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Abstract
This article focuses on the fine characterization of steels commonly used in the pet-
rochemical industry damaged by the phenomenon of high temperature hydrogen 
attack (HTHA). The study was conducted in two steps. To begin with, a damaged 
0.5-Mo pearlitic steel from the petroleum refineries, submitted to HTHA for dec-
ades, was characterized in detail using multiscale electron microscopy techniques. 
As part of an upstream study to better understand the onset and the growth of cavi-
ties, a brand new SA516 grade 60 low carbon–manganese steel was subsequently 
exposed to accelerated HTHA conditions through interrupted cycles carried out in 
autoclaves and then examined. Numerous cavities, plausibly filled with methane, 
were noticed in both materials. These cavities were mostly located at ferrite–pearlite 
grain boundaries along carbides and at triple grain boundaries near large carbides. 
The 0.5-Mo pearlitic steel showed cavities reaching significant sizes, up to 1 µm, 
but surprisingly no cracks were observed in the depth of the pipe. The major out-
come is that 3D focused ion beam–scanning electron microscopy combined with 
transmission electron microscopy (TEM) analyses unveiled different natures of pre-
cipitates as well as in and nearby HTHA cavities for both 0.5-Mo and low carbon–
manganese steels. Inclusions, likely AlN, but also Mo- and Cu-rich precipitates were 
observed in cavities of the industrial steel. These results confirmed a previous study 
performed on a similar industrial steel that drew a possible correlation between cavi-
ties nucleation and the intersection of transgranular inclusion-enriched plane with a 
grain boundary or carbides in pearlite grains (Flament in Microscopy and Microa-
nalysis 28:1602–1604, 2022).
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Introduction

High Temperature Hydrogen Attack (HTHA) affects low carbon ferrito-pearlitic 
steels submitted to hydrogen involving hydrogen pressures higher than 3.5 bar (50 
Psi) and temperatures above 204 °C (400 °F) [2]. Those steels are used for manufac-
turing pressure vessels and piping. Oil and gas industrial equipment is damaged by 
this phenomenon, yet, and it is likely to occur in the development of promising tech-
nologies close to the carbon neutrality such as the power to gas and biomass retreat-
ments [2–4]. Symptoms of this attack are concurrently surface decarburization [2, 
5] and creation of methane-filled cavities (whose pressure can reach thousands of 
bars) in depth of the material [6] [7]. Hydrogen reacts with the free carbon in solid 
solution and at grain boundaries. This source of carbon is limited and quickly drawn 
off. Carbon from carbides is then consumed [8] to form methane according to the 
general equation:

As methane molecules are too large to diffuse in the steel, the methane pressure 
in cavities builds up becoming the driving force for their growth [2, 5, 6]. Thus, 
as aging in hydrogen atmosphere progresses, the cavities expand and coalesce until 
cracks open. The mechanical strength of the damaged steels is thus irreversibly 
reduced [9]. This can lead to rupture in the most serious cases [10]. It is possible to 
predict if a steel grade used in piping is prone to exhibit degradations due to HTHA 
by using the Nelson’s diagram showing the service temperature as function of the 
H2 partial pressure. These curves are published by the American Petroleum Institute 
(API) and are drawn based on feedbacks from petroleum facilities whose materials 
were assessed as “satisfactory” or showing failures. These empirical curves are reg-
ularly updated. As described by Cantwell [4], the 0.5-Mo steel curve is among those 
that have changed the most over the years due to multiple failures that occurred in 
the safe operating area. Eventually, the 0.5Mo steel Nelson’s curve got removed of 
the API 941 in 1990 and the PWHT-carbon steel curve was designated as their refer-
ence [2]. Post-Weld Heat treatment (PWHT) is a stress-relieving thermal treatment, 
performed below critical transformation temperatures of a material to reduce its 
residual stresses.

Although this phenomenon is widely known, both onset and growth of cavities 
remain not well understood. The aim of this study is to emphasize potential correla-
tions between the microstructure of the steel and the initiation of HTHA cavities 
as well as the aggravation of HTHA-induced degradations. To this end, a degraded 
0.5-Mo pearlitic steel from the petroleum industry whose pressure vessels and pipes 
were submitted to HTHA conditions for decades has been thoroughly character-
ized. Scanning and transmission electron microscopy (SEM, TEM) as well as 3D 
focused ion beam–SEM techniques was carried out. To investigate the nucleation 
and growth kinetics of cavities, very first stages of the attack were studied through 
a complementary experimental program. This program involves subjecting a brand 
new SA516 gr 60 low carbon–manganese steel to accelerated HTHA conditions 
through interrupted cycles in autoclaves followed by characterization.

(1)M
x
C
y
+ 4yH → xM + yCH4(gas)
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Experimental Procedures

5‑Mo Pearlitic Steel

The 0.5-Mo pearlitic steel section characterized in this study was extracted from a 
27-mm-thick fluid heat exchanger (as shown in Fig. 1) with a diameter of 750 mm. 
This exchanger was submitted to a temperature of 400 °C at an internal pressure of 
20 bars with a H2 partial pressure of 18 bars for a 37-year period. It contained both 
oil and H2.

The initial microstructure of the steel is unknown. The microstructure was char-
acterized as it is after 37 years of service. Table 1 presents the composition of the 
steel as measured by elementary analysis for C, N, O, S elements and by inductively 
coupled plasma–atomic emission spectroscopy (ICP-AES) for the other elements.

Fig. 1   0.5-Mo steel extracted section from a fluid heat exchanger

Table 1   Composition in wt.% of the 0.5Mo low carbon steel

C S N O Mn Mo Cr V P Si Ni Al Cu

0.17 0.017 0.008  < 0.005 0.73 0.62 0.092  < 0.005 0.014 0.28 0.21 0.031 0.38
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SA516 Steel Low Carbon–Manganese Steel

As PWHT-carbon steels and 0.5Mo steels are described by the same Nelson’s curve, 
a SA516 low carbon–manganese steel was selected to endure accelerated aging 
under a H2 rich atmosphere. The material was obtained by continuous casting car-
ried out in arc furnace. Table 2 presents the chemical composition of the casted steel 
given by the supplier:

The casted 225-mm-thick plate is then hot-rolled to achieve a final plate thickness 
of 27 mm. The plate was finally heat-treated at 600 °C for 1 h in order to simulate a 
PWHT-type stress-relieving treatment. H2 aging was performed in autoclaves. Two 
series under 69 bars of H2 (1000 psi) were simultaneously achieved: one at 304 °C 
and the other at 400 °C. Aged samples were extracted every 300 h to be character-
ized by SEM techniques. Currently, 5 cycles at 304 °C have been completed for the 
first batch of samples and 1 cycle at 327 °C followed by 4 cycles at 400 °C has been 
performed for the second batch of samples.

Characterization Techniques

In order to characterize the microstructure of the degraded steels, samples were 
first finely polished with colloidal silica and then observed using a Zeiss Merlin 
field emission gun scanning electron microscope (FEG SEM) featuring two X-rays 
energy dispersive spectroscopy (EDX) detectors from Bruker controlled by Esprit 
Software. SEM provides a direct view of various zones showing HTHA-induced 
cavities but restricts to a 2D perspective. In the framework of a multiscale charac-
terization as well as to exhibit a possible link between the steel microstructure and 
HTHA cavities, a Zeiss CB 550 focused ion beam–scanning electron microscope 
(FIB-SEM) was used to achieve a 3D characterization. Atlas software allowed to 
perform automatic acquisitions of secondary electron image slices. A slicing step 
of 3 nm was chosen in order to finely observe cavities and distinguish inclusions; 
the voxels size is thus 9 nm3. Both Python scripts and ImageJ software were used to 
perform the alignment and process of the slices. The obtained stack is subsequently 
segmented thanks to Ilastik software. Dimensions of the final generated volume are 
9 × 5.5 × 5.5 μm3. A Zeiss 550 CB FIB was used to lift out a TEM lamella from the 
samples previously prepared for SEM observations in an analogous zone to the one 
studied by slice and view. Finally, scanning (S)TEM-HAADF (High Angle Annu-
lar Dark Field) characterizations were carried out in a Thermofischer Tecnai Osiris 
FEG TEM operating at 200 kV combined with a Super-X system featuring 4 silicon 
drift detectors for EDX analyses.

Table 2   Composition in wt.% of the SA516 gr60 low carbon steel

C S N O Mn Mo Cr V P Si Ni Al Cu

0.18  < 0.001 – – 1.242 0.003 0.066 0.002 0.007 0.39 0.03 0.028 0.034
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Results

5‑Mo Pearlitic Steel

Samples from both the inner and the outer part of the pipe were examined by SEM. 
Carbides appear white and ferrite gray in Fig. 2a–d. Cavities, corresponding to the 
black spots pointed out in Fig.  2a–d, are mostly located at ferrite–pearlite grain 
boundaries and along carbides. Cavities are noticed both in the inner and outer parts 
of the exchanger. Still, in the outer part cavities are less numerous than in the inner 
part, see Fig. 2a and b. These cavities display diameters from few hundred nanom-
eters up to 1 µm. No cracks in the depth of the material are observed. It seems that 
the attack is extremely heterogeneous as some grain boundaries of pearlite grains 
are completely cavities-free while few microns away other pearlite grain boundaries 
are presenting a profusion of cavities. The steel presents a ferrito-pearlitic micro-
structure. However, as shown in Fig. 2c–d no lath-like but globularized cementite 
carbides are noticed at grain boundaries. The morphology of carbides in the inner 
as well as the outer specimens might be related to the phenomenon of temper aging.

The industrial steel has been finely characterized thanks to the 3D FIB-SEM slice 
and view technique. Figure 3a-l shows 2D SEM successive slices taken after some 
steps of the ion abrasion in a zone unveiling two cavities. Cavities noticed at grain 
boundaries appear dark black on these images. These cavities are located in a tri-
ple grain boundary and are very faceted, which could be due to a growth following 

Fig. 2   SEM observations of the 0.5Mo steel after HTHA. Large-scale views of (a) the inner part and (b) 
the outer part of the fluid heat exchanger. Small-scale views of typical pearlitic grains morphology (c) in 
the inner part and (d) in the outer part of the exchanger
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the closed packed plans of ferrite crystal structure. As long as the ion abrasion pro-
gresses, two different precipitate contrasts were exhibited as shown in Fig. 3 (i.e.) a 
white and bright one (white arrows) touching the edge of cavity and a dark gray one 
(red arrows) located in the cavity. Such a link between inclusions of AlN type and 
cavities has already been highlighted [1]. As their nature could not be determined by 
3D FIB-SEM, TEM analysis was conducted in order to get complementary informa-
tion about these different inclusions.

STEM-EDX maps were taken in two different zones. The first EDX map pre-
sented in Fig.  4.a was obtained in a cementite-attacked zone. It appears that the 
cementite is not only composed of Fe but also Mn, traces of Cr are also observed. 
The chemical analysis of the identified cavity exposes that there is no AlN inclu-
sion in it. However, co-segregation of Mo and Si is observed. The carbon map gives 
the impression that this Mo inclusion contains carbon. Furthermore, Cu precipitates 
appear as well as in and around HTHA cavities. Small Cu-rich precipitates are noted 
at grain boundaries and in dislocations. A 70-nm curvy and elongated Cu precipitate 
seems to be present in the cavity. The second zone examined was taken in a com-
pletely cavity-free ferrite grain, as shown in Fig. 4b. EDX mapping shows first a rod 
like AlN inclusion where Si, Cu, and Mo segregated along. A second precipitate 
rich in Mo and C appears. It is assumed to be Mo2C carbides. Cu segregated around 
this Mo-rich precipitate. Finally, a 50-nm-long inclusion rich in Cu is present in the 
ferrite matrix.

SA516 steel low carbon–manganese steel.

Fig. 3   2D SEM images showing the link between different types of inclusions and cavity nucleation at 
grain boundaries
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SEM observations of the SA516 steel reveal that the brand new material exhib-
its a typical ferrito-pearlitic microstructure. (Fe,Mn)3C type carbides were con-
firmed by TEM (not shown in this article). To begin with, for a same H2 partial 
pressure of 69 bars and for a same number of cycles it appears that specimens 
aged at 400  °C display a greater number of cavities compared to those aged at 
304  °C which has none, as shown in Fig.  5a and Fig.  5b. As anticipated, most 
attacked samples exhibit cavities mostly at ferrite–pearlite grain boundaries along 
carbides as well as triple grain boundaries, especially nearby large carbides.

Furthermore, it emerges in 400 °C-aged specimens that presumed HTHA cavi-
ties are located at the junction of carbides at grain boundaries with an alignment 
of small inclusions, see Fig.  6a–d. SEM–EDX analysis identified them as AlN 
inclusions.

Fig. 4   STEM-HAADF and EDX maps (a) of a cavity containing a Mo-rich inclusion. b Different pre-
cipitates in a cavity-free ferrite grain

Fig. 5   SEM–secondary electrons images of the SA516 steel aged under PH2 = 69 bars. a After 5 cycles 
of 300 h at 304 °C. b After a first cycle of 300 h at 327 °C followed by 4 cycles of 300 h at 400 °C
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Discussion

Mo Pearlitic Steel

Multiscale electron microscopy examinations of the 0.5 Mo pearlitic steel (SEM, 
3D FIB-SEM and TEM complementary analyses) exhibited the presence of vari-
ous inclusions at the edges of cavities. Each cavity studied by TEM presents 
an inclusion. The absence of AlN in the TEM–EDX analyzed cavity could be 
explained either by the fact that it got removed during the lamella preparation 
or might imply that not only AlN precipitates are assisting the onset of cavities. 
Indeed, it is possible that Cu or Mo2C precipitates have the same effect as AlN 
on the nucleation of HTHA cavities. 0.5 Mo steels are widely used in industrial 
applications (piping, pressure vessels, and heat exchangers) due to their good 
creep resistance. Indeed, addition of Mo enhances the creep resistance of steels 
and promotes the formation of stable carbides as MC, M2C ξ-M3C, M6C, or sto-
ichiometry [11–13]. However, under high temperature service conditions pipes 
made with these steels can still exhibit creep. Several studies highlighted the syn-
ergy between creep and HTHA [14–17]. R.E Allen and al. [14] even stated that 

Fig. 6   SEM images of the SA516 steel aged under PH2 = 69 bars: a 300 h at 327 °C then 300 h at 400 °C 
(1000 psi). b,c Al and N SEM–EDX maps suggesting AlN precipitates in voids. d 300 h at 327 °C fol-
lowed by 4cycles of 300 h at 400 °C
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the rate of hydrogen attack was dramatically accelerated by creep. Myers and al. 
[18] have studied the intergranular creep damage and noticed that M3C and M2C 
carbides are enabling the nucleation of creep cavities. Formation of creep cavi-
ties near Mo2C and Fe3C concurrently to the hydrogen exposure may dramatically 
aggravate HTHA damages and might explain why large cavities are observed in 
the material.

Although the cavities observed by SEM display significant sizes, no cracks have 
been observed. Moreover, due to temper aging the steel does not present a typical 
ferrite–pearlitic microstructure as no lath-like but globular cementite carbides are 
observed [19]. Due to a 37-year exposure period to a temperature of 400 °C, sphe-
roidization of cementite occurs and very stable round-shaped carbides are formed 
along grain boundaries. Thus, ferrite/cementite surface energy and interfacial area 
per unit of volume decrease. According to Weiner [20], spheroidized carbides 
appear to be more resistant to HTHA. As hydrogen has a smaller surface to interact 
with carbides, it would induce much localized interactions and so limiting the coa-
lescence of cavities. Therefore, the formation of cracks might be hindered.

SA516 Steel Low Carbon–Manganese Steel

Specimens aged at 400 °C under a H2 partial pressure of 69 bars unveil that very first 
cavities nucleate preferentially at perlite–ferrite interfaces and at triple grain bound-
aries along large carbides. In pure pearlitic areas, hydrogen might be too diluted to 
lead to a preferentially attacked zone as it has access to a massive but a very scat-
tered amount of carbon. 304 °C-aged samples show very few cavities compared to 
the 400  °C-aged ones for a given number of aging cycles. The explanation is not 
so trivial considering that theoretically the methane pressure is decreasing with 
an increase in temperature [6]. The mechanical strength is also decreasing with an 
increase in temperature. In this decrease competition, the apparition of more cavi-
ties at higher temperature suggests that the strength loss becomes predominant. Nev-
ertheless, the increased cavitation tendency may be due to other mechanisms such 
as enhanced diffusion coefficient of hydrogen in steels with temperature [21]. Such 
observations could result from the fact that the temperature induces more vacancies 
at higher temperatures and thus might facilitate the onset of cavities [22].

Additionally, SA516 aged steels display cavity nucleation along AlN plans, which 
tends to confirm the initiating role of precipitates. These observations are similar to 
what has been seen in a previously studied 0.5-Mo pearlitic steel in which numer-
ous cavities were identified at the intersection of AlN inclusions enriched planes 
and pearlite grains [1]. Thus, AlN inclusions distributed in former austenitic grains 
boundaries [23, 24] seem to be initiators of HTHA cavities. AlN–matrix inter-
face may trap elements such as Cr, Cu, and Mo much larger than H. Thus, hydro-
gen could be trapped at such interface nearby a carbide, having access to a signifi-
cant amount of carbon to form CH4. To enable the formation of CH4 molecules, a 
certain available space is required. Vacancies clusters that might be present at the 
AlN–matrix interface may allow the formation of early cavities filled with CH4 and 
then coupled with the high internal CH4 pressure be a driving force behind their 
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growth. To better comprehend phenomena occurring at the matrix–AlN interfaces, 
fine-scale complementary studies will be conducted by high-resolution transmis-
sion electron microscopy. According to the initial microstructure, it seems unlikely 
that precipitation is the only factor explaining the high heterogeneity of the attack. 
Localized residual stresses in samples and the presence of deformation inhomoge-
neities might have a significant impact on the nucleation of cavities. As a result, 
electron backscatter diffraction (EBSD) analyses will be performed both in slightly 
and highly attacked zones to analyze grain misorientations and investigate possible 
local visco-plasticity in neighboring grains.

Conclusion

HTHA cavities were detected by electron microscopy techniques in a 0.5-Mo pearl-
itic steel from the petroleum refineries subjected to HTHA for decades but also were 
initiated in a low carbon–manganese steel submitted to accelerated HTHA condi-
tions through interrupted cycles. Each sample displays a very high heterogeneity 
of attack. Samples exhibit attack morphologies that are substantially similar across 
various damaged zones. Indeed, cavities were noticed mostly at ferrite–pearlite grain 
boundaries along carbides and at triple grain boundaries near large carbides. Fur-
thermore, precipitates seem to have a significant initiating role in the nucleation of 
HTHA cavities. These observations are in line with the literature [25]. In the recent 
SA516 steel, AlN precipitates appear to be highly correlated with the apparition of 
cavities. Although no AlN precipitates were directly identified in the 0.5-Mo pearl-
itic steel, Mo- and Cu-rich precipitates were highlighted in conjunction with cavi-
ties. Observations in the SA516 steel correlates with what has already been seen 
in a previous study in a 0.5-Mo steel from the industry [1]. Still, deeper investiga-
tions and fine characterizations of the AlN–matrix interface through high-resolution 
transmission electron microscopy appear to be mandatory to better comprehend the 
initiation and growth of methane cavities.
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