aims to evaluate the
effectiveness of inspection methods specifically for detecting the defects uniquely formed
in coated hydrogen pipelines.
The review begins with a background of hydrogen pipelines and the defects usually
seen in such pipelines. This section will also explore related topics such as the suitability
of various pipeline materials and the issue of blended hydrogen-natural gas pipelines.
The following section details the steps of pipeline integrity management and the methods
currently being employed for this, including inspection of pipelines. The next section
evaluates the effectiveness of current inspection methods, alongside standards such as
ASME B31.12 and BS 7910 and finally the last section details new inspection methods and
future research directions.
2. Background
2.1. Brief Description of a Hydrogen Pipeline
2.1.1. Choice of Pipeline Materials
As discussed earlier, hydrogen pipelines become commercially viable for transporting
large volumes of hydrogen over medium to long distances [5]. Therefore, it would be
reasonable to restrict the scope of this review to transmission pipelines, as opposed to
shorter distribution pipelines. Given the higher pressures in transmission pipelines, they
tend to be made using steel [12]. Current literature has suggested that the use of certain
pipeline steels over others could allow cost savings of up to 32% [13]. These considerations
alongside the need to optimise the qualities of pipeline steels for the required situation,
make the choice of pipeline steel an important one. Therefore, this review shall also attempt
to briefly outline the findings about the behaviour of different API 5L grades of steel in the
context of hydrogen degradation.
2.1.2. Defects Unique to Hydrogen Pipelines
Figure 1 summarises the types of defects seen in pipeline steel due to hydrogen [8].
Table 1 explains how these defects are formed.
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Figure 1. A summary of the types of hydrogen damage seen in pipeline steel.
Table 1. The defects caused by hydrogen in pipeline steels and their cause.
Reference

Defect

Description & Cause

1

Hydrogen Induced
Cracking (HIC) [8]

HIC occurs when hydrogen recombines in the steel to form gaseous molecules in
voids [14].

2

Hydrogen Stress Cracking
(HSC)/ Stress Corrosion
Cracking (SCC) [8]

Occurs at surface or near-surface [14]. Forms as a result of tensile static load and a
corrosive medium being present together [15].

3

Hydrogen Induced Blister
Cracks (HIBC) [14]

Occurs when the pressure exerted by molecular and atomic hydrogen in the material
is high enough to form blisters [14].

4

Stress—Oriented HIC
(SOHIC) [8,16]

SOHIC is also known as Type I SSC and occurs when HIBC is parallel to the applied
stress [14].

5

Hydrogen Embrittlement
(HE) [8]

HE is the result of hydrogen entering the steel either during manufacturing or due
to exposure to hydrogen during service. This manifests in the form of deteriorated
mechanical properties [14,15].

2.1.3. The Question of Blended Hydrogen Pipelines
Blended hydrogen-natural gas pipelines are of interest due to the existing infrastructure of natural gas pipelines; there is the possibility of re-purposing it to transport and store
hydrogen to realise the benefits discussed earlier [17].
Considering the difficulties arising from the differing properties of natural gas and
hydrogen, a reasonable approach that has been suggested is to first use the existing infrastructure to transport methane-hydrogen blends, understand the challenges arising from
this, implement operational modifications as required and then progressively increase the
percentage of hydrogen in the blend to 100% [17]. It is found that as the percentage of
hydrogen in the blend increases, leakage flow rate increases, lower heating value increases
and the energy cost of transporting the blend increases [17]. It is also suggested that up to
25% of hydrogen in the mixture by volume does not appear to markedly “increase the risk
of explosion” [17]. Separately, it is further suggested that there are different levels of risk
associated with the percentage of hydrogen in the blended pipeline [18]. Table 2 illustrates
these findings.
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Table 2. Hydrogen levels and their associated risks in blended pipelines [18].
Hydrogen Level in Pipeline

Overall Risk Level

Less than 20%
20% to 50%
Greater than 50%

“Not significant”
“Significant increase” in overall risk for service lines but the overall increase in risk in distribution mains is “moderate”
Impermissible level of overall risk

There are further factors to consider when hydrogen degradation of pipelines are
discussed. Firstly, a distinction is made between higher pressure transmission pipelines
and lower pressure distribution pipelines, with added hydrogen of less than or equal to
50 per cent in natural gas transmission pipelines needing “generally insignificant” modifications [18]. This figure, however, needs to be verified for every case [18]. Hydrogen
degradation was found to be especially prevalent when the system is at high concentrations
and pressures—common conditions where hydrogen is introduced into the pipeline at high
concentrations [18]. Hydrogen was also found to reduce the pipes’ endurance towards
cyclical pressure changes (fatigue) and further crack growth from existing defects [18].
The material of the pipes factored heavily into the extent of hydrogen degradation
observed. Common low-strength steels used in pipelines (API 5L A, B, X42, and X46)
mainly experienced a reduction in ductility [18]. High-strength steels (having a yield
strength greater than 100 ksi) tended to be more susceptible to HIC, while low strength
steels were more likely to suffer from a loss in tensile ductility [18]. Faster crack growth
and lowering of “fatigue endurance limits” were seen in carbon and low alloy steels, even
at low pressures of hydrogen exposure [18]. Crack growth was more significant at ambient
temperature as opposed to higher temperatures [18]. Conversely, Hydrogen ageing was
not a prime concern for PE (polyethylene) and PVC (polyvinyl chloride) pipelines, with
most elastomeric materials used in the pipelines being suitable for use with hydrogen [18].
However, compared to methane (a natural gas), hydrogen mobility was higher in polymer
materials [18]. Consequently, hydrogen escaping through the walls of plastic distribution
pipes was responsible for major loss of gas from the system [18].
Melaina et al. [18] also discussed the consequences for end-use systems, safety, the durability of pipeline materials, the risk of leakage, and the downstream extraction of hydrogen
from the blended pipeline—a key consideration for applications requiring pure hydrogen.
While there have been discussions about potentially re-purposing natural gas pipelines
for hydrogen transport, the economic and engineering feasibility of this has not been
considered. Therefore, a summary of the challenges and opportunities of blended hydrogen
pipelines is outlined in Table 3.
Table 3. Opportunities and Challenges of blended hydrogen pipelines.
Opportunities

Challenges

GHG (greenhouse gas) emissions are lowered if hydrogen is
produced from sustainable energy sources [18]

Blending hydrogen into a methane pipeline could lead to a
higher occurrence of “over-pressure, explosions, leakage and
cracking [17]”

Replacing conventional diesel fuel with hydrogen (in fuel cells)
for transportation could reduce emissions of sulfur dioxides and
nitrogen oxides and improve air quality [18]

The presence of hydrogen means that it can interact with pipeline
steels and cause HE [17]

The hydrogen-natural gas mixture, used as is for heat and electricity generation, is a cleaner fuel than pure natural gas [18]

Existing pipelines need to be modified by removing “undesirable
parts,” replacing valve fittings and ideally coating the pipeline internally to allow hydrogen to be transported at high pressures [5]

The cost of re-purposing NG lines for hydrogen transportation
is significantly lower than building a new hydrogen line [5]

Operation of hydrogen lines requires thrice the compression
power of NG lines and is more expensive [5]

Obtaining relevant approvals and ensuring compliance with procedures would mean that a new hydrogen pipeline would take
5–7 years to complete from initial planning to commission [19]

Retrofitting “turbo-compressors” to handle gas with a volumetric hydrogen content of more than 40% is not possible as yet [5]
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2.2. The Effects of Hydrogen on Steels
Previous studies have hinted at the choice of pipeline material being a key determining
factor in the susceptibility of the pipeline to hydrogen degradation. This sub-section
provides a summary of the behaviour of different classes of pipeline steels under various
conditions in the context of hydrogen degradation. For pipelines in general, key findings
from literature include:
1.

2.

3.

4.

In the case of blended hydrogen-natural gas pipelines, before existing gas in the
pipeline can be replaced, the feasibility of doing so has to be considered with respect
to material fatigue, pipeline failure due to overpressure, and HE [20]. Using nitrided
steel or higher grade pipeline steel was also said to improve safety [20]. The effect of
coatings, however, needs further study to determine its effectiveness in preventing
HE [20].
It has been suggested that scratches suffered by pipelines as a result of pigging are
not likely to change their susceptibility to SCC [21]. However, it is said that if pigging
were conducted in the presence of H2S, the negative impact of SCC on the pipelines
could be more severe [21].
HE susceptibility is a contested issue, with some having reported that the HE susceptibility of structural metals rises as materials strength rises [22]. Others separately
reported that fatigue crack growth depended on the pipeline steel and its “specific
microstructural characteristics” [22].
A method was proposed to predict the changes in fracture toughness arising due to
changes in “hydrogen concentration” [23]. This involved using “small punch test
data of HE specimens”, and finite element damage analysis “based on the multi-axial
fracture strain-based damage model” [23].

While analysis of literature relating to each API 5XL grade has not been done for this
review, existing literature relating their behaviour in various conditions in the context of
hydrogen damage has been categorised in Table 4.
Table 4. An overview of findings in the existing literature about the properties of each pipeline
steel grade.
Pipeline Material

Material
Properties

Mechanical
Properties

X52 Steel
X56 Steel
X60 Steel
X65 Steel
X70 Steel
X80 Steel
X90 Steel
X100 Steel
Super Duplex Steel

[33–35]
[48,49]
-

[24,25]
[26]
[30]
[25,36–40]
[50–52]
[66]
-

Blended Pipeline Processing
Suitability
Conditions
[37,41,42]
-

[27,28]
[43]
[49,53–55]
-

Environmental
Conditions

Testing &
Analysis

[29]
[31,32]
[36,44,45]
[56–64]
[67]
[68,69]

[46,47]
[65]
-

3. Pipeline Inspection
3.1. An Overview of Pipeline Integrity Management
Pipeline inspection is one aspect of overall efforts to ensure the pipeline is safe. Pipeline
integrity management is proposed to consist of three basic steps [11]. These include:
•
•
•

“Defect detection and identification”: This is done through “inspection, monitoring,
testing and analysis techniques.”
“Defect growth prediction”: The data collected is used alongside damage prediction
models for this.
“Risk-based management”: The origins of risks are studied, the likelihood of failure is
estimated and the consequences of failure are examined.
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There have also been alternative integrity management processes proposed [8]. The
process of integrity management is also said to be a cyclical one, consisting of “Integrity
Assessment” via inspection, “Managing Discovery” of information received from the
inspection, “Remediation” which involves repairs and “Documentation” where data is
used to assess performance, before moving on to “Integrity Assessment” again [8].
It appears that ideas in the steps outlined by both processes have significant overlap.
Therefore, in further discussions, the more succinct terminology proposed by Xie and Tian [11]
shall be used. Since this review focuses on the inspection of pipelines, we shall limit our attention only to “Defect detection and identification” with some discussion of “Defect growth
prediction” as it tends to depend on data collected from inspection.
3.2. Defect Detection and Identification
This section briefly describes and compares the capabilities of the currently available
inspection and testing methods.
First, we note the difference between structural health monitoring (SHM) and nondestructive evaluation (NDE). Table 5 summarises these differences [70].
Table 5. A comparison of NDE and SHM.
NDE

SHM

Use non-destructive testing (NDT) to determine condition of a structure
Using readings taken by removable transducReadings are usually taken by permanently aters and instruments to assess the integrity
tached instruments and transducers
of structures
Usually conducted when machines are not in
Regular measurement during operation
operation and measurements are irregular

3.2.1. Non-Destructive Evaluation (NDE)
We first consider the NDE methods available and how they work. Integrity management processes propose the need for a combination of periodic in-line inspections and
external corrosion monitoring [8]. Before we look into these monitoring methods, current
NDE methods are described. Table 6 then summarises and compares the advantages and
disadvantages of these methods and whether they can be applied in ILI and/or external
corrosion monitoring (ECM).
Ultrasonic Testing (UT)
Ultrasonic inspection encompasses the use of longitudinal sound waves ranging from
0.5 MHz to 25 MHz to detect defects in materials, though these longitudinal waves may
undergo mode conversion upon interacting with defects [71]. The choice of frequency
ensures that the wavelengths are of approximately the same size as the cracks or defects
one may expect to find in the material [71]. Ultrasound is typically generated through
the deformation of a piezoelectric crystal when an alternating current is applied to it [71].
There are a variety of techniques specifically used for inspecting pipelines:
Phased Array UT (PAUT)
A single crystal yields an “unfocused, divergent” beam of ultrasound along a straight
line [71]. With multiple crystals, in an array, the time delay can be applied to each crystal to
change the wave direction and inspect a larger area [15,71].
Time of Flight Diffraction (TOFD)
Time of flight diffraction or TOFD refers to when “two ultrasound arrays are used
separately as a transmitter and receiver [71]”. The receiver measures both the “effects of
wave diffraction due to the edges/tips of defects in the pipe material”and the reflection of
the wave [71].
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Guided Wave Testing (GWT)
Guided waves testing (GWT) is useful when spot-testing is not necessary and the
pipeline coating is challenging to remove [71]. It has a much longer range of up to 100 m
compared to spot testing, but there is a trade-off in terms of the resolution [71]. This is
due to the usage of lower frequency (10 MHz to 100 KHz) waves, that are able to travel
further but are less effective in interacting with smaller defects [71]. There are also other
drawbacks to this method, one being that it is not able to detect defects parallel to the
length of the pipe [71]. But when considered as an initial screening method to determine
where a follow-up is necessary with more precise methods, GWT has significant utility [71].
Heinlein et al. [72] also validated the use of GWT in a SHM system.
It is also suggested that GWT could be specifically used to detect corrosion at support
sites along the pipelines [73]. It was further demonstrated that after implementing baseline
subtraction followed by coherent averaging, the reliable detection of a 2 mm by 1 mm
notch one pipe diameter away from the transducers was achieved in a 6-inch diameter steel
pipe [74].
Microwaves NDE (MW)
With advances in technology dielectric materials with superior physical properties
are replacing or being used with metals as coatings [75]. Microwave NDT works well for
testing specimens with such coatings because, unlike traditional NDT methods, it has little
absorption in dielectric materials [75]. Yet, it still interacts well enough with dielectric
materials to respond to “structures and defects” under the dielectric coating [75]. The
use of an “X-band rectangular waveguide with a vector network analyser” for NDE has
also been posited [75]. Defects can then be imaged by analysing the reflection coefficient
at the “waveguide aperture”. Recent developments in the use of microwave NDE also
involve the use of machine learning and artificial intelligence to mitigate the drawbacks
of MW methods [76]. In the context of pipeline integrity management, apart from using
the “Microwave Open-Ended Waveguide” technique for the detection of defects, “Guided
Microwave Testing (GMT)” was shown to be capable of detecting corrosion under insulation
(CUI), while “Chipless Radio-Frequency Identification Sensor System” was said to be
applicable to SHM [76].
Magnetic Flux Leakage (MFL)
Magnetic flux leakage (MFL) first involves inundating the metallic surface of a specimen with a magnetic field and then “scattering ferromagnetic powder” on the surface
of the pipe [71]. Where there are defects present, there is a discontinuity in the magnetic
field, which can be recognised by the pattern formed by the ferromagnetic powder on the
surface [71]. This disruption to the magnetic field could also be detected using a sensor
such as a Hall Effect sensor [71]. While MFL tools nowadays have the capability of giving
detailed data about the specimen, this data can be easily affected by noise [11]. MFL sizing
models offer a solution to this issue and include the use of wavelet transform, fast Fourier
transform and the Wigner distribution amongst other methods [11].
Electromagnetic Acoustic Transducer (EMAT)
An electromagnetic acoustic transducer (EMAT) consists of a coil positioned at the
inner pipe wall surface [11]. EMAT is capable of detecting defects such as “cracks, weld
characteristics and wall thickness variations” [11]. The method does not require any couplant to generate ultrasound as it uses Lorentz forces [11]. However it needs to be less
than 1 mm from the specimen and even so, its “detection ability and efficiency” are lower
compared to UT [11]. Signal processing methods similar to UT can be used for EMAT as
well [11].
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Eddy Current Inspection (ET)
Eddy currents—circular currents generated in a conducting specimen by virtue of
“changes of a magnetic field passing orthogonally to the conductor”—can be used to determine defects in the pipeline walls as well [71]. This magnetic field is typically generated by
a coil connected to AC. When there are defects present, the eddy current is disrupted and
the presence of the defects can be established [71].
The depth of penetration of the eddy current is influenced by its frequency [71]. At
high frequencies, with a low energy setup, the method only allows detection of skin-level
defects [71]. Pulsed eddy current (PEC) can be considered for higher depth coverage, which
is achieved by transmitting a “pulse or step function” through the coil [71].
An extension to typical eddy current inspection is movement-induced eddy current
(MECT), where the change in the magnetic field is generated through the relative motion of
a magnet with respect to the specimen [71]. This has the added advantage of generating
stronger currents, which therefore allows for greater depth of inspection [71].
It has also been suggested that “Lorentz force eddy current testing”, which uses
the magnitude of Lorentz force experienced against the magnet moving relative to the
specimen, can increase the depth to which defects can be detected [71]. This is also said of
“magnetic eddy current”, whereby magnetising the ferromagnetic specimen, increases the
penetration depth of eddy currents by increasing the permeability of pipe walls [71].
Another extension of the application of eddy-currents is eddy-current induced thermography (ECIT) [77]. In ECIT, the specimen is induction heated and any cracks present
cause changes in the flow of the induced eddy currents [77]. The resultant Joule heating
is picked up at the specimen surface using an infrared camera and cracks as small as 0.23
mm in steel are claimed to have been discernible by a human operator [77]. However,
the results described are obtained after the specimen was painted to improve its optical
properties [77].
Radiograhy Testing (RT)
Radiography involves generating an X-ray of the specimen being inspected. There are
methods available for pipelines, mainly the “double wall” method and the “single wall”
method [71]. The orientation of the pipes differs during each method, such that X-rays pass
through both walls before reaching the detector plate in the former, and only one wall before
reaching the plate in the latter [71]. The method chosen depends on the accessibility of
the area of inspection among other considerations, with the double wall method requiring
multiple exposures before a complete picture of the pipe can be generated [71]. Apart from
the apparent safety concerns of radiation, other drawbacks involve the need for the results
to be interpreted by trained personnel.
A possible technique for improving the visibility of results is suggested in Eckel et al. [78],
whereby a new technique is used to digitise radio-graphs and extract statistical characteristics as a means to measure the “granularity of film noise”.
Electromechanical Impedance (EMI)
This technique involves the use of piezoelectric transducers and using the difference
in mechanical impedance to identify damage [79]. A structure’s structural mechanical
impedance is a function of properties like “stiffness, mass and damping”, therefore the
presence of corrosion damage causes changes in structural mechanical impedance [79].
This then causes the electrical impedance of the transducer to change, enabling corrosion
damage monitoring [79].
Infrared Thermography (IRT)
IRT involves utilising infrared waves to analyse thermal information that can then
be mapped to a temperature variation [80]. It was suggested that IRT has the potential
to be used for the detection of CUI starting from a 15% reduction in wall thickness, but
that the ability to do this is dependent on the temperature of the pipe and how close water
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injection is to the pipe surface [81]. There are also advantages to be realised by using IRT
with drones to increase the area of inspection [82].
Magnetic Barkhausen Noise (MBN)
MBN is used for determining the present “residual stress and fatigue aging of ferromagnetic materials” [15]. This is achieved by analysing the signals of magnetic and
acoustic emission, caused by domain reversal during magnetization [15]. This allows for
the determination of stress as well as microstructure of ferromagnetic materials [15].
Visual Testing (VT)
VT of a specimen, while cheap, cannot match the capabilities of the other inspection
methods discussed here [83]. Its usefulness is limited to monitoring existing defects or
for simple inspections [83]. Its effectiveness can potentially be improved by using it in
conjunction with tools that enable automatic detection of defects [84].
Table 6. NDT methods and a comparison of their advantages and disadvantages in the context of
coated pipelines.
NDT
Method

Advantages

UT

“High penetration depth” and can measure internal and
external coating as well as wall thickness [15]. Also
allows estimation of external corrosion [15]. Has a higher
confidence level than MFL [11].

Requires liquid coupling between transducer and
pipeline, making it difficult to conduct ILI with gas
pipelines [11]. UT signals also need to be de-noised to
obtain valid information [11].

MW

Able to detect and image defects in metals under
dielectric coatings [76]. Changes in the thickness of
coatings can also be monitored [75].

Current methods require significant interpretation of
data, display unclear “defect geometry”, and have a low
“spatial resolution” [76].

MFL

The required resolution can be chosen by varying
parameters such as sensor spacing [11].

Only works well in easily magnetised metals and may
cause the pipe to become magnetised indefinitely
resulting in product flow restrictions [11,15].

X

EMAT

No need for couplant, making it ideal for gas
pipelines [15]. Literature provides validation of EMAT
for identifying and sizing SCC cracks and corrosion in
gas pipelines [11].

The transducer needs to be less than 1 mm from the
specimen and even so, its “detection ability and
efficiency” is lower compared to UT [11]. This could
present a challenge for coated pipelines.

X

GWT

Not necessary to remove pipeline coating across the
entire area of inspection [71]. Useful as an initial
screening method and for SHM [71,74].

Unable to detect defects oriented along the length of pipe
and there is a trade-off between range and
resolution [71].

EC

Responsive to a variety of parameters and usable over a
wider temperature range [15]. It is also lightweight and
cheap to deploy [15].

Can only be used on materials that conduct electricity, is
highly dependent on “lift-off distance” and is unable to
detect “external defects” through the pipeline
wall [11,15].

RT

No preparation of the surface is necessary and the
insulation does not have to be removed before
inspection [15].

Potential danger from radiation to living things
nearby [15].

ECIT

Non-contact and capable of “sub-millimetre/millimetre
crack” detection [77].

Possibly necessary to paint the specimen to improve its
“optical properties” and obtain better sensitivity [77].

EMI

Sensitive to localised corrosion and suitable for SHM of
pipes [79].

Currently only demonstrated to work for stainless steel
plates [79].

IRT

Could be incorporated with technology such as drones to
quickly inspect large sections of the pipeline for CUI [82].

Ability to detect CUI depends on the temperature of the
pipeline and how close water is located to the
surface [81].

MBN

Able to detect microstructure and stress present in
materials quickly without any harm to the operator [15].

Challenging to find “a consistent behaviour of the MBN
signal”. The signal “can only be picked up near the
surface of the materials” [15].

VT

Operation is cheap and simple [15]. Could potentially be
automated [84].

Highly dependent on the operator and only suitable for
defects on the surface [15].

Disadvantages

Applicable to
ILI
ECM

X

X

X

X

X

X

X

X

While comprehensive in its scope, Ma et al. [15] and other existing literature did
not appear to have a study dedicated to evaluating the effectiveness of pigging in coated
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hydrogen pipelines. Separately, it was suggested that UT can be used to determine the
health of a polymer internal coating by detecting “removed or improper coating” [85].
But this method, which utilises echos to generate a standoff signal, is unable to detect the
gradual thinning of the coating [85]. If the aim is to determine metal loss through the
coating, UT is also proposed, but three measurements are required: the thickness of the
coating and steel, the steel alone and the coating alone [85]. MFL and EMAT are unlikely
to be able to work given that the polymer does not conduct electricity [85].
At this point, it will be helpful to make a distinction between the implications of a
blended hydrogen pipeline and a pure hydrogen pipeline. A blended hydrogen pipeline
containing NG and hydrogen could possibly contain impurities such as hydrogen sulphide
and water which can cause pipeline corrosion that results in the generation of hydrogen.
In this scenario, a coating may assist in mitigating corrosion. Conversely, using a physical
coating to mitigate HE found limited success [86]. Therefore, given that HE will be the main
concern in a pure hydrogen pipeline, coatings will likely have limited utility in preventing
hydrogen damage.
It is also worth noting that molecular hydrogen needs to transform into atomic hydrogen before it can get into the steel pipeline [87]. Turnbull [87] provided a detailed account
of the processes by which hydrogen diffusion and trapping occur in metals, but this falls
outside the scope of the review and will hence not be discussed further.
Additionally, related to coated hydrogen pipelines is the need to evaluate the feasibility
of converting an existing natural gas pipeline to a blended pipeline [20]. However, currently
only the nitriding of the inner surface of the pipe appeared to be under consideration [20].
A possible extension of current work would be to evaluate the feasibility of different coating
materials, not just for their effectiveness in reducing corrosion but also in enabling easier
in-line inspection (ILI).
We now shift our attention to the outer surface of the pipeline. A different kind
of damage tends to be seen on insulated metallic surfaces. Corrosion under insulation
(CUI) is defined as “a severe form of localized, external corrosion” that is usually seen “on
insulated carbon and low alloy steel and stainless steel equipment” in operation “at or
below 175 ◦ F [88]”. This is therefore not a concern specific to hydrogen pipelines, but to
those carrying hot liquids. CUI is seen commonly in the “chemical/petrochemical, refining,
offshore, and marine/maritime industries” [88]. There are severe consequences if it is not
detected and dealt with, such as disastrous “leaks or explosions” and “equipment failure”
among other consequences [88]. CUI is a concern for insulated pipelines, however, since it
is unlikely for hydrogen pipelines to operate at temperatures in the CUI domain, this does
not need to be considered in the scope of this review.
3.3. Prediction Models
This section will summarise recent trends in prediction models—the second key step
in pipeline integrity management.
A model has been developed to analyse the kinetics of fracture in protective coatings/delamination growth of metal and steel bodies [89]. It considers a “penny-shaped”
crack propagating parallel to the pipe wall, and uses the fact that the “driving force” for
such cracks is the “internal pressure of accumulated hydrogen gas in the delamination cavity” [89]. Critically, the importance of this study is on account of the fact that HIC growth
was considered under “real” gas conditions as opposed to “ideal” gas conditions [89]. This
enables the model to be used to make higher accuracy predictions to be made about the
lifetime of pipelines.
A different approach involved attempting to use cohesive zone modelling (CZM)
alongside hydrogen diffusion to model “hydrogen-induced fracture initiation in a hot
rolled bonded clad steel pipe [90].” This involves considering a traction separation law
(TSL) to describe the response of “cohesive elements” along a fracture path [90]. The TSL
in turn is characterised by cohesive parameters known as the critical cohesive stress (σc ),
the critical separation (δc ) and the cohesive energy (Γc ) [90]. Depending on the concept
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being used to describe the effect of hydrogen on steel (e.g. HEDE, HELP, or combined) two
out of the three cohesive parameters can be independently varied to account for changes
in hydrogen concentration [91]. 2D coupled hydrogen diffusion and CZM were used
and it was determined that for a pipe with made API X60 with a 316L clad, best fit to
experimental results was achieved when cohesive stiffness (κn ) = 4 · 106 MPa/mm and
σc = 1210 MPa [90]. A possible extension to this could be using a 3D modelling approach
to investigate the lack of agreement between experimental and predicted fracture initiation
points in air and “hydrogen influence” [90].
Providing a more comprehensive review of CZM, Jemblie et al. [91] reported that the
discussed predictive method of coupled diffusion and CZM works well for replicating
“single experimental results” by adjustment of the cohesive parameters, but encounters
difficulties when transferred to other hydrogen systems. Examples of this include the
method not being able to rationalize enhanced crack growth under higher pressures and
higher than predicted levels of local hydrogen concentration due to dislocation transport.
It is suggested that better agreement with results could be achieved by determining the
input parameters for the system under study. This seemingly implies having to conduct
extensive testing for every new model under study. A possible direction to explore could be
a review to identify systems that encounter similar difficulties with the method and provide
a quantification of the degree of disagreement between experimental and predicted results.
Now, in the context of corrosion, there was a distinction drawn between “deterministic”
and “probabilistic” models for pipeline corrosion growth [92]. These models largely
describe the growth rates of pitting—the most serious risk in pipeline integrity [92]. The
models discussed and a brief description of them are as follows [92]:
•

Deterministic
–
–
–

•

“Single-value corrosion growth rate model”: Utilises a corrosion growth rate that
is constant for modelling over the required period.
“Linear corrosion growth rate model”: Assumes corrosion growth is a linear
function of time.
“Non-linear corrosion growth rate model”: Assumes corrosion growth is a nonlinear function of time with soil and pipe material being parameters that can
be controlled.

Probabilistic
–
–

–
–
–

–

“Markov model: Uses a “continuous-time, non-homogeneous linear growth approach” using “initial pit-depth distribution” and a “soil-pipe dependent parameter”.
Monte-Carlo Simulation: Mathematical models of the specimen are solved a large
number of times to obtain a “distribution of alternative possible values about
the nominal point”. This is commonly used to determine the uncertainty of a
“deterministic calculation”.
“Time-dependent generalised extreme value distribution”: Uses the corrosion
rate distribution of a “generic textural soil” that varies with time.
“Time-independent generalised extreme value distribution”: Uses the corrosion
rate distribution of a “generic textural soil” that does not vary with time.
Gamma process: A continuous probability distribution that is dependent on a
scale and shape parameter. An assumption that is inherent with the Gamma
model is that the defects are detectable by ILI tools.
“Brownian motion with drift” model: Treats corrosion as a “stochastic process
independent increment”. The model suits processes that has alternating increases
and decreases and is thus ideal for corrosion due to its alternating “active and
passive” behaviour.

4. Evaluation of Current Pipeline Inspection Methods for Hydrogen Pipelines
The following section attempts to evaluate current inspection methods’ suitability for
the detection of defects commonly seen in hydrogen pipelines. First, the standards relevant
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to each type of defect are considered, and the methods’ capabilities are considered. Then,
the inspection challenges arising as a result of coatings are considered.
4.1. Standards
It is important to note that these standards serve as guidelines and that the exact
acceptance criteria would be dependent on the manufacturer and the exact circumstances
in which the pipeline is being used. Stewart [93] explains the use of ASME and API codes
in the context of in-service inspection in great detail. Table 7 provides an overview of
standards that are relevant to each type of defect formed in pipelines during operation.
Table 7. An overview of the acceptance criteria for each defect produced during operation according
to ASME B31.12 and BS 7910 [94–97].
Defect
Fatigue Crack
SCC
HIC
Corrosion

ASME B31.12

BS 7910

Refer to API 1104

Clause 8
Clause 10.3.3
Clause 10.3.3
Clause 10.3.2

Table 8 evaluates some of the discussed NDT methods and their sensitivity to the
defects associated with hydrogen damage.
Table 8. An evaluation of the discussed NDE methods in relation to the hydrogen damage that they
can inspect.
Method

Hydrogen Damage

Evaluation

HIC, HSC, HIBC, SOHIC [15]

UT tools can detect, with a 95% confidence level,
the affected area with a tolerance of ±0.3 mm to
±0.6 mm. However, the requirement for coupling
means this would be difficult to do in-line [11]

HIC, HSC, HIBC, SOHIC [15]

Isla and Cegla [98] describes an “8-element EMAT
phased array” at an operating frequency of 1 MHz
being able to detect defects with a width of 0.2 mm
and a depth of 0.8 mm present on the opposite
surface of the array.

HIC, HSC, HIBC, SOHIC [15]

The choice of an image quality indicator (IQI) and
subsequent processing will determine the sensitivity of the RT conducted [99]. The smallest IQI
appears to be 1mm in diameter. [99]

“Metal loss” (e.g., corrosion) [15]

Statistical analysis of MFL data to obtain defect
shape parameters can reach up to 90% accuracy
for length, 84% for width and 78% for depth [100].
Niese et al. [101] describes combining EMAT, MFL
and EC to accurately measure the wall thickness
of a specimen and determine the location of metal
loss in the wall of the specimen. However, the
sensitivity of this method is not discussed.

UT

EMAT

RT

MFL

4.2. Coatings
It is also worth discussing the effectiveness of these inspection methods in the context
of coated pipelines. To this end, the coatings commonly used to counter HE and their
efficacy are first discussed in this sub-section.
4.2.1. Effectiveness of Coatings
Before the effectiveness of coatings can be discussed, they need to be categorised. Current literature does not appear to have a consensus on how coatings should be categorised.
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For instance, Bhadeshia [102] divided coatings up into two categories—brittle and ductile,
whereas Michler and Naumann [103] appears to group coatings according to whether they
are “on top” or “diffusion” coatings.
To aid further discussions about inspection methods, this review shall categorise
coatings as metallic and non-metallic. Metallic coatings will encompass the metals and
alloys described in current literature. Non-metallic coatings will then refer to coatings
consisting of compounds. Table 9 categorises coatings and evaluates their effectiveness
against hydrogen damage.
The following table outlines categories of coatings and their usefulness in reducing HE.
Table 9. Categorisation of coatings and their effectiveness.
Type of Coating

Description

Metallic coatings [102,103]

Electroplating high strength steels with cadmium (Cd) or zinc
(Zn) can act to mitigate corrosion [102]. However, this process
can cause hydrogen to enter the steel; hence, the specimen
needs to be put through de-embrittling’ by heating for about 8
to 24 h to enable “diffusible” hydrogen to leave the metal [102].
In the case of 304 austenitic stainless steel, aluminium (Al),
copper (Cu), nickel (Ni) and Zn were electroplated onto the
specimen with differing degrees of success [103]. Zn and Ni,
for instance, were found to be ineffective at protecting the
underlying steel against HEE (Hydrogen Environment Embrittlement) [103]. These coatings were found to have fractured at
“very low strains” in tensile testing, causing the specimen to
come into into contact with hydrogen, resulting in the initiation
of HEE [103]. Cu appeared to be the more successful coating—
with commendable tensile ductility, and adhesion [103]. However, parts with improper coating and “pinholes” were found
to act as points of failure for the coating [103].

Non-metallic coatings [102–104]

Coatings made of compounds were found to have significant
utility. Black oxide is shown to lower the ingress of atomic
hydrogen into steel and slow down the formation of surface
cracks arising from lubricants [102]. Aluminium consisting of
MAX phase coatings was also found to be functional as a “protective coating” at high temperatures [104]. NiP and Ti-DLC
coatings were found to have the same problems seen in “on
top” coatings of metals: cracking was seen at low strains, and
hydrogen could come into contact with the specimen being
protected [103]. Categorised as “hard coatings”, compounds
such as TiC, TiN, BN, TiO2 and WC are able to act as effective barriers against hydrogen ingress [102]. However, their
effectiveness is dependent on “service conditions”, the presence of defects in the coatings and structural integrity of the
coatings [102].

4.2.2. Monitoring Coating Health
There is a need to ensure that coatings are operational and effective. This means that
monitoring coating health becomes necessary. In this effort, considering standards allows
one to plan how this might be done. ISO 9587:2007, ISO 9588:2007, GB/T 13322-1991, GB/T
19349-2012 and GB/T 19350-2012 are possible standards that could be used to ensure the
protection against HE provided by the coatings is satisfactory [105].
Cumulatively, considering the standards for both HE protection and testing, there are
a number of tests to be considered, some of which include [105]:
•
•
•

The “Copper-Hydrogen embrittlement test”
The “inclined wedge method” to test for residual embrittlement
The “incremental step loading method” to test for hydrogen embrittlement threshold
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However, given that this review focuses on NDT, the possibility of inspecting coatings
using NDT is also considered in the following sub-section.
4.2.3. The Effect of Coatings on the Choice of Inspection Method
Given the different requirements of each NDT method, some challenges will be experienced due to the coatings when selected NDT methods are used to inspect the pipeline.
These include:
•

•

Thickness of coating: The distance between the sensor and metal surface due to the
coating layer (known as lift-off) reduces the sensitivity of inspection [106]. The lift-off
itself may vary due to the uneven thickness of the coating, complicating matters
further [106]. This is likely to affect inspections of pipeline conducted using EC due to
its dependence on lift-off [15].
Conductivity of Coating: Coating conductivity may again interfere with methods
such as EC [107]. Additionally, since MFL works best in metals that are easily magnetised, if the coating possesses this property, it may interfere with MFL inspections of
the pipeline.

Therefore, it becomes apparent that, depending on the coating, some NDT methods
have to be ruled out. The material of the coating would also determine the NDT method
used to inspect the coating itself. Table 10 attempts to provide an overview of how the
choice of NDT method would change depending on the coating type and the subject
of inspection.
Table 10. A summary of how NDT method choice is affected by coating type when the subject of
inspection changes.
Metallic Coatings

Subject of
Inspection:
Pipeline

Subject of
Inspection:
Coating

Non-Metallic Coatings

All Coatings

As explained earlier, if the
coating is conductive, it could
interfere with EC inspections of
the pipeline [107]. The same is
likely to be the case for MFL
inspections if the coating is easily
magnetised. There appears to be
a gap in literature regarding
inspecting pipelines with
metallic coatings.

If the coating is dielectric, MW
testing can be considered [106].

A traditional UT inspection of the pipeline
material would be hard to perform due to
multiple material surfaces and the need
for coupling [106]. Non-contact ultrasonic
techniques have been developed, but
these have their own limitations [108]. For
instance, laser ultrasonic requires the
sample to have a finish surface “like a
mirror” while capacitive ultrasonic
transducers involve a complicated sample
preparation process [108].

Traditional UT relies on a change
in acoustic impedance to make
thickness measurements [85].
Hence, inspection of coatings
using traditional UT is likely to
produce stronger signals if the
pipeline material and coating
have differing
acoustic impedance.

Traditional UT could potentially
be used for thickness
measurements of the coating [85].
Techniques that such as MFL will
not work for insulators [85].
There is a potential for holiday
inspection to be used for
insulator coatings [109].

Visual inspection would be applicable for
all types of coating but is subjective [15].

5. Novel Inspection Methods
Some novel and upcoming inspection methods are summarised below:
•

A new method for validating GWT that “enables the operator to combine the ability of
FE analysis to predict the signals reflected from a large number of different defect cases
with the complex geometric and environmental effects specific to the particular pipe
structure which cannot be effectively simulated” [72]. This method can be extended to
methods other than GWT [72].
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•

•

•

•

•

A new method for characterising pitting resistance: “ultrasonic relative attenuation
coefficient of high-order cumulant” is used to reduce Gaussian noise and tease apart
noise caused by changes to the microstructure during corrosion [110]. This finding
can then be used for characterising pitting resistance [110].
A new “state-of-the-art” method for monitoring corrosion using permanently installed
transducers is proposed that results in “repeatability values of 23 nm and 46 nm in the
thickness measurements of a mild steel sample over the periods of 1 h and 24 h [111]”.
A new method uses electromechanical impedance to track corrosion-induced thickness
loss [79]. A piece of PZT (lead zirconate titanate) is attached to a steel plate and, “using
the direct and converse piezoelectricity effect of the PZT transducer, the discrepancy
in the mechanical impedance of the stainless steel plate caused by corrosion can be
identified by the discrepancy in the admittance signature of the PZT transducer [79]”.
The method was found to differ in its measurement of corrosion degrees, from actual
corrosion by a maximum of 4.11% [79].
A new method for simultaneous crack detection and thickness measurement using a
single probe is discussed [112]. It was found that “crack-like defects with depth 0.3
mm (0.2λ) or higher can be detected” but the “amplitude drop value cannot be used
to estimate the size of defects of 3mm depth or larger [112]”.
The use of water immersion UT allowed coating thickness to be measured with a
lower degree of error. In particular, the time-of-flight (TOF) of the “reflected echo
on the time-domain waveform” was determined [113]. Although this will require
further study, it has been theorised that this could be adapted to other types of coating
materials in water [113]. An interesting extension to this study would be to determine
if this could be deployed in-line.

6. Possible Areas of Future Research
6.1. Risk Assessment of Natural Gas Pipelines
There appears to be limited literature about the inspections that would be necessary to
ascertain if a given natural gas pipeline would be feasible to convert to a blended pipeline.
Further research is needed to understand the behaviour of such pipelines in the event of
a leak. The Joule-Thomson coefficient of natural gas is different from hydrogen and this
offers some challenges as well.
6.2. Inspection of Coating Pipelines
The need to ensure the integrity of coated hydrogen pipelines means that there is a
need to investigate the choice of coating for blended or hydrogen pipelines. Most of the
research thus far has focused on pipelines transporting natural gas where the source of
hydrogen has been the cause of corrosion processes. In such cases, the use of coatings
could mitigate corrosion and thus hydrogen damage. However, when pipelines are used to
transport hydrogen gas, the mechanism of damage is different and this needs to be carefully
considered. Additionally, the implications of various coatings on existing inspection
methods also need to be considered.
6.3. Investigation of properties of pipelines steels
Based on the summary of research in Table 4, it appears as though X80 and X70 are the
most researched grade of steel—perhaps due to the need to balance economic considerations
with performance. Higher strength steels (having a higher strength-to-weight) ratio allow
for weight saving. Understanding clearly which combination of microstructural features,
environment and stress levels lead to HE would enable more informed decision-making
about the choice of pipeline steel used in hydrogen pipelines.
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7. Conclusions
In conclusion, this review paper attempted to provide a brief background to the issue
of inspecting hydrogen pipelines, evaluate existing inspection techniques and suggest
possible directions for future research. The key findings from this review are:
•
•

•

•

Hydrogen damage is a known issue, and it is difficult to detect.
Coatings are used to mitigate corrosion, however, attention must be given to the type
of coatings used. In hydrogen pipelines, the coatings currently in use do not stop
hydrogen from permeating the steel surface.
Inspection methods are available to evaluate hydrogen damage, each with its associated
advantages and disadvantages. The choice of an inspection technique is dependent on
the application environment and required accuracy among other factors.
SHM is a desirable method, but finding a suitable SHM technique is challenging and
needs to consider not only the technical requirements but also cost (both capital and
operating expenditure).
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Abbreviations
The following abbreviations are used in this manuscript:
PEM
FCEV
LOHC
HIC
SSCC
SOHIC
HE
HALP
HELP
MFL
UT
ET
HSC
SSC
HIBC
PE
PVC
GHG
NG
NDE

Proton Exchange Membrane
Fuel Cell Electric Vehicles
Liquid Organic Hydrogen Carriers
Hydrogen Induced Cracking
Sulphide Stress Corrosion Cracking
Stress Oriented Hydrogen Induced Cracking
Hydrogen Embrittlement
Hydrogen-Affected Localised Plasticity
Hydrogen Enhanced Localised Plasticity
Magnetic Flux Leakage
Ultrasonic Testing
Eddy Current Testing
Hydrogen Stress Cracking
Stress Corrosion Cracking
Hydrogen Induced Blister Cracks
Polyethylene
Polyvinylchloride
Greenhouse Gas
Natural Gas
Non-Destructive Evaluation
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NDT
ECM
PAUT
TOFD
GWT
MW
GMT
EMAT
RT
EMI
IRT
MBN
CUI
CZM
TSL
ILI
PZT
PEC
VT
TOF
MECT
ECIT
SHM
IQI
HEE

Non-Destructive Testing
External Corrosion Monitoring
Phased Array Ultrasonic Testing
Time of flight Diffraction
Guided Wave Testing
Microwave NDE
Guided Microwave Testing
Electromagnetic Acoustic Transducer
Radiograhy Testing
Electromechanical Impedance
Infrared Thermography
Magnetic Barkhausen Noise
Corrosion Under Insulation
Cohesive Zone Modelling
Traction Separation Law
In-line Inspection
Lead Zirconate Titanate
Pulsed eddy current
Visual Testing
Time-of-flight
Movement-induced Eddy Current
Eddy-current Induced Thermography
Structural Health Monitoring
Image Quality Indicator
Hydrogen Environment Embrittlement

References
1.
2.
3.
4.
5.

6.
7.

8.
9.
10.
11.
12.
13.
14.
15.

Singla, M.K.; Nijhawan, P.; Oberoi, A.S. Hydrogen fuel and fuel cell technology for cleaner future: a review. Environ. Sci. Pollut.
Res. 2021, 28, 15607–15626. [CrossRef] [PubMed]
Alaswad, A.; Baroutaji, A.; Achour, H.; Carton, J.; Makky, A.A.; Olabi, A.G. Developments in fuel cell technologies in the transport
sector. Int. J. Hydrogen Energy 2016, 41, 16499–16508. [CrossRef]
Brandon, N.P.; Kurban, Z. Clean energy and the hydrogen economy. Philos. Trans. R. Soc. A 2017, 375, 400. [CrossRef]
Alternative Fuels Data Center—Fuels and Vehicles—Hydrogen Basics. Available online: https://afdc.energy.gov/fuels/
hydrogen_basics.html (accessed on 23 July 2022).
European Union Agency for the Cooperation of Energy Regulators. Transporting Pure Hydrogen by Repurposing Existing Gas Infrastructure: Overview of Existing Studies and Reflections on the Conditions for Repurposing. Available online: https://acer.europa.eu/Official_documents/Acts_of_the_Agency/Publication/Transporting%20Pure%20Hydrogen%20
by%20Repurposing%20Existing%20Gas%20Infrastructure_Overview%20of%20studies.pdf (accessed on 12 July 2022).
Noussan, M.; Raimondi, P.P.; Scita, R.; Hafner, M. The Role of Green and Blue Hydrogen in the Energy Transition—A Technological
and Geopolitical Perspective. Sustainability 2021, 13, 298. [CrossRef]
Sheffield, J.W.; Martin, K.B.; Folkson, R. Electricity and hydrogen as energy vectors for transportation vehicles. Alternative Fuels
and Advanced Vehicle Technologies for Improved Environmental Performance: Towards Zero Carbon Transportation; Elsevier: Amsterdam,
The Netherlands, 2014; pp. 117–137. [CrossRef]
Ohaeri, E.; Eduok, U.; Szpunar, J. Hydrogen related degradation in pipeline steel: A review. Int. J. Hydrogen Energy 2018,
43, 14584–14617. [CrossRef]
Dagdougui, H.; Garbolino, E.; Paladino, O.; Sacile, R. Hazard and risk evaluation in hydrogen pipelines. Manag. Environ. Qual.
2010, 21, 712–725. [CrossRef]
Cao, Q.; Pojtanabuntoeng, T.; Esmaily, M.; Thomas, S.; Brameld, M.; Amer, A.; Birbilis, N. A Review of Corrosion under Insulation:
A Critical Issue in the Oil and Gas Industry. Metals 2022, 12, 561. [CrossRef]
Xie, M.; Tian, Z. A review on pipeline integrity management utilizing in-line inspection data. Eng. Fail. Anal. 2018, 92, 222–239.
[CrossRef]
Gondal, I. Hydrogen transportation by pipelines. In Compend Hydrogen Energy; Elsevier: Amsterdam, The Netherlands, 2016;
pp. 301–322. [CrossRef]
Fekete, J.R.; Sowards, J.W.; Amaro, R.L. Economic impact of applying high strength steels in hydrogen gas pipelines. Int. J.
Hydrogen Energy 2015, 40, 10547–10558. [CrossRef]
Popov, B.N.; Lee, J.W.; Djukic, M.B. Hydrogen Permeation and Hydrogen-Induced Cracking. In Handbook of Environmental
Degradation Of Materials: Third Edition; Elsevier: Amsterdam, The Netherlands, 2018; pp. 133–162. [CrossRef]
Ma, Q.; Tian, G.; Zeng, Y.; Li, R.; Song, H.; Wang, Z.; Gao, B.; Zeng, K. Pipeline in-line inspection method, instrumentation and
data management. Sensors 2021, 21, 3862. [CrossRef]

Appl. Sci. 2022, 12, 9503

16.
17.
18.
19.

20.
21.
22.

23.
24.

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

38.
39.
40.
41.
42.

18 of 21

Ghosh, G.; Rostron, P.; Garg, R.; Panday, A. Hydrogen induced cracking of pipeline and pressure vessel steels: A review. Eng.
Fract. Mech. 2018, 199, 609–618. [CrossRef]
Mahajan, D.; Tan, K.; Venkatesh, T.; Kileti, P.; Clayton, C.R. Hydrogen Blending in Gas Pipeline Networks—A Review. Energies
2022, 15, 3582. [CrossRef]
Melaina, M.W.; Antonia, O.; Penev, M. Blending Hydrogen into Natural Gas Pipeline Networks: A Review of Key Issues. 2013.
Available online: https://www.nrel.gov/docs/fy13osti/51995.pdf (accessed on 15 July 2022)
Adam, P.; Heunemann, F.; von dem Bussche, C.; Engelshove, S.; Thiemann, T. Hydrogen Infrastructure—The Pillar of Energy
Transition, The Practical Conversion of Long-Distance Gas Networks to Hydrogen Operation. 2020 Available online: https:
//www.gascade.de/fileadmin/downloads/wasserstoff/whitepaper-h2-infrastructure.pdf (accessed on 12 July 2022)
Hafsi, Z.; Mishra, M.; Elaoud, S. Hydrogen embrittlement of steel pipelines during transients. Procedia Struct. Integr. 2018, 13,
210–217. [CrossRef]
Hesketh, J.; Hinds, G.; Morana, R. Effect of Pigging Damage on Sulfide Stress Corrosion Cracking of Type 316L Stainless Steel
Cladding. Corrosion 2018, 74, 487–495. [CrossRef]
Laureys, A.; Depraetere, R.; Cauwels, M.; Depover, T.; Hertelé, S.; Verbeken, K. Use of existing steel pipeline infrastructure for
gaseous hydrogen storage and transport: A review of factors affecting hydrogen induced degradation. J. Nat. Gas Sci. Eng. 2022,
101, 104534. [CrossRef]
Seo, K.W.; Hwang, J.H.; Kim, Y.J.; Kim, K.S.; Lam, P.S. Fracture toughness prediction of hydrogen-embrittled materials using
small punch test data in Hydrogen. Int. J. Mech. Sci. 2022, 225, 107371. [CrossRef]
Boukortt, H.; Amara, M.; Meliani, M.H.; Bouledroua, O.; Muthanna, B.G.N.; Suleiman, R.K.; Sorour, A.A.; Pluvinage, G. Hydrogen
embrittlement effect on the structural integrity of API 5L X52 steel pipeline. Int. J. Hydrogen Energy 2018, 43, 19615–19624.
[CrossRef]
Drexler, E.S.; Slifka, A.J.; Amaro, R.L.; Sowards, J.W.; Connolly, M.J.; Martin, M.L.; Lauria, D.S. Fatigue Testing of Pipeline Welds
and Heat-Affected Zones in Pressurized Hydrogen Gas. J. Res. Natl. Inst. Stand. Technol. 2019, 124, 1–19. [CrossRef]
Guo, Y.; Shao, Y.; Gao, X.; Li, T.; Zhong, Y.; Luo, X. Corrosion fatigue crack growth of serviced API 5L X56 submarine pipeline.
Ocean. Eng. 2022, 256, 111502. [CrossRef]
Mohtadi-Bonab, M.A.; Eskandari, M.; Szpunar, J.A. Role of cold rolled followed by annealing on improvement of hydrogen
induced cracking resistance in pipeline steel. Eng. Fail. Anal. 2018, 91, 172–181. [CrossRef]
Jacobo, L.R.; Garcia-Hernandez, R.; Lopez-Morelos, V.H.; Contreras, A. Effect of Acicular Ferrite and Bainite in API X70 Steel
Obtained After Applying a Heat Treatment on Corrosion and Cracking Behaviour. Met. Mater. Int. 2021, 27, 3750–3764. [CrossRef]
Li, Z.; Yang, C.; Cui, G.; Zhang, S.; Zhang, C. Effect of pH and NaCl concentration on the hydrogen evolution reaction of X60
steel. Anti-Corros. Methods Mater. 2019, 66, 203–209. [CrossRef]
Xu, L.Y.; Kang, Z.Y.; Han, Y.D.; Zhao, L.; Jing, H.Y.; Zhu, W.F. Effect of hydrogen on the fracture toughness of X65 high-frequency
welded pipeline. Weld. World 2019, 63, 75–86. [CrossRef]
Chatzidouros, E.V.; Traidia, A.; Devarapalli, R.S.; Pantelis, D.I.; Steriotis, T.A.; Jouiad, M. Effect of hydrogen on fracture toughness
properties of a pipeline steel under simulated sour service conditions. Int. J. Hydrogen Energy 2018, 43, 5747–5759. [CrossRef]
Kang, W.; Gao, Z.; Liu, Y.; Wang, L. Effect of Flow Rate on Corrosion Behavior and Hydrogen Evolution Potential of X65 Steel in
3.5% NaCl Solution. Int. J. Electrochem. Sci. 2019, 14, 2216–2223. [CrossRef]
Sharma, L.; Chhibber, R. Microstructure evolution and electrochemical corrosion behaviour of API X70 linepipe steel in different
environments. Int. J. Press. Vessel. Pip. 2019, 171, 51–59. [CrossRef]
Rahman, K.M.M.; Mohtadi-Bonab, M.A.; Ouellet, R.; Szpunar, J.; Zhu, N. Effect of electrochemical hydrogen charging on an API
X70 pipeline steel with focus on characterization of inclusions. Int. J. Press. Vessel. Pip. 2019, 173, 147–155. [CrossRef]
Mohtadi-Bonab, M.A.; Ariza-Echeverri, E.A.; Masoumi, M. A Comparative Investigation of the Effect of Microstructure and
Crystallographic Data on Stress-Oriented Hydrogen Induced Cracking Susceptibility of API 5L X70 Pipeline Steel. Metals 2022,
12, 414. [CrossRef]
Li, Y.; Song, L.; Sun, F. Key Factors of Stress Corrosion Cracking of X70 pipeline Steel in Simulated Deep-sea Environment: Role
of Localized Strain and Stress. Int. J. Electrochem. Sci. 2018, 13, 10155–10172. [CrossRef]
Briottet, L.; Ez-Zaki, H. Influence of Hydrogen and Oxygen Impurity Content in a Natural Gas/Hydrogen Blend on the Toughness
of an API X70 Steel. In Proceedings of the ASME 2018 Pressure Vessels and Piping Conference, Prague, Czech Republic, 15–20
July 2018; V06BT06A036. [CrossRef]
Alvaro, A.; Wan, D.; Olden, V.; Barnoush, A. Hydrogen enhanced fatigue crack growth rates in a ferritic Fe-3 wt % Si alloy and a
X70 pipeline steel. Eng. Fract. Mech. 2019, 219, 106641. [CrossRef]
Demina, Y.A.; Tyutin, M.R.; Marchenkov, A.Y.; Levin, V.P.; Botvina, L.R. Effect of Long-Term Operation on the Physical and
Mechanical Properties and the Fracture Mechanisms of X70 Pipeline Steels. Russ. Metall. 2022, 2022, 452–462. [CrossRef]
Mohtadi-Bonab, M.A.; Masoumi, M.; Szpunar, J.A. Failure analysis in API X70 pipeline steel in sour environment with an
emphasis on fracture surfaces and crack propagation. Int. J. Press. Vessels Pip. 2022, 195, 104600. [CrossRef]
Nguyen, T.T.; Park, J.; Kim, W.S.; Nahm, S.H.; Beak, U.B. Effect of low partial hydrogen in a mixture with methane on the
mechanical properties of X70 pipeline steel. Int. J. Hydrogen Energy 2020, 45, 2368–2381. [CrossRef]
Wang, Z.; Lu, H.; Cai, J.; Wu, L.; Luo, K.; Lu, J. Improvement mechanism in stress corrosion resistance of the X70 pipeline steel in
hydrogen sulfide solution by massive laser shock peening treatment. Corros. Sci. 2022, 201, 110293. [CrossRef]

Appl. Sci. 2022, 12, 9503

43.
44.
45.
46.

47.
48.
49.
50.
51.
52.
53.

54.
55.
56.
57.
58.
59.
60.
61.

62.
63.
64.
65.

66.
67.

68.

19 of 21

Izadi, H.; Tavakoli, M.; Moayed, M.H. Effect of thermomechanical processing on hydrogen permeation in API X70 pipeline steel.
Mater. Chem. Phys. 2018, 220, 360–365. [CrossRef]
Sun, Q.; Chen, C.; Zhao, X.; Chi, H.; Yang, Y.H.; Li, Y.; Qi, Y.; Yu, H. Ion-selectivity of iron sulfides and their effect on H2S
corrosion. Corros. Sci. 2019, 158, 108085. [CrossRef]
Sun, D.; Wu, M.; Xie, F.; Gong, K. Hydrogen permeation behavior of X70 pipeline steel simultaneously affected by tensile stress
and sulfate-reducing bacteria. Int. J. Hydrogen Energy 2019, 44, 24065–24074. [CrossRef]
Asadipoor, M.; Anaraki, A.P.; Kadkhodapour, J.; Sharifi, S.M.H.; Barnoush, A. Macro- and microscale investigations of hydrogen
embrittlement in X70 pipeline steel by in-situ and ex-situ hydrogen charging tensile tests and in-situ electrochemical microcantilever bending test. Mater. Sci. Eng. A 2020, 772, 138762. [CrossRef]
Nguyen, T.T.; Park, J.S.; Kim, W.S.; Nahm, S.H.; Beak, U.B. Environment hydrogen embrittlement of pipeline steel X70 under
various gas mixture conditions with in situ small punch tests. Mater. Sci. Eng. A 2020, 781, 139114. [CrossRef]
Li, L.; Song, B.; Cai, Z.; Liu, Z.; Cui, X. Effect of vanadium content on hydrogen diffusion behaviors and hydrogen induced
ductility loss of X80 pipeline steel. Mater. Sci. Eng. A 2019, 742, 712–721. [CrossRef]
Zhang, X.; Yang, W.; Xu, H.; Zhang, L. Effect of Cooling Rate on the Formation of Nonmetallic Inclusions in X80 Pipeline Steel.
Metals 2019, 9, 392. [CrossRef]
Wang, X.; Wang, Z.; Chen, Y.; Song, X.; Yang, Y. Effect of a DC Stray Current on the Corrosion of X80 Pipeline Steel and the
Cathodic Disbondment Behavior of the Protective 3PE Coating in 3.5 NaCl Solution. Coatings 2019, 9, 29. [CrossRef]
Zheng, Y.; Zhang, L.; Shi, Q.; Chengshuang, J.Z.; Zheng, J. Effects of hydrogen on the mechanical response of X80 pipeline steel
subject to high strain rate tensile tests. Fatigue Fract. Eng. Mater. Struct. 2020, 43, 684–697. [CrossRef]
Xing, Y.; Yang, Z.; Yao, X.; Wang, X.; Lu, M.; Zhang, L.; Qiao, L. Effects of hydrogen on the fracture toughness of X80 steel base
metal and girth weld under strong cathodic current with in-situ hydrogen charging. Eng. Fail. Anal. 2022, 135, 106143. [CrossRef]
Li, L.; Song, B.; Cai, Z.; Liu, Z.; Cui, X. Influence of Tempering Treatment on Precipitation Behavior, Microstructure, Dislocation
Density and Hydrogen-Induced Ductility Loss in High-Vanadium Hot-Rolled X80 Pipeline Steel. In Proceedings of the 148th TheMinerals-Metals-and-Materials-Society (TMS) Annual Meeting and Exhibition (TMS) on Microelectronic Packaging, Interconnect,
and Pb-Free Solder, San Antonio, TX, USA, 10–14 March 2019; pp. 1111–1122. [CrossRef]
Zhou, C.; Ye, B.; Song, Y.; Tiancheng, P.C.; Xu, F.; Zhang, L. Effects of internal hydrogen and surface-absorbed hydrogen on the
hydrogen embrittlement of X80 pipeline steel. Int. J. Hydrogen Energy 2019, 44, 22547–22558. [CrossRef]
An, T.; Li, S.; Qu, J.; Shi, J.; Zhang, S.; Chen, L.; Zheng, S.; Yang, F. Effects of shot peening on tensile properties and fatigue
behavior of X80 pipeline steel in hydrogen environment. Int. J. Fatigue 2019, 129, 105235. [CrossRef]
Yuan, W.; Huang, F.; Liu, J.; Hu, Q.; Cheng, Y.F. Effects of temperature and applied strain on corrosion of X80 pipeline steel in
chloride solutions. Corros. Eng. Sci. Technol. 2018, 53, 393–402. [CrossRef]
Wu, T.; Sun, C.; Xu, J.; Yan, M.; Yin, F.; Ke, W. A study on bacteria-assisted cracking of X80 pipeline steel in soil environment.
Corros. Eng. Sci. Technol. 2018, 53, 265–275. [CrossRef]
Wang, Z.; Liu, M.; Lu, M.; Zhang, L.; Sun, J.; Zhang, Z.; Tang, X. The Effect of Temperature on the Hydrogen Permeation of
Pipeline Steel in Wet Hydrogen Sulfide Environments. Int. J. Electrochem. Sci. 2018, 13, 915–924. [CrossRef]
Zhang, L.; Shen, H.J.; Sun, J.Y.; Sun, Y.N.; Fang, Y.C.; Cao, W.H.; Xing, Y.Y.; Lu, M.X. Effect of calcareous deposits on hydrogen
permeation in X80 steel under cathodic protection. Mater. Chem. Phys. 2018, 207, 123–129. [CrossRef]
Han, Z.; Huang, X. Stress corrosion behavior of X80 pipeline steel in the natural seawater with different dissolved oxygen
contents. Fract. Struct. Integr. 2019, 13, 20–28. [CrossRef]
Bai, P.; Zhou, J.; Luo, B.; Zheng, S.; Wang, P.; Tian, Y. Hydrogen embrittlement of X80 pipeline steel in H2S environment: Effect of
hydrogen charging time, hydrogen-trapped state and hydrogen charging-releasing-recharging cycles. Int. J. Miner. Metall. Mater.
2020, 27, 63–73. [CrossRef]
Liu, B.; Liu, M.; Liu, Z.; Du, C.; Li, X. Nitrate-reducing-bacteria assisted hydrogen embrittlement of X80 steel in a near-neutral pH
solution. Corros. Sci. 2022, 202, 110317. [CrossRef]
Liu, R.; Liu, L.; Wang, F. The role of hydrostatic pressure on the metal corrosion in simulated deep-sea environments—A review.
J. Mater. Sci. Technol. 2022, 112, 230–238. [CrossRef]
Wang, S.; Yin, X.; Zhang, H.; Liu, D.; Du, N. Coupling Effects of pH and Dissolved Oxygen on the Corrosion Behavior and
Mechanism of X80 Steel in Acidic Soil Simulated Solution. Materials 2019, 12, 3175. [CrossRef]
Gonzalez, P.; Cicero, S.; Alvarez, J.A.; Arroyo, B. Analysis of stress corrosion cracking in X80 pipeline steel: An approach from the
theory of critical distances. In Proceedings of the 22nd European Conference on Fracture (ECF)—Loading and Environmental
Effects on Structural Integrity, Belgrade, Serbia, 26–31 August 2018; Volume 13, pp. 3–10. [CrossRef]
Li, Y.; Gong, B.; Li, X.; Deng, C.; Wang, D. Specimen thickness effect on the property of hydrogen embrittlement in single edge
notch tension testing of high strength pipeline steel. Int. J. Hydrogen Energy 2018, 43, 15575–15585. [CrossRef]
Ronevich, J.; Marchi, C.S.; Kolasinski, R.; Thurmer, K.; Bartelt, N.; Gabaly, F.E.; Somerday, B. Oxygen Impurity Effects on
Hydrogen Assisted Fatigue and Fracture of X100 Pipeline Steel. In Proceedings of the ASME 2018 Pressure Vessels and Piping
Conference, Prague, Czech Republic, 15–20 July 2018. [CrossRef]
Lopez-Martinez, E.; Vazquez-Gomez, O.; Vergara-Hernandez, B.; Campillo, H.J. Hydrogen assisted cracking in a microalloyed
steel subjected to a rapid thermal cycle at high temperature. Arch. Metall. Mater. 2018, 63, 315–321. [CrossRef]

Appl. Sci. 2022, 12, 9503

69.

70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.

86.

87.
88.

89.
90.
91.
92.
93.
94.
95.
96.
97.
98.

20 of 21

Haldorsen, L.M.; Nyhus, B.; Rorvik, G. Hydrogen induced stress cracking of superduplex steels: Effect of operation temperature. In Proceedings of the 37th ASME International Conference on Ocean, Offshore and Arctic Engineering, Madrid, Spain,
17–22 June 2018.
Cawley, P. Structural health monitoring: Closing the gap between research and industrial deployment. Struct. Health Monit. 2018,
17, 1225–1244. [CrossRef]
Ho, M.; El-Borgi, S.; Patil, D.; Song, G. Inspection and monitoring systems subsea pipelines: A review paper. Struct. Health Monit.
2020, 19, 606–645. [CrossRef]
Heinlein, S.; Cawley, P.; Vogt, T. Validation of a procedure for the evaluation of the performance of an installed structural health
monitoring system. Struct. Health Monit. 2019, 18, 1557–1568. [CrossRef]
Andruschak, N.; Saletes, I.; Filleter, T.; Sinclair, A. An NDT guided wave technique for the identification of corrosion defects at
support locations. NDT E Int. 2015, 75, 72–79. [CrossRef]
Chua, C.A.; Cawley, P. Crack growth monitoring using fundamental shear horizontal guided waves. Struct. Health Monit. 2020,
19, 1311–1322. [CrossRef]
Zhang, H.; Gao, B.; Tian, G.Y.; Woo, W.L.; Bai, L. Metal defects sizing and detection under thick coating using microwave NDT.
NDT E Int. 2013, 60, 52–61. [CrossRef]
Teng, W.S.; Akbar, M.F.; Jawad, G.N.; Tan, S.Y.; Sazali, M.I.S.M. A past, present, and prospective review on microwave
nondestructive evaluation of composite coatings. Coatings 2021, 11, 913. [CrossRef]
Weekes, B.; Almond, D.P.; Cawley, P.; Barden, T. Eddy-current induced thermography—Probability of detection study of small
fatigue cracks in steel, titanium and nickel-based superalloy. NDT E Int. 2012, 49, 47–56. [CrossRef]
Eckel, S.; Zscherpel, U.; Huthwaite, P.; Paul, N.; Schumm, A. Radiographic film system classification and noise characterisation
by a camera-based digitisation procedure. NDT E Int. 2020, 111, 102241. [CrossRef]
Liu, Y.; Feng, X. Monitoring corrosion-induced thickness loss of stainless steel plates using the electromechanical impedance
technique. Meas. Sci. Technol. 2020, 32, 025104. [CrossRef]
Khodayar, F.; Sojasi, S.; Maldague, X. Infrared thermography and NDT: 2050 horizon. Quant. Infrared Thermogr. J. 2016,
13, 210–231. [CrossRef]
Bison, P.; Marinetti, S.; Cuogo, G.; Molinas Agnellini, B.; Zonta, P.P.; Grinzato, E. Corrosion detection on pipelines by IR
thermography. In Proceedings of the SPIE Defense, Security, and Sensing, Orlando, FL, USA, 25–29 April 2011. [CrossRef]
Workswell Thermal Imaging Systems—Pipeline Inspections with Thermal Diagnostics. Available online: https://www.dronethermal-camera.com/drone-uav-thermography-inspection-pipeline/ (accessed on 24 July 2022).
Zetec. Is Visual Inspection an Effective NDT Method?|Zetec. Available online: https://www.zetec.com/blog/is-visualinspection-an-effective-ndt-method/ (accessed on 12 August 2022).
Bastian, B.T.; N, J.; Ranjith, S.K.; Jiji, C.V. Visual inspection and characterization of external corrosion in pipelines using deep
neural network. NDT E Int. 2019, 107, 102134. [CrossRef]
UNITRACC. Detection of Coating Defects in Pipelines Using In-Line Inspection Tools—UNITRACC—Underground Infrastructure
Training and Competence Center. Available online: https://www.unitracc.de/e-journal/news-and-articles/detection-of-coatingdefects-in-pipelines-using-in-line-inspection-tools-en (accessed on 12 July 2006).
Holbrook, J.H.; Cialone, H.J.; Collings, E.W.; Drauglis, E.J.; Scott, P.M.; Mayfield, M.E. Control of hydrogen embrittlement of
metals by chemical inhibitors and coatings. InGaseous Hydrogen Embrittlement of Materials in Energy Technologies: Mechanisms,
Modelling and Future Developments; Elsevier: Amsterdam, The Netherlands, 2012; pp. 129–153. [CrossRef]
Turnbull, A. Hydrogen diffusion and trapping in metals. In Gaseous Hydrogen Embrittlement of Materials in Energy Technologies:
Mechanisms, Modelling and Future Developments; Elsevier: Amsterdam, The Netherlands, 2012; pp. 89–128. [CrossRef]
The Association for Materials Protection and Performance. Corrosion Under Insulation—AMPP. Available online: https://www.
ampp.org/education/education-resources/courses-by-program/general-corrosion/corrosion-under-insulation (accessed on
22 July 2022).
Balueva, A. Modeling of Hydrogen Embrittlement Cracking in Pipe-lines under High Pressures. Procedia Mater. Sci. 2014,
3, 1310–1315. [CrossRef]
Jemblie, L.; Olden, V.; Mainçon, P.; Akselsen, O.M. Cohesive zone modelling of hydrogen induced cracking on the interface of
clad steel pipes. Int. J. Hydrogen Energy 2017, 42, 28622–28634. [CrossRef]
Jemblie, L.; Olden, V.; Akselsen, O.M. A review of cohesive zone modelling as an approach for numerically assessing hydrogen
embrittlement of steel structures. Philos. Trans. R. Soc. A 2017, 375, 411. [CrossRef] [PubMed]
Vanaei, H.R.; Eslami, A.; Egbewande, A. A review on pipeline corrosion, in-line inspection (ILI), and corrosion growth rate
models. Int. J. Press. Vessel. Pip. 2017, 149, 43–54. [CrossRef]
Stewart, M. 7—In-service inspection by nondestructive examination (NDE). In Surface Production Operations; Stewart, M., Ed.;
Gulf Professional Publishing: Boston, MA, USA, 2021; pp. 285–331. [CrossRef]
API Standard 1104; Welding of Pipelines and Related Facilities. API: Washington, DC, USA, 2013.
BS 7910; Guide to Methods for Assessing the Acceptability of Flaws in Metallic Structures. BSI: London, UK, 2015.
API/ASME. Fitness-For-Service; API 579-1/ASME FFS-1; ASME: New York, NY, USA, 2016.
ASME. Hydrogen Piping and Pipelines ASME Code for Pressure Piping; B31 ASME B31.12-2014; ASME: New York, NY, USA, 2014.
Isla, J.; Cegla, F. EMAT phased array: A feasibility study of surface crack detection. Ultrasonics 2017, 78, 1–9. [CrossRef] [PubMed]

Appl. Sci. 2022, 12, 9503

99.
100.
101.

102.
103.
104.
105.
106.
107.
108.
109.

110.
111.
112.
113.

21 of 21

TWI. Radiography Part 2. Available online: https://www.twi-global.com/technical-knowledge/job-knowledge/radiographypart-2-125 (accessed on 12 August 2022).
Shi, Y.; Zhang, C.; Li, R.; Cai, M.; Jia, G. Theory and application of magnetic flux leakage pipeline detection. Sensors 2015,
15, 31036–31055. [CrossRef] [PubMed]
Niese, F.; Yashan, A.; Izfp, F.; Willems, H.H. Wall Thickness Measurement Sensor for Pipeline Inspection using EMAT Technology
in Combination with Pulsed Eddy Current and MFL. In Proceedings of the 9th European Conference on NDT (ECNDT 2006),
Berlin, Germany, 25–29 September 2006; Session: Pipeline In Service Inspection. Available online: https://www.ndt.net/search/
docs.php3?id=3913 (accessed on 12 August 2022).
Bhadeshia, H.K.D.H. Prevention of Hydrogen Embrittlement in Steels. ISIJ Int. 2016, 56, 24–36. [CrossRef]
Michler, T.; Naumann, J. Coatings to reduce hydrogen environment embrittlement of 304 austenitic stainless steel. Surf. Coatings
Technol. 2009, 203, 1819–1828. [CrossRef]
Gröner, L.; Mengis, L.; Galetz, M.; Kirste, L.; Daum, P.; Wirth, M.; Meyer, F.; Fromm, A.; Blug, B.; Burmeister, F. Investigations of
the Deuterium Permeability of As-Deposited and Oxidized Ti2AlN Coatings. Materials 2020, 13, 2085. [CrossRef]
Yang, Y.; Xu, H.; Lu, Q.; Bao, W.; Lin, L.; Ai, B.; Zhang, B. Development of Standards for Hydrogen Storage and Transportation.
E3S Web Conf. 2020, 194, 02018. [CrossRef]
Wu, R.; Zhang, H.; Yang, R.; Chen, W.; Chen, G. Nondestructive Testing for Corrosion Evaluation of Metal under Coating. J. Sens.
2021, 2021. [CrossRef]
TWI. What Factors Affect Eddy Currents? Available online: https://www.twi-global.com/technical-knowledge/faqs/faq-whatfactors-affect-eddy-currents (accessed on 14 September 2022).
Marcantonio, V.; Monarca, D.; Colantoni, A.; Cecchini, M. Ultrasonic waves for materials evaluation in fatigue, thermal and
corrosion damage: A review. Mech. Syst. Signal Process. 2019, 120, 32–42. [CrossRef]
California Test 685 State of California-Business, Transportation and Housing Agency Method of Test for Holiday Detection
in Epoxy-Coated Reinforcing Steel Products. 2013. Available online: http://www.dot.ca.gov/hq/esc/ctms/pdf/lab_safety_
manual.pdf (accessed on 10 September 2022).
Li, M.; Li, X.; Deng, J. Characterization of pitting resistance of metal materials with ultrasonic microscope. Measurement 2021, 172,
108952. [CrossRef]
Zou, F.; Cegla, F.B. High-Accuracy Ultrasonic Corrosion Rate Monitoring. Corrosion 2018, 74, 372–382. [CrossRef]
Parra-Raad, J.; Khalili, P.; Cegla, F. Shear waves with orthogonal polarisations for thickness measurement and crack detection
using EMATs. NDT E Int. 2020, 111, 102212. [CrossRef]
Zhang, J.; Cho, Y.; Kim, J.; Malikov, A.K.U.; Kim, Y.H.; Yi, J.H.; Li, W. Non-Destructive Evaluation of Coating Thickness Using
Water Immersion Ultrasonic Testing. Coatings 2021, 11, 1421. [CrossRef]

