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Abstract. In order to assess the resistance to hydrogen embrittlement caused by the presence of hydrogen in the transported product, and, accordingly,
the suitability of pipes for transporting hydrogen, we studied the metal of large-diameter X52 strength class pipes manufactured by JSC “ChelPipe”
(a TMK Group company). The work included the study of pure gaseous hydrogen effect under pressure up to 10 MPa on change in mechanical
characteristics of the base metal of large-diameter pipes (LDP) during preliminary hydrogen charging for various periods in a stationary autoclave
under pressure, and during simultaneous loading with a slow strain rate (SSRT) under expected operating conditions. Results of the X52 LDP metal
study show that there is no significant impact on the effect of gaseous hydrogen under pressure for up to 144 hours on mechanical characteristics
of the base metal determined by static uniaxial tension (decrease in ductile characteristics does not exceed 9 %). During SSRT at a rate of not more than
1107 s7! in a pure gaseous hydrogen environment under a pressure of 10 MPa, the change in strength and ductile characteristics does not exceed 13 %
in comparison with the reference tests in a nitrogen environment under the same pressure. The results obtained allow us to consider that the base metal
of low-alloy pipe steel with ferrite-perlite microstructure of X52 strength class is sufficiently resistant to hydrogen embrittlement. Final confirmation
of the possibility of using LDP made from steel under study will be the results of further qualification tests, including the study of the weld metal
and heat-affected zone properties.
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npoynocty X52 npoussoacrea AO «YHensOunckuii TpyOonpokaTHslil 3aBoa» (BxoauT B rpyniy komnanuid [TAO «TpyOuas meraurypruueckas
KoMIaHus»). B paGore m3ydyeHo BimsHME YUCTOro ra3zoo0pa3zHOro Bojopoaa nox pasiexHueM Jo 10 MIla Ha u3MeHeHHE MeXaHMYECKUX
XapaKTepUCTUK OCHOBHOTO MeTasuia Tpyd Oomnbinoro nuamerpa (TB1). MccnenoBanue npoBOAMIOCh IPH MTPEABAPUTEIHHOM HABOTOPOKHBAHUH
B CTALMOHAPHOM aBTOKJIABE 110 IaBJICHUEM, a TAKOKe IIPU OHOBPEMEHHOM HarpyKeHUH ¢ Majioi ckopocTsio nedopmanuu (SSRT) B oxxuiaembix
YCIOBUSX JKCILTyarauuu. Pesymbrarel uccnenoanus meramina TBJl X52 noka3sbiBaloT OTCYTCTBHE CYLIECTBEHHOIO BIIMSHMS BO3AEHCTBUS
ra3000pa3HOro BOAOpPO/A MO/ JaBIeHHEM B TeueHue 24 — 144 4 Ha MeXaHHUYECKHE XapaKTEPUCTHKH OCHOBHOTO METajlia, OMpeaesieMble Tpu
CTaTHYECKOM OJIHOOCHOM PACTSKEHHUHU (CHIKEHUE IIIACTHYECKUX XapaKTepUCTHK He npeBbiaet 9 %). [pu ucnsiranuu SSRT co ckopocThio He
Gonee 1-107° ¢! B cpene uncroro razoo6pasHoro Bogoposa nox AasneHuem 10 MITa u3MeHeHHE IPOYHOCTHBIX U IUIACTHYECKHX XapaKTEPHCTHK
He mpesbimaet 13 % B cpaBHEHNH ¢ KOHTPOJIBHBIMU UCTIBITAHUSAME B CPEJIE a30Ta MOJ] TeM Ke JlaBleHHeM. [oydeHHbIe pe3ynbTaThl TO3BOISIOT
CUUTATh OCHOBHOM MeTall HU3KOJIEIHPOBAHHOM TPYOHOH CTau ¢ (heppUTO-NEePIUTHON MUKPOCTPYKTYPOH Kilacca MPOYHOCTH X 52 10CTaTOYHO
YCTOWYUBBIM K BOJOPOJHOMY OXpyHmuuBaHUIO. OKOHYATEIbHBIM IIOATBEPXKICHHEM BO3MOxHOcTH mnpumenenus TBJl u3 ucciemyemoit
cTanu OyayT CIY)XKUTb pe3ylIbTaThl NalbHEHIIMX KBAJIM(UKAIIMOHHBIX HUCIBITAHUH, BKIIOYAIOUIMX M3yYCHHE CBOMCTB MeTallula LIBAa U 30HBI

TEPMUYECKOI'O BIIUSHUSA.

Kniouesule caoea: crans TpyOOnpoBoOHAsl, BOZOPOAHOE OXPYHUMBAHKE, UCIIBITAHUS MIPH MAJO CKOPOCTH ieopMaLuy, TPAaHCIIOPT BOAOPOAA, TpyOo-
IPOBOJ OOJIBIIOTO JUamMeTpa, X52, HCIBITaHUS HA PACTSHKEHUE, aBTOKJIIAB JUTS HCIIBITAaHUI B Cpe/ie BOIOPOA
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[ INTRODUCTION

One of the current challenges is the transition
to hydrogen energy. There is extensive research to support
the development of hydrogen transportation and storage
infrastructure and the use of existing gas pipeline grids
to deliver hydrogen. One important issue is the properties
of materials which come into contact with pure gaseous
hydrogen under pressure' [1].

For this reason, the Scientific and Technological Comp-
lex «New Technologies and Materials» at St. Petersburg
Peter the Great Polytechnic University initiated a project
to study the changes in structure and properties of pipe
steel grades after hydrogen charging in a pure gaseous
hydrogen environment under pressure [2 — 5]. According
to several studies [6 — 10], the advanced steel grades used
in main pipelines are promising for hydrogen transporta-
tion.

The structural strength, microstructure, and other
properties may vary greatly in hydrogen, air, or inert
environments. As indicated by tensile tests with stan-
dard and extremely slow strain rates, the elasticity is
affected the most when the fracture pattern is changed.
The purpose of this study is to estimate the degradation
of the large-diameter pipe (LDP) material properties.
The pipes are made of ferrite-perlite plate steel when
exposed to gaseous hydrogen at high pressure equal
to the operating pressure in today’s long-distance gas
transportation grids.

! Hydrogen Certified Pipes. A new era for hydrogen transportation.
Available at URL: https://www.cpw.gr/userfiles/news/2020/CPW-H2-
CPW-newsletter-final.pdf. (Accessed 01.09.2022)
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[ MATERIAL PROPERTIES

We studied the samples of LDP (diameter: 1420 mm;
wall thickness: 14 mm) 17G1S-U low-alloy tube steel
grade (GOST 19281, X52 strength class). The EU analog
is Fe52CFN. The chemical composition (as indicated in
the quality certificate) in % is as follows:

C Mn Si Cr Cu Ni P S
0.110 1.460 0.490 0.040 0.040 0.010 0.010 0.001

\Y Nb Al Ti Nb+V+Ti S+P
0.006 0.032 0.031 0.017 0.055 0.011

Metallographic analysis showed that the steel has
a ferrite-perlite structure. The average grain diameter is
7.61 um (Fig. 1).

The pipe was manufactured from hot-rolled plates
after controlled rolling. The pipe is made by cold gra-
dual forming of rolled plates with a press. The pipe has
one longitudinal double-sided (outer and inner) weld
made by the automated flux-cored arc welding process.
The pipe quality is compliant with the pipe specifications.

[ TesT METHODS

In order to evaluate the changes in the mechanical
properties after preliminary hydrogen charging, the sam-
ples were kept for 72 and 144 h in pure hydrogen gas in
in a stationary autoclave with a working part volume of
0.5 liters (Fig. 2, a).

Before the test, the autoclave was repeatedly purged
with helium and then with hydrogen. After the pure gase-
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Fig. 1. Microstructure of base metal
of the studied steel, x500

Puc. 1. MuxpocTpyKTypa OCHOBHOIO MeTajia
uccienyemoii cramu, X500

ous hydrogen pressure reached 10 MPa, the samples were
held for the required period. Then for 10 — 15 min, they
were tested for uniaxial tension with an Instron testing
machine.

a

The smooth cylindrical samples 6 mm dia. were
tested for static uniaxial tension according to GOST 1497
and ASTM G142. The samples were cut along the main
direction of strain. Two samples for each holding time
were used. We compared the tested mechanical properties
with that of the reference samples.

The slow strain rate testing (SSRT) complied with
ASTM G129 and NACE TMO0198 using a UME-10T
tensile testing machine: a customized autoclave that
can apply loads to the sample in a gaseous environ-
ment pressure (Fig. 2, b). The tests were performed in
pure gaseous hydrogen and nitrogen (for the reference
samples) at a slow strain rate of 8.5-107 s7!. It complies
with the NACE TMO0198 requirement that the strain
rate should be less or equal to 1:107% s7'. The samples
were smooth cylinders 6.35 mm dia. cut in the longitu-
dinal direction. Two samples were used for each envi-
ronment. After placing the samples, the autoclave was
repeatedly purged with helium and then with hydro-
gen (for the hydrogen environment tests) or nitrogen
(for the reference sample tests). The gas pressure was
raised to the required value (10 MPa), and the strain was
applied at the specified rate.

We evaluated the tensile test results (also for the SSRT)
by analyzing the average values of the measured struc-
tural strength and elasticity. The property changes were
expressed as a percentage [6 — 8]. The strength and elas-
ticity ratios are the ratios of the property values in a pure

removal

b

Fig. 2. Autoclaves used: stationary autoclave with the possibility to control and regulate pressure (a);
tensile testing machine with an installed autoclave for tensile test of the samples in a gaseous environment (b)

Puc. 2. Vcnonb3yemble aBTOKJIABbI: CTAMOHAPHBIH aBTOKIIAB C BO3MOXKHOCTBIO KOHTPOJISI U PEryJIMpOBaHuUs JaBieHust (a);
MalllMHa JUTS UCTIBITAHNS Ha PACTSDKEHHE ¢ YCTAHOBJICHHBIM aBTOKIIABOM JIJIsl PACTSDKEHUs 00pa3ioB B ra3000pa3Hoii cpee (b)
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hydrogen environment to the property values of the refe-
rence samples.

The changes in the strength and elasticity ratios were
expressed as the decrease in value relative to 100 %.
When a value is close to 100 %, we may claim that
the respective material property is not affected by hydro-
gen under the test conditions. The lower the strength and
elasticity ratios, the greater the effect of the holding time
in pure hydrogen at 10 MPa on the metal’s mechanical
properties.

We examined the fracture surface of the samples using
a Tescan MIRA3 scanning electron microscope.

- TEST RESULTS

The static uniaxial tension tests of the hydrogen
charged samples show a weak effect of the hydrogen
charging conditions used on the elasticity properties
(Fig. 3, a). The decrease in the plasticity ratios does not
exceed 9 %. No significant degradation of the structural
strength after such tests was found (the strength ratios are
about 100 %). According to Troger M. et al. [7], elasticity
ratios above 80 % indicate high resistance to hydrogen
embrittlement.

As the results show, longer exposure to gaseous hydro-
gen leads to a slight decrease in the elasticity properties
of the metal. This has also been reported in many stud-
ies [6; 9 — 11]. Despite this trend, the key properties of
the sample metal after holding it in pure hydrogen gas for

600

72 and 144 h changed insignificantly relative to the refe-
rence samples.

The fracture surfaces of the samples have pits. The sur-
face pattern does not change significantly after hydrogen
charging (Fig. 4, a, b).

All of the above indicates no significant effect of pure
gaseous hydrogen at 10 MPa, a well as the high resistance
(no changes in the strength and elasticity) of the studied
metal during pre- hydrogen charging at up to 144 h hold-
ing time.

When testing the X52 pressure rating steel at slow strain
rates in a hydrogen environment, there is a slight decrease
in the strength and elasticity compared to the reference
tests in a nitrogen environment. The changes in strength
and elasticity of the samples tested in a hydrogen environ-
ment relative to that of the reference samples in a nitro-
gen environment under identical conditions do not exceed
13 %. The strength and elasticity ratios are above 80 %,
which indicates the resistance of the investigated steel
to loads applied in a hydrogen environment [7].

The results are consistent with other SSRT studies
of hydrogen embrittlement in pipe steels in a hydrogen
environment [6; 12; 13]. The tensile curves for the tested
samples are shown in Fig. 3, b.

The SSRT samples tested in a nitrogen environment
showed a viscous fracture pattern. The fracture surface
has pits (Fig. 4, ¢). The slow strain rate tests in pure
gaseous hydrogen produced microcracks and brittle frac-
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Fig. 3. Tensile test diagrams of the samples at a strain rate of 102 s™! () and 10° s (b):
1 — reference tests; 2 — test after preliminary exposure to hydrogen for 72 h (E = 95.23 %);
3 — test after preliminary exposure to hydrogen for 144 h (Epr =91.09 %); 4 — SSRT in nitrogen environment;
5 — SSRT in gaseous hydrogen environment (Epr =86.59 %)

Puc. 3. [lnarpammbl pacTsbkeHust 06pa3ios co ckopoctbio 1072 ¢ (a) u 1076 ¢! (b):
1 — KOHTPOJIbHbIE UCHIBITAHUS; 2 — UCHIBITAHUE T10CTIE TTPEIBAPUTENILHOMN BBIICPKKU B Bofoposie B Teuenue 72 4 (E = 95,23 %);
3 — UCTIBITAHME TIOCIIC MTPEABAPUTEIHHON BBIIEPKKH B BOIOPO/IE B TeueHue 144 1 (En =91,09 %);
4 — SSRT ucnsiTanue B cpene azora; 5 — SSRT ucnbitanue B cpesie ra3000pa3Horo BOA0Opoaa (Erlp = 86,59 %)
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Fig. 4. Appearance of fracture surface of the tested samples:
tensile behavior at a strain rate of 102 s™! of the reference samples (a);
tensile behavior at a strain rate of 102 s7! of the samples exposed to hydrogen for 144 h (b);
tensile behavior at a strain rate of 10-° s™! in a nitrogen environment (c);
tensile behavior at a strain rate of 107° s™! in hydrogen at 10 MPa (d)

Pyuc. 4. BHenHuit BUJ] HOBEPXHOCTH Pa3pyIICHHS HCIIBITAHHBIX 00pa3LOB:
pacTshkeHHe ¢o CKOpOCTbio 1072 ¢! KOHTpONIBHBIX 00pa3LoB (a);
pactsbkerne co ckopoctbio 1072 ¢! 06pasuoB 1nociie BuIEPXKKY B Cpelie Bogopoza B Tedenue 144 u (b);
pacTsbkenue co ckopoctbio 1076 ¢! B cpenie asora (¢);
pactsbkenue co ckopoctbio 1076 ¢! B cpezie Bonopona nipu gasnennn 10 MITa (d)

ture areas (Fig. 4, d).The results we obtained are simi-
lar to the fractography results presented in [11; 14; 15].
The fracturing is attributed to the accumulation of hydro-
gen in defects both in the surface layer of the metal and
below. This can lead to high internal stress at the hydro-
gen concentration areas and the formation of micro- and
macro-cracks. Hydrogen embrittlement requires the con-
tinuous diffusion of hydrogen from inside the metal to its
surface. Thus any factors which contribute to the increase
of the hydrogen volume diffusing to the crack inten-
sify hydrogen embrittlement [16]. With a significantly
lower strain rate, hydrogen has enough time to diffuse
into the sample material and redistribute at the critical
points of the microstructure (e.g., at the tops of cracks
formed during testing) [8]. It facilitates the formation of
embrittlement areas and leads to small cracks during tes-

ting (Fig. 4, d).

A decrease in the strain rate from ~1072s! (for
the hydrogen charged sample testing according
to GOST 1497) to ~107°s™' (for SSRT in hydrogen)
leads to a more noticeable, but not critical change in the
plasticity ratios from 95 to 85 % on average. A similar
decrease in elasticity with virtually unchanged strength
was found in gaseous hydrogen SSRT tests of X80 pres-
sure rating pipe steel [6; 11], while the loss of elasticity
increases with decreasing the strain rate.

Despite the changes observed in the mechanical
properties when we tested the samples after preliminary
hydrogen charging and by loading in a gaseous hydro-
gen environment, the properties of X52 pipe steel remain
within the specifications for pipes. They are consistent
with the test results presented in [6 — 15] where metal
embrittlement in pure hydrogen gas environment under
pressure is evaluated.
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- CONCLUSIONS

We studied the resistance of typical low-alloy pipe steel,
moderate X52 strength class rating to hydrogen embrittle-
ment. We found no significant changes in strength and
elasticity after exposure to gaseous hydrogen at 10 MPa
and room temperature for 24 — 144 h. The reduction
of elasticity in the samples does not exceed 10 %.

The SSRT tests (strain rate not exceeding 1-10°s™)
showed a decrease in elasticity not exceeding 20 %.
The greater loss of elasticity compared to the tests of pre-
hydrogen charged samples is caused by the possible
diffusion of hydrogen near the stress concentrators and
the tops of cracks with the strain rate decrease.

Regardless of the test conditions, the key structural
strength properties of the metal remain within the speci-
fications.

Therefore, the tests (under the above conditions) indi-
cate that the ferrite-perlite pipe steel, X52 strength class,
shows good resistance to hydrogen embrittlement. Our
results are in good agreement with the published results
of similar tests of low-alloy plate and pipe steel grades.

The final confirmation of the X52 strength class
pipe steel suitability for operations in gaseous hydro-
gen at pressures up to 10 MPa will be the qualification
tests pursuant to ASME B 31.122 [17; 18] and ASME
BPVC [19], as well as studies of the hydrogen effects
on the weld metal and heat affected zone.
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