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A B S T R A C T   

Salt caverns have great potential to store relevant amounts of hydrogen as part of the energy transition. However, 
the durability and suitability of commonly used steels for piping in hydrogen salt caverns is still under research. 
In this work, aging effects focusing on corrosion and cracking patterns of casing steel API 5CT J55 and “H2ready” 
pipeline steel API 5L X56 were investigated with scanning electron microscopy and energy dispersive X-ray 
spectroscopy after accelerated stress tests with pressure/temperature cycling under hydrogen salt cavern-like 
conditions. Compared to dry conditions, significant more corrosion by presence of salt ions was detected. 
However, compared to X56, only for J55 an intensification of corrosion and cracking at the surface due to 
hydrogen atmosphere was revealed. Pronounced surface cracks were observed for J55 over the entire samples. 
Overall, the results strongly suggest that X56 is more resistant than J55 under the conditions of a hydrogen salt 
cavern.   

1. Introduction 

The energy transition to renewable energy sources is more urgent 
than at any time in the past. First and foremost, to counteract climate 
change with rising temperatures and rising sea levels, but also to become 
less dependent on other energy-exporting countries. Typical renewable 
energy sources are photovoltaic and wind energy. The output of both 
technologies is intermittent and fluctuating, resulting in short-term and 
seasonal variations [1]. Power generation and demand are not aligned. 
Accordingly, the development of short-term energy storage is necessary 
to smoothen the power output to the grid, i.e., to stabilize the frequency, 
voltage, and power quality of the system. Long-term energy storage 
between seasons is important to ensure access to reliable energy services 
throughout the year and to harvest the energy oversupply in the sum-
mer, e.g. from photovoltaics (PV). Even during periods of limited sun 
and wind, typically in the winter time, sufficient energy supply is 
essential in an electricity-dependent society. 

A suitable way to store large amounts of energy over yearly cycles is 
chemical storage, which is the reason why natural gas has often been 

used in the past. For an electricity system aiming at climate neutrality, 
hydrogen (H2) should replace natural gas and other fossil fuels in many 
applications. There are several promising research areas and efforts 
related to H2, such as various fuel cell powered vehicles [2–4] and 
environmentally friendly ammonia production [5]. In addition, the steel 
industry offers great potential for the use of H2 [6–9]. As the iron and 
steel industry is responsible for 4% of anthropogenic carbon dioxide 
(CO2) emissions in Europe, decarbonization of the sector can contribute 
significantly to the reduction of greenhouse gases [6,7,9]. As H2 can be 
produced in a CO2-neutral way by electrolysis using renewable energy 
sources, it supports the idea of the energy transition. However, for a 
future in which H2 plays a key role as a secondary energy carrier, the 
infrastructure for its storage must be implemented. In this field, un-
derground storage in large-scale salt caverns analogous to natural gas 
has enormous potential. While much experience has already been 
gained with natural gas storage in salt caverns, there are still unan-
swered questions to be resolved for H2 [10]. Due to advantages such as 
the low porosity of salt rock and the resulting low permeability of 
hydrogen, the gas tightness of salt caverns has already been proven for 
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hydrogen [10,11]. In addition, no safety-relevant differences to natural 
gas are expected with regard to the salt, as it is chemically inert to 
hydrogen [11]. Nevertheless, there are some challenges of storing 
hydrogen in salt caverns, such as the economic feasibility (provision of 
cushion gas to maintain the minimum pressure in the cavity), the 
quantities of water required for the construction of caverns and the brine 
(salt concentration) to be disposed of in the process, as well as the 
challenges discussed here in the study with regard to corrosion and 
material compatibility. Further issues of life cycle and safety have to be 
answered [12]. 

The storage of H2 in salt caverns has been realized, but is currently 
not a widely established technology as a secondary energy storage op-
tion [13,14]. Therefore, there is limited data on the long-term compat-
ibility of cavern materials in conjunction with H2. Various materials are 
needed to build these caverns, including cements, polymers, and steel. 
This study focuses on steel analyses since steel is extensively utilized for 
realizing the underground piping of salt caverns. As shown in the next 
section for some examples, suitable steel grades have been defined for 
natural gas storage in underground structures, however, the applica-
bility of steels for H2 storage has yet to be investigated and confirmed. 
The data presented for steel applications with H2 in the literature tend to 
be limited to the class pipeline steels, which are generally used for above 
ground piping but less for underground piping under the special con-
ditions of salt caverns. Their extended applicability to salt caverns needs 
to be considered, as this could be a potential new area of interest for 
these steels. Investigation of the changes in the steel surface under the 
various salt cavern conditions is the objective of the study presented in 
this paper. 

Pipes used in the industry for various applications are classified and 
named in accordance with standard technical specifications and 
nomenclature of the American Petroleum Institute (API). Commercially, 
casing and pipe steels are used for combined natural gas and under-
ground storage applications. These follow the nomenclature of the class 
API 5CT with an additional letter/number combination indicating the 
strength level and determining the grade [15]. Some of the materials in 
this class have been developed for underground natural gas and oil 
storage in caverns, such as API 5CT J55 (J55) (weldable) and API 5CT 
N80 Q (weldable) [16,17]. 

Boersheim et al. [18] investigated the effects of H2 on steels typically 
used in underground storage facilities in Germany, which include API 
5CT N80, P110, K55, and J55 casing steels; however, the exact specifi-
cations including the material compositions were not published for 
confidentiality reasons. N80, K55, and J55 were tested for 4 weeks in an 
autoclave that mimicked the conditions of a cavern containing H2, but 
without pressure and temperature cycling. Brine was added to the sys-
tem, and temperature and pressure were maintained at 100 ◦C and 100 
bar, respectively. In the stress-strain measurements of the steels before 
and after H2 exposure, a change in geometry was observed, while 
hydrogen embrittlement could not be recognized. It should be noted that 
the time of failure is not indicated in the graphs and the scale was not 
normalized. 

Trautmann et al. [19] investigated the effects of H2 on API 5CT P110 
[15], which is regularly applied in caverns, and on L80, which is used for 
drilling in acidic environments [18]. The materials were tested for 30 
days in an autoclave at 25 and 80 ◦C with H2 at partial pressures of 20 
and 100 bar, respectively. The omission and addition of an electrolyte 
represented dry and wet conditions. The results showed that hydrogen 
uptake increased with elevated temperature, pressure, and combined 
humid conditions. However, overall hydrogen uptake during testing was 
low and did not result in failure below the specified minimum yield 
strength of 90% at constant load. 

Another possible steel category for underground storage applications 
is pipeline steel, which is generally used for oil and gas transportation 
infrastructure [20]. According to API nomenclature, pipeline steels are 
classified as API 5L followed by a letter/number combination indicating 
the strength level and determining the grade [20]. There are some 

studies on the effects of H2 on API 5L X70 steel [21–24]. Mohtadi-Bonab 
et al. [21] studied the steel using scanning electron microscopy (SEM) 
and other techniques. Polished samples were electrochemically loaded 
with hydrogen. The effects of the hydrogen were studied microscopi-
cally. Two types of damage, blisters and internal cracks, were observed. 
The number and size of bubbles increased with loading time, reaching 
up to 1 mm in the 24-h treated sample. The same dependence was 
observed for internal cracks. Inside the microstructure, structural de-
fects and nonmetallic inclusions served as points of attack. 
Mohtadi-Bonab et al. [21] used energy dispersive X-ray spectroscopy 
(EDX) to detect crack initiation and propagation on steel surfaces. They 
have observed that grain size and microstructure (in)homogeneity in-
fluence hydrogen embrittlement. A finer grain structure increases the 
amount of hydrogen diffusion inhibitors, as grain boundaries with high 
local concentration of hydrogen can cause structural defects. Never-
theless, further studies are needed, in particular experiments under the 
boundary conditions of salt caverns, to assess the suitability of X70 steel 
for use in caverns. Another steel grade commonly used in the European 
pipeline network is API 5L X52. Capelle et al. [25] showed that hydrogen 
can penetrate the near-surface layers of the metal even at a pressure of 
20 bar and ambient temperature, leading to a change in the local frac-
ture mechanism. It should be noted that the results are valid only for the 
specific test conditions. Similarly, another study by Boukortt et al. [26] 
showed hydrogen embrittlement on API 5L X52 through a series of 
surface cracks near the fracture surface. Because of the hydrogen envi-
ronment, fracture often occurs near the surface, caused by pitting and 
hydrogen attack. Occasionally, fracture also begins at secondary cracks. 

This work focuses on investigating and discussing the suitability of 
two steel grades, casing steel API 5CT J55 and pipeline steel API 5L X56 
(X56), for potential application in salt caverns for H2 storage. The 
motivation for the selection of these steels is explained in the following 
materials section. Previous studies have often been limited to the 
theoretical possibility of storing hydrogen in caverns (e.g. gas tightness, 
microbial activity, utility for the grid) and to the general performance of 
steels under different hydrogen pressures. However, in this study, 
particularly the combination of pressurized hydrogen and cavern stor-
age of gases is of interest in the stability analysis of the steels. Therefore, 
surface investigations with microscopic techniques in combination with 
surface composition analysis were performed on steel samples after 
treatment in high pressure reactors with H2 atmosphere involving 
variation of temperature, pressure and permanent brine. The objective 
of the work was to investigate the visible aging effects on the surface, to 
assign the effects to the applied conditions, and to identify trends in the 
corrosion and cracking patterns of the steel samples as a function of the 
exposure conditions and duration. 

2. Materials 

The API 5CT J55 (Mannesmann Line Pipe GmbH) (Fig. 1a) investi-
gated in this study is a casing pipe steel that is commonly used for 
natural gas storage in salt caverns, but its application in traditional 
underground natural gas storage does not automatically qualify it for 
use in the same with H2. This steel was normalized during production via 
a hot rolling mill. The chemical composition of steel grades for casing 
according API 5CT is mostly comparable and is not subject to major 
limitations. The differentiation between the 5CT steel grades is based on 
their properties such as minimum yield strength and tensile strength. 
The yield strength is also responsible for the grade classification, e.g. for 
J55 it is 379 MPa [15]. The minimum tensile strength is 517 MPa [15]. 
Willett [27] investigated the susceptibility of electrically welded J55 to 
hydrogen-induced cracking (HIC). Extensive HIC was observed during 
mill testing, which was attributed to segregation in the centerline and 
inhomogeneity of the microstructure. Although the test setup is not 
closely related to material testing under H2 salt cavern boundary con-
ditions, the study shows that hydrogen embrittlement can occur in the 
material under certain treatments and conditions and therefore testing is 
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of great importance. In addition, the example shows that special atten-
tion should be paid to the welds of the pipelines. 

Additionally, the steel grade API 5L X56 (Mannesmann Line Pipe 
GmbH) (Fig. 1b) was investigated in this study for comparison reasons. 
This steel follows the “H2ready” production route via thermomechan-
ical rolling of Mannesmann Line Pipe and has a yield strength of 390 
MPa and a minimum tensile strength of 490 MPa [20,28]. Although 
these values are not congruent to the aforementioned API 5CT J55, X56 
steel can be produced to meet not only the requirements of X56 steel but 
also those of J55 steel. Since literature of this relatively new “H2ready” 
production route is currently only published for the very similar steel 
API 5L X52 with slightly shifted strength level, this alternative steel 
grade is used to present the novel steelmaking process and the possible 
consequences for its suitability for an H2-storing salt cavern [29]. Brauer 
et al. [28] investigated two as API 5L X52 classified steels, where steel 
type 1 was produced using a normalized hot rolling mill and steel type 2 
was thermomechanically rolled according to Mannesmann Line Pipe 
specifications for "H2ready" pipe. Steel type 2 was found to have 
increased grain refinement and higher homogenization rate compared to 
steel type 1. Slow strain rate tests (SSRT) conducted in an 80 bar H2 
environment indicate that steel type 1 is affected by H2, while steel type 
2 demonstrates good resistance to H2-induced degradation. Since H2 
dissociates on active metal surfaces (free of oxide layers), their forma-
tion should be avoided by reducing the occurrence of notches and ridges 
inside the tube. Moreover, the reduction of active metal surfaces sup-
presses local stress fields and thus critical crack growth. The results of 
the presented study [28] refer to the application in pipelines. A test 
under the boundary conditions of salt caverns was not performed in the 
referred study. To improve the resistance to hydrogen embrittlement, 
the chemical composition of the alloy plays an important role [26,30, 
31]. A lower carbon content improves weldability and thus reduces the 
probability of hydrogen penetration into the alloy. Reducing the phos-
phorus and sulfur content minimizes the material’s points of attack due 
to lower impurities. Another important factor in durability is micro-
structure, which can be affected by the manufacturing process. For this, 
no independent studies were identified. 

Since the “H2ready” production route seems to be promising for the 
production of H2-resistant steels, in this presented study, the afore-
mentioned API 5L X56 (X56) pipeline steel was selected for the in-
vestigations in addition to the conventional casing steel J55. The 
research question does not refer to the general applicability for H2, but 
to the suitability under salt cavern boundary conditions in combination 
with H2. Surface tests were performed and the results of the two steels 
were compared. It should be remarked that within the classification 
according to API 5CT J55 or API 5L X56 the mentioned properties 

regarding strengths or limits in the chemical composition are prescribed, 
but due to the different manufacturing processes (as described for 
"H2ready" X56) or slightly different chemical compositions there may be 
differences regarding the qualification for caverns and pipelines for 
hydrogen. 

2.1. Microstructural analysis of J55 and X56 

For the evaluation of SEM images, knowledge of the microstructure 
is helpful for further interpretation. Grain boundaries, interstitial sites 
and impurities can play a decisive role, especially in the interaction of 
H2 and the investigated steels [30–32]. In the later part of this paper, the 
microstructure will be used for discussion. The images shown in Fig. 2 
represent the microstructure with marked grain boundaries of the two 
steels studied, J55 and X56. The structure was obtained after polishing 
the surface to 0.25 μm and subsequent etching with 3 vol% Nital (3 vol% 
nitric acid (Roth ROTIPURAN®, purity ≥65%) in ethanol (Roth ROTI-
PURAN®, purity ≥99.8%)). Grain size was determined by averaging the 
length of several grains in multiple directions. For this, 300 length 
measurements per sample were performed using the image processing 
software ImageJ and the average of three samples per steel was 
determined. 

Analyzing three different images for J55, a mixture of pearlite and 
ferrite can be determined after visual comparison with images from 
literature [16,33,34]. The average grain size was measured to be 6.60 ±
2.62 μm. For X56, a major ferrite structure with a reduced fraction of 
isolated pearlite grains can be identified by comparing images from 
literature [35,36]. Clover et al. [37] confirmed this structure in their 
study on X56. An average grain size of 3.57 ± 1.74 μm was determined. 

3. Methods 

3.1. Sample preparation 

Samples of the two steels J55 and X56 were cut out of steel pipes by 
water jet cutting in squares of 20 mm × 20 mm with a thickness of 19 
mm for J55 and 13 mm for X56, respectively. The chemical stability of 
the steel types was investigated comparing untreated and sanded sample 
surfaces. The sanding was conducted in order to induce crack formation, 
enlarge the (active) surface area and increase probability for hydrogen 
uptake. Only the four cutting surfaces were sanded to maintain the 
curvature and coating of the samples. The samples were sanded with a 
sanding machine (LaboPol-20, Struers GmbH) using a resin bonded 
diamond disc (MD Piano 220) with a hardness classification of HV 220. 
Subsequently, the sanded samples were washed twice for 2 min each in 

Fig. 1. Pictures of a) API 5CT J55 and b) API 5L X56 after water jet cut prepared samples for accelerated stress testing.  
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fresh isopropanol (Roth 2-Propanol, purity 99.5%) in the ultrasonic bath 
(Elmasonic S10H). 

3.2. High-pressure reactor 

The accelerated stress test experiments were conducted in order to 
investigate the impact of salt cavern boundary conditions on different 
steels. The experiments were performed in high-pressure reactors (BR- 
500, Berghof Products + Instruments GmbH) containing a 316Ti stain-
less steel cylinder with an inner PTFE cylinder with a liquid volume of 

500 mL. 
The selection of variations in the experiments is shown in Fig. 3. For 

both materials, 12 experiments were performed in total derived from a 
combination of the initial sample conditions (untreated or sanded), the 
reactor conditions (dry, water and brine), and the gases used (H2 and 
nitrogen (N2)). Each test was conducted with a new sample. First the 
sample was placed in the PTFE cylinder. Subsequently, the reactor 
chamber was purged with 100 bar gas pressure. As the respective pro-
cess gases H2 (Linde GmbH, purity 6.0 (>99.9999 %)) or N2 (Linde 
GmbH, purity 6.0 (>99.9999 %)) were used. Measuring the oxygen (O2) 
and N2 content of the gas in the reactor, the required number of 6 
purging cycles was determined in order to have a concentration of over 
99.999 % for H2 in the reactor at the start of the test. For accelerated 
ageing temperature cycling was performed. Starting at room tempera-
ture (approx. 25 ◦C) the temperature was cycled between 160 ◦C and 
− 10 ◦C (process thermostat “Grande Fleur”, Peter Huber 
Kältemaschinenbau AG). Simultaneously, pressure cycling between 90 
and 150 bar was induced as a consequence of the temperature cycling 
within the reactor. Heating and cooling were conducted repeatedly in 
six cycles and the set temperatures were hold constantly for 4 h each 
time resulting in 72 h (3 days) in total. Then, the measurement was 
stopped at 25 ◦C. The sample was removed from the chamber, rinsed 
with isopropanol (Roth 2-Propanol, purity ≥99.5 %) and dried with a N2 
gas gun. Besides this “dry” condition, the same experiments were also 
performed using two different types of liquid (20 mL) within the 
chamber. In the “water” condition experiments high-purity water (ρ ≥
18,2 MΩ/cm) was used. And for the “brine” condition artificially 
recreated brine was prepared and applied in the chamber which was 
based on a measured composition of a brine extracted from a salt cavern. 
The brine was mainly composed of Na+ (c = 5.513 mol/L) and Cl− (c =

5.442 mol/L) ions and additionally contained K+ (c = 14 mmol/L), 
Mg2+ (c = 10 mmol/L), Ca2+ (c = 24 mmol/L), SO4

2− (c = 42 mmol/L) 
and Br− (c = 0.3 mmol/L) ions as minor constituents. The samples were 
immersed in the liquids during the experiments. Furthermore, in addi-
tion to the 3 days cycling, 14 days cycling was performed with selected 
environments using only dry and brine conditions with H2. Thus, addi-
tional 4 samples per steel type result from these combinations. 

3.3. Scanning electron microscopy and energy dispersive X-ray 
spectroscopy 

The samples were analyzed with a scanning electron microscope and 
an energy dispersive X-ray spectroscope (ZEISS NEON 40 EsB). An 
accelerated voltage of 15 kV was used for the measurements. The sur-
faces were screened for pits and cracks with a magnification of 200X. 
The EDX analysis was performed with a 35X magnification at three 
random spots in order to calculate a mean value for the weight per-
centage of the detected elements. For the reference three pristine 

Fig. 2. Microstructure SEM image of a) API 5CT J55 and b) API 5L X56 after 
polishing to 0.25 μm and subsequent treatment with 3 vol% Nital etch. 

Fig. 3. Overview of experiments performed with two different steel types. Surface state prior to the experiment start and varied conditions in the high-pressure 
reactor to emulate a hydrogen filled salt cavern and comparative measurements with defined environments are shown. Each experiment is the varied combina-
tion of the individual boxes (e.g. J55, sanded, brine, hydrogen). 
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samples were analyzed and the mean values were calculated. 

4. Results and discussion 

In the following results, the influence of H2 storage under cavern 
conditions on casing and pipeline steels is considered via accelerated 
stress tests. To determine the various influencing factors, different 
conditions in the reactor (dry, water, brine, each with H2 and N2), steel 
types (J55 and X56) and experiment durations (3 and 14 days) were 
applied as described in the methods section. The temperature and 
pressure thresholds of the cycling were not varied between experiments. 
After first discussing the results of the corrosion resistance determined 
by EDX, the results of the SEM investigation follow. 

4.1. Analysis of corrosion with energy dispersive X-ray spectroscopy 

The following figures focus on the discussion of elements most sig-
nificant for corrosion, which are iron (Fe) and oxygen (O). Other ele-
ments detected in the EDX were mainly carbon and are not shown in the 
following diagrams for a better overview. The proportion of the two 
elements Fe and O on the surface is shown as a function of the conditions 
investigated. In red the proportions of Fe are shown, in blue those of O. 
The reference values (half-filled triangles) were determined by aver-
aging 3 different steel samples without any exposure to experimental 
conditions in the reactor. The filled symbols refer to the 3 days tests, the 
empty ones to 14 days tests. The squares show the values for high 
pressure experiments under H2 atmosphere, the circles those under N2 
atmosphere. The graphs were divided into untreated and sanded sam-
ples to make it simpler to interpret the results when the initial conditions 
are the same. This results in two figures for each material (J55 and X56). 

4.1.1. EDX analysis of J55 
Fig. 4 shows the EDX results of the corrosion determination for 

casing steel J55. In general, it can be seen that at the end of the exper-
iments, the Fe content is smaller compared to the reference, while the O 
content is larger. This is a clear indication that under all conditions 
(except for the sample untreated, water, N2, 3 days) corrosion has taken 
place via the formation of iron oxide. Since the off-trend sample was not 
analyzed by EDX prior to the test, this result is considered as an 
exception. 

In the following, the individual applied conditions in the reactor will 
be compared. It can be seen that less iron oxide was formed under dry 
condition for both sample states than under water and brine conditions. 
This is in line with expectations, since high-purity gases (H2 6.0 and N2 
6.0, both with purity >99.9999%) were used for the experiments con-
taining only small traces of O2 and water. Thus, corrosion at the surface 
is only limitedly probable. Nevertheless, it is possible that the reactor 
was not sufficiently purged of atmospheric O2 despite the purging pro-
cesses with the investigated gases (H2 or N2) before the start of the 
experiment. The aim was to achieve an O2 content similar to that of H2 
5.0 (purity >99.999%) prior to the experiment. However, contamina-
tion with O2 and water cannot be precluded. 

Compared to the dry conditions, the experiments under water and 
brine conditions show significantly more iron oxide formation. This ef-
fect is particularly pronounced for the sanded samples, since surface 
oxides were removed when the reference was sanded before the start of 
the experiment and thus no oxygen was determined. This result illus-
trates that corrosion is generally promoted by moisture. Corrosion of 
iron in combination with water is possible via several reaction steps. Due 
to the high-purity water (ρ ≥ 18.2 MΩcm) or brine used, an alkaline 
cathodic reaction of water is likely (the products are hydroxide ions), 
while Fe ions are formed via anodic dissolution of Fe. Iron hydroxide (Fe 
(OH)2) is formed from the two intermediate products, and further re-
action is possible under alkaline conditions to form hematite 
(Fe2O3*H2O) [38]. However, it is beyond the scope of this work to 
isolate and determine the iron oxide products. 

The results for J55 are to be compared for water and brine condition, 
since the latter corresponds to the conditions of the salt cavern, espe-
cially in combination with H2. Fig. 4 shows that more iron oxide is 
formed for the brine condition than in ultrapure water. This is particu-
larly striking for the sanded samples. The difference in the corrosion rate 
can be explained by the presence of different salt ions. The composition 
of the brine was explained in the methods section. The effects of three 
metal ions from the salts (sodium (Na+), magnesium (Mg2+) and cal-
cium (Ca2+) with chloride (Cl− ) as anion) on N80 were studied by Lin 
et al. [17]. N80 is another casing steel grade within the API 5CT clas-
sification. A decrease in corrosion rate with increasing ion concentration 
was observed for Na+. This trend was attributed to the reduction in 
oxygen dissolution by the Na+ ions [17]. For Mg2+, a radical increase in 
corrosion rate was observed due to acceleration of ion transport in the 
salt solution. Ca2+ showed suppression of corrosion at low concentra-
tions, but above about 30 wt % it showed enhancement due to dynamic 
formation of Ca deposits by Ca precipitation [17]. The results of this 
study can be directly applied to the J55, since oxygen dissolution and ion 
transport depend on the solution and not on the steel. 

Elfergani and Abdalla [39] studied the effect of chloride (Cl− ) con-
centrations on the corrosion rate with different ASTM A285 grade C 
carbon steels [40]. The Cl− concentration was regulated from 1 to 6 wt 
% by the addition of NaCl, which led to a corresponding increase in the 
Na+ ion concentration. A maximum in the corrosion rate was found at 3 
wt % NaCl. The maximum can be explained as an equilibrium state 
between the corrosion acceleration by Cl− and the mentioned corrosion 
suppression by Na+. In any case, the Cl− has an intensifying effect on 
corrosion. Firstly, it has the ability to penetrate the passivating iron 
oxide layer, leading to destabilization and localized corrosion attack. 
Secondly, it catalyzes the anodic reaction of Fe to Fe(II) [39]. Zhao et al. 
also described a possible catalytic mechanism that accelerates the 

Fig. 4. Results from EDX analysis for Fe and O on untreated and sanded sur-
faces of J55 samples before (reference) and after 3 days (3d) and 14 days (14d) 
of high-pressure experiments. Visualized are results from varied conditions 
(dry, water, brine) and gases (H2, N2). 
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corrosion reaction by Cl− [41]. Kasthuri et al. [42] demonstrated similar 
effects of NaCl, namely an initial increase in the corrosion rate with 
increasing Na+ concentrations followed by a decrease. The results 
shown can be applied to the J55 studied here, since the chemistry of the 
passive layer and the catalytic reactions might be similar. 

While some salt compounds enhance corrosion, others have a 
reducing effect, such as suppressing oxygen dissolution. Therefore, 
varying chemical compositions of the brine in different salt caverns can 
have different effects on the steel. The simulated salt solution prepared 
and used here on the basis of a real brine sample shows an overall 
intensification of corrosion. 

A further trend emerges when comparing the tests under H2 and N2 
at the same conditions in each case (water or brine). As N2 (inert) can 
only have limited negative effects on corrosion due to the high pressure 
but not due to chemical reactions by the gas molecules, corrosion is 
slightly pronounced under H2 atmosphere, as expected. Thomas et al. 
[43] were able to show an enhancement of the corrosion effects for Fe 
with absorbed H as well as for different types of steels. The enhancement 
could be attributed to various effects of H2 on the steel and its passiv-
ation layer. Local phase transformations may occur due to the enrich-
ment of the metal lattice [44]. In addition, various postulations claim 
that H2 could cause destabilization of the passivation layer. It is assumed 
that H2 reduces oxygen, the passive film, and oxygen-containing species 
such as O2− and OH− within the passive film [45–47]. These reduction 
processes change the chemical composition of the passive film, altering 
its electronic properties and stability [48]. While this theory could 
explain the increase in corrosion in the untreated samples, the sanded 
samples do not exhibit a passive film on the surfaces studied. However, 
Thomas et al. also showed that in steel with absorbed hydrogen, 
hydrogen intrinsically enhances the anodic reaction (iron dissolution) 
[49]. Weakening of local metallic bonding by interstitial H-atoms was 
shown [43]. The combination of the proposed mechanism, destabiliza-
tion of the passive layer and promotion of iron dissolution, could change 
the chemical composition of the passive layer such that more O and less 
Fe would be present. In the EDX results this is only evident for untrea-
ted/sanded and water condition. Considering the error bars, for the 
other conditions these differences are not emphasized. However, the 
EDX technique is not sensitive enough for such observations and various 
other mechanisms and reactions add to the complexity. Although the 
trend visible in this study cannot be definitively assigned to any of the 
above theories, hydrogen appears to enhance corrosion. Since the trend 
is observed not only in the untreated samples but also in the sanded 
samples, this is an indicator for the promotion of Fe dissolution. 

For accelerated stress testing of the above discusses results, an 
experiment duration of 3 days with temperature (and pressure) cycling 
was specified. In order to be able to estimate the long-term effects of 
storing H2 in salt caverns as a function of the steels tested, 14 days ex-
periments were carried out under H2 atmosphere for the conditions of 
particular interest. The results of the tests are shown as empty squares 
for untreated and sanded, and for dry and brine conditions in Fig. 4. 
Generally, it can be seen that, with the exception of untreated dry 
condition, the oxygen content is higher and the iron content lower after 
14 days than after 3 days, as expected. This is a clear indication that 
significant further corrosion occurs between 3 and 14 days and that 
there was no saturation with iron oxide after 3 days of accelerated stress 
testing on the surface. The sample not following the trend is considered 
to be an anomaly, since irregularities in the original oxide layer cannot 
be excluded, especially in the untreated samples, so that other reference 
values would be necessary. 

4.1.2. EDX analysis of X56 
The results demonstrated in the following consider a pipeline steel of 

a newer type, which is supposed to be particularly stable for H2 appli-
cations due to its homogenized surface (“H2ready”), but which has not 
yet been tested for salt cavern use. 

In Fig. 5, the results of the corrosion study of the X56 steel samples 

under different conditions (dry, water, brine and H2, N2) for 3 and 14 
days are compared with the reference. The color code corresponds to 
that of Fig. 4 for the J55 steel. In general, the trend shows again a 
decrease for the Fe content and an increase in the O content from 
reference to dry, water, and brine environment. Thus, this repeatedly 
indicates surface corrosion. Under dry conditions, only a very slight 
difference can be seen between the tests with H2 and N2, so that the 
assumption of the presence of small residual amounts of water and ox-
ygen in the respective reactor during the test continues to explain the 
corrosion that has taken place. Since the X56 steel investigated here 
largely corresponds to the specifications of J55 in terms of chemical 
composition and strength level, the corrosion rates under water and 
brine conditions are as expected higher than under dry condition. It is 
also evident for X56 that the cathodic adsorption of oxygen and the 
anodic release of iron can cause iron hydroxide and consequently further 
iron oxides to form on the surface. More detailed explanations were 
discussed in the previous section on J55. 

4.1.3. Comparison of EDX results for J55 and X56 
To highlight the differences in terms of corrosion between the two 

studied steels under cavern conditions, Fig. 6 summarizes the particu-
larly interesting results with sanded samples and brine conditions from 
Figs. 4 and 5. The proportion of Fe and O on the surface is shown as a 
function of the gases studied and the experiment duration. Again, in red 
the proportions of Fe are shown, in blue those of O. The stars refer to 
J55, the triangles to X56. The reference values are represented as half- 
filled symbols. 

By comparing the results for sanded X56 samples under brine con-
ditions for 3 days for H2 exposed samples to those for N2 exposed ones, in 
contrast to J55, no significant deviations in the Fe and O contents are 
apparent. The same was found for the water conditions (Fig. 5), but is 
particularly noteworthy for the experiments under brine condition and 

Fig. 5. Results from EDX analysis for Fe and O on untreated and sanded sur-
faces of X56 samples before (reference) and after 3 days (3d) and 14 days (14d) 
high-pressure experiments. Visualized are results from varied conditions (dry, 
water, brine) and gases (H2, N2). 
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thus the most cavern-like condition. This difference to J55 is an 
important observation as it indicates that X56 has a higher resistance to 
H2 due to the lower corrosion rate under H2 atmosphere and thus seems 
more suitable for potential use in a H2 cavern. 

The “H2ready” production route of Mannesmann Line Pipe GmbH, 
which was applied for X56, uses a lower phosphorus and sulfur content 
in the alloy reducing impurities and thus the points of attack for 
hydrogen atoms. Furthermore, this route results in grain refinement and 
homogenization of the steel structure, especially from the surface. This 
was confirmed by analyses of the microstructures carried out for J55 and 
X56 (Fig. 2) showing finer grains for X56 (3.57 ± 1.74 μm) than for the 
J55 steel (6.60 ± 2.62 μm) and a more homogeneous distribution at the 
surface. In addition, only isolated pearlite grains are visible in X56, 
while in J55 there is a clearly evident mixture of ferrite and pearlite 
grains (Fig. 2). Various studies using thermal desorption spectroscopy 
(TDS) and hydrogen desorption energy calculations have shown that 
grain boundaries can act as relatively strong hydrogen trap sites 
[50–52]. In consequence, the altered microstructure with finer grains for 
X56 reduces hydrogen trapping in the material. As discussed for the J55 
steel, it has been postulated that trapped hydrogen increases the prob-
ability of iron dissolution by reducing the metallic bond strength near 
the trapped hydrogen. Since an increase in iron dissolution enhances 
corrosion effects, trapping hydrogen could be directly related to 
increased corrosion. Consequently, if the material treatment reduces the 
trapping potential for hydrogen, it also reduces the corrosion-promoting 
effect of hydrogen. Although there is no clear difference between the 
samples exposed to H2 and the N2 equivalents, it cannot be ruled out that 
the H2 has some influence on corrosion that is not visible within the 
sensitivity of the characterization method used. 

The results of the 14 days tests of X56 for the untreated sample are 
very comparable to those of J55, but for the sanded sample of X56 a 
significant difference to J55 can be seen (Fig. 6). While this is only 
marginally apparent for the sample under dry condition (Figs. 4 and 5), 
the difference under brine condition (Fig. 6) is much more pronounced. 
For J55, after 14 days under this condition, there was a significantly 
lower Fe content on the surface than after 3 days and a correspondingly 
higher content of O. For X56, the Fe and O contents are even within the 
error bars of the 3 days test. Based on these measurements, it is 
reasonable to conclude that in the case of accelerated stress testing, a 
passivating (bulk material protecting) entire iron oxide layer has already 
formed after 3 days and therefore no further corrosion products can be 
detected after 14 days. Thus, the long-term results also confirm the 
statement that this “H2ready” X56 appears to be better suited under the 
cavern conditions and that the manufacturing process has a positive 

effect regarding the cavern conditions simulated here under accelerated 
stress testing. 

4.2. Surface crack analysis with SEM 

The microscopic investigation is intended to identify the trends in 
surface features such as surface cracks and fractures in the two steel 
types. As in the previous section, all conditions (dry, water, brine and 
H2, N2) and steel types in both states (J55: untreated, sanded; X56: 
untreated, sanded) were analyzed, but in the following section only 
images of selected samples are shown, e.g. after treatment under the 
most extreme conditions. Several potential cracking variants exist and 
were observed, e.g. corrosion fatigue (CF) or several types of environ-
mentally induced cracking (EIC) such as stress corrosion cracking (SCC), 
hydrogen induced cracking (HIC) and stress-oriented hydrogen induced 
cracking (SOHIC). 

4.2.1. SEM imaging for J55 
In the following part, the cracking and the consequences for the J55 

steel will be considered first. For comparison, Fig. 7 shows the sanded 
reference sample J55 before performing the experiments in the high- 
pressure reactors. Fig. 8 shows two images of J55 at 200X magnifica-
tion after the end of the experiment with sanded sample a) after 3 days 
and b) after 14 days of experiment, both under brine conditions and H2 
atmosphere. First of all, it can be seen that in the reference sample 
(Fig. 7) only the marks of sanding and no initial cracks are visible. After 
3 days of accelerated stress test, some cracks are already present on the 
surface of the sample, which are branched and discontinuous to some 
extent, as shown in the three magnified areas. A representative selection 
was chosen here. Comparable crack formation patterns can be found on 
the entire surface. The formation of cracks in local corrosion features on 
the surface can be seen. The same crack patterns apply to the sample 
after 14 days, but occurrence is much more pronounced. Here, distinct 
cracks can already be seen without additional magnification, which 
often develop in a branched manner. After 14 days, the cracks grow 
through the entire surface, which was not the case after 3 days of stress 
test. From these observations it can be concluded that the cracks grow 
with time of exposure and additional cracking takes place. Therefore, 
the material suffers from prolonged exposure to the salt cavern 
conditions. 

Possible cracking variants are discussed in the following. HIC typi-
cally exhibits straight-line regular cracking without branching, so this 
process is not applicable in the case of J55 [53]. SOHIC is caused by 
hydrogen absorption followed by internal recombination and can be 
initiated by HIC and SCC [53,54]. SOHIC is typically observed next to 
welds in the heat affected zone and exhibits a ladder-like crack array 
without much branching [54]. Since Fig. 8 shows a very branched 
pattern without a clear perpendicular or laminar continuation of the 

Fig. 6. Compared results from EDX analysis for Fe and O on sanded surfaces of 
J55 and X56 samples before (reference) and after 3 days (N2 and H2) and 14 
days (H2) high-pressure experiments under salt cavern conditions (brine). 

Fig. 7. SEM image of the sanded reference sample J55 at magnification 
of 200X. 

H. Janßen et al.                                                                                                                                                                                                                                 



International Journal of Hydrogen Energy 60 (2024) 1392–1403

1399

Fig. 8. SEM images of sanded J55 samples at magnification of 200X after a) 3 days and b) 14 days high-pressure experiments with H2 and brine. In the images, the 
cracking patterns in the marked areas (continuous line) are highlighted in yellow within the magnification of these areas (dashed line). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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cracks and the cracking is also observed in SEM images after N2 exposure 
(Fig. 9), HIC and SOHIC can be excluded as the main cracking mecha-
nisms. The highly branched cracks typical of SCC coincide with the 
visible cracks (Fig. 8), however, SCC exhibits a striking feature of little 
corrosion on the stress corrosion surface even in a corrosive solution 
[53]. This distinguishing feature does not fully apply here, since the EDX 
results indicate the presence of small amounts of corrosion products 
(iron oxide) in the crack structures, although less oxygen is found in 
these locations than in the surrounding areas. While the environmen-
tally induced cracking variants do not evidently qualify as the main 
cracking mechanism, CF could be the underlying factor. CF combines a 
corrosive environment (brine) with cyclic stresses that can be caused by 
temperature and hydrogen-independent pressure cycling. Corrosion 
products within the cracks as well as a barely present branching are 
characteristic features [53]. Crack formation often starts in pit-like 
structures or local oxide particles for J55, which is consistent with the 
CF theory. However, branching is visible in the crack structures, which 
contradicts this theory. As mentioned earlier, several cracking mecha-
nisms can occur simultaneously, so differentiation and definite assign-
ment is limited with the applied characterization methods [53]. Based 
on the experimental conditions and some visible features, CF probably 
plays an important role in the cracking process of the steel samples. In 
the brine, more localized corrosion attacks may occur due to the salt 
ions, thus providing more trigger points for CF. 

Comparing the samples in environments with N2 exposure (Fig. 9) 
with those in H2 exposure (Fig. 8), an increase in crack occurrence is 
observed with H2. Additionally, it is evident that cracking occurs over a 
wider area, and is less limited to a specific surface feature and single 
oxide structures. However, the morphologies of the H2 exposed samples 
may be dominated by fatigue cracking as well as CF, possibly in com-
bination with SCC or hydrogen-assisted cracking (HAC). Hydrogen 
atoms could be absorbed and accumulate in the crack tip, accelerating 
further cracking. In the hydrogen-enhanced decohesion (HEDE) theory, 
crack propagation and acceleration are explained by the decreased 
binding energy of the lattice caused by the agglomeration of hydrogen 
atoms at the crack tip [55]. This is an explanation for the increase in 
crack formation under H2 atmosphere. It should be noted that exposure 
to H2 also led to an intensification of corrosion effects in J55, increasing 
the initiation points for crack formation and thus the crack frequency. 

4.2.2. SEM imaging for X56 
To further extend and, where appropriate, confirm the conclusions 

from the EDX observations regarding the suitability of J55 and X56 for 
use under cavern conditions, the SEM images of X56 are presented 
below and compared with those of J55. 

The images of X56 at 200X magnification are shown with the sanded 
reference sample in Fig. 10, and with the sanded samples under brine 
condition and H2 atmosphere after 3 days (a) and after 14 days (b) of 
experiment in Fig. 11. After 3 days, as with J55, some cracks and de-
posits can be located distributed over the surface, but the frequency of 
these cracks is rather limited. The entire surface of the sample must be 
scanned to find individual sections with single cracks. The same applies 
to the sample after 14 days of exposure. Similarly, to the 3 days results, a 
homogeneous oxide structure with some oxide containing holes is found 
(via EDX mapping of oxygen) on the surface with only a few short and 
less branched cracks. However, it can also be seen that, as with J55, 
these cracks start in pits and grow from there. Local corrosion promoted 
by salt ions creates stress concentration points and consequently initi-
ation points for crack formation. As mentioned earlier, in the CF 
mechanism, local corrosion points, such as pits, often serve as initiation 
points [53]. As far as cracking is concerned, only a few differences be-
tween the 3 days and 14 days tests can be identified (Fig. 11). 

By comparing the SEM images of H2 and N2 exposed samples 
(Figs. 11 and 12), it is apparent that, unlike the J55 sample, there is no 
clear deviation in the frequency of cracks. As described previously, the 
microstructure of the steel affects the hydrogen diffusivity. Grain 
boundaries with strong hydrogen trap sites (high local concentration of 
hydrogen) can cause structural defects, so that a finer grain structure 
increases the amount of hydrogen diffusion inhibitors (less hydrogen 
trapping) [50–52]. It is not only the finer and more homogeneous grain 
boundaries in the microstructures that have an influence in detail, but 
also the general ratio of ferrite and pearlite structures. Steels with a 
higher pearlite proportion are more susceptible to HIC and SCC [35,56, 
57]. The images show that the finer and more homogeneous grain 
structure of X56 reduces the negative impact of H2. According to the 
described HEDE theory, the prevention of hydrogen trapping is of great 
importance, since in consequence HIC, HAC as well as SOHIC cannot 
occur. 

The comparison of sanded X56 (Fig. 11b) and J55 (Fig. 8b) samples 
after 14 days of exposure to H2 and brine condition reveals, firstly, a 
much more homogeneous oxide layer and, secondly, reduced cracking in 
frequency and severity for X56. Iron oxide can serve as a natural pro-
tective layer if uniform corrosion is present on the surface and is not a 
general indication of loss of material strength. The surface of J55 
appeared rough and with various localized attack points in SEM images. 
Localized corrosion leads to stress concentration factors that reduce 
rather than increase the strength and durability of the steel. However, 
the EDX results in the previous section also displayed an effect of H2 on 
the corrosion rate for J55, suggesting that additional reactions are 
involved besides natural oxide formation. As discussed earlier, hydrogen 
could change the composition of the oxide layer by reducing oxygen 
species in the layer and catalyzing iron dissolution. Changes in chemical 
composition can lead to changes in both electronic properties and 

Fig. 9. SEM image of sanded J55 samples at magnification of 200X after 3 days 
high-pressure experiments with N2 and brine. In the images, the cracking pat-
terns in the marked areas (continuous line) are highlighted in yellow within the 
magnification of these areas (dashed line). (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 10. SEM image of the sanded reference sample X56 at magnification 
of 200X. 
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Fig. 11. SEM images of sanded X56 samples at magnification of 200X after a) 3 days and b) 14 days high-pressure experiments with H2 and brine. In the images, the 
cracking patterns in the marked areas (continuous line) are highlighted in yellow within the magnification of these areas (dashed line). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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stability, possibly resulting in a reduction in material strength. Me-
chanical tests were not performed as part of this study, but they are 
useful for estimating the final effect on mechanical strength. Classical 
tensile tests cannot be performed on the samples considered due to the 
geometry and curvature of the pipe. Alternative characterization 
methods are required for this research, which will be performed in the 
form of micro tensile tests (M-TT) or small punch tests in following 
studies (SPT) [58]. 

Overall, the “H2ready” production process of X56 as well as the 
chemical composition seem to have a clear positive influence on pre-
venting crack formation and establishing the formation of a passivating 
homogeneous oxide layer. As mentioned earlier, the X56 investigated in 
this study meets the strength requirements for a J55 classification, so the 
small deviation in strength should be negligible. Thus, the comparison of 
the two steels, J55 and X56, shows that from a scientific point of view, 
the “H2ready” X56 steel is more suitable for the typical application in an 
underground H2 storage. However, the results might only provide an 
approximation to aging mechanisms under real H2 salt cavern condi-
tions. Steel samples from an existing H2 underground storage are not 
available, yet. Nevertheless, for industrial realization, the study’s results 
can be considered, but a compromise between economic arguments and 
long-term durability always applies. 

5. Conclusion 

In this study, the casing steel API 5CT J55 and the pipeline steel API 
5L X56 were tested on a laboratory scale as a potential option for the 
application in salt caverns for H2 storage. The aim of the material se-
lection was to compare a steel conventionally used for the storage of 
natural gas in caverns and a steel type of more recent development, for 
which the manufacturer is aiming for applications with compressed H2. 

Experiments were performed in high-pressure reactors under H2 and 
N2 atmospheres, respectively, applying an accelerated stress test by 
varying the temperature (− 10 to 160 ◦C) with pressure change (90–150 
bar) due to the autoclaved conditions. For separate as well as combined 
determination of the influence of H2 and cavern conditions, dry and 
humid (water) conditions were tested in addition to the experiments 
with brine. To estimate the effects on the surface of the steel, longer 
experiments for 14 days were likewise performed in addition to the 
accelerated stress tests for 3 days. Characterization of the surface change 
was done using EDX and SEM. The focus was thus placed on the 
observation of the chemical corrosion effects (EDX) and the cracking 
patterns (SEM). 

The analysis with EDX initially showed that for all conditions and 
gases corrosion of the two steels could be evidenced by an increase of 

oxygen on the surfaces, but there was a clear intensification of the effects 
for the brine conditions compared to the dry and humid ones. However, 
it should be emphasized that only for J55 an intensification of corrosion 
could be detected for H2 exposed samples. The X56 steel showed less 
corrosion under the typical cavern conditions with brine and H2, 
particularly in the long-term tests. 

Not only the degree of oxide formation due to corrosion determined 
with EDX by the amounts of iron and oxygen on the surface indicate a 
higher resistance of X56, but also the SEM images reveal a homogeneous 
structured oxide layer for X56, which has a potential passivating effect. 
For J55, on the other hand, numerous local corrosion points were found, 
which in turn offer further paths of attack for hydrogen. The latter can 
additionally result from the formation of cracks on the surface of the 
steel. Through the evaluation of the SEM images, it could be demon-
strated that for J55 a pronounced crack pattern developed under the 
conditions of the cavern (brine and H2), especially after 14 days of stress 
test. In contrast, for X56 only minor cracking was found. It should be 
highlighted that for X56, again, no dependence on the gas (H2 or N2) and 
the conditions (dry, water, brine) could be determined concerning the 
crack formation. 

As both steel types investigated, J55 and X56, have a similar classi-
fication and thus comparable material properties (material strength), 
the differences in the results are probably attributable in particular to 
the "H2ready" production route of X56. In addition to the aim of grain 
refinement and homogenization of the material, reduced phosphorus 
and sulfur contents are used in the alloy, resulting in fewer impurities 
and thus points of attack for hydrogen atoms. The SEM investigations 
carried out for J55 and X56 confirm this microstructure for X56 with 
finer grains than for J55. 

In conclusion, the X56 steel displayed slight cracking and corrosion 
in the tests carried out in this study, but no significant intensification 
under typical cavern conditions with brine was observed. A distinct 
influence of the H2 cannot be determined. From the comparative 
approach with SEM images and the interpretation of the identified 
trends from the EDX results it can be concluded that, from a scientific 
point of view, the "H2ready" X56 appears to be qualified for an under-
ground application in the salt cavern with H2 than the conventionally 
used J55 casing steel. 
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