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ABSTRACT.

The sensitivity of 20# pipeline steel in gaseous hydrogen environment was evaluated by slow strain rate tensile
experiment. The variation of hydrogen embrittlement sensitivity of 20# pipeline steel with hydrogen content was studied.
The results show that the tensile strength of hydrogen embrittleness sensitivity index increases gradually, the section
shrinkage rises gradually, and the dimple decreases gradually with the increase of hydrogen blending ratio (5%, 15%,
25% and 100%). 105°C is the maximum temperature for the 20# steel hydrogen trap. The possible gas products in
hydrogen embrittlement were calculated by thermodynamics.
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1. INTRODUCTION

With the scarcity of fossil fuels and the deterioration of the global environment, renewable clean energy sources such as
wind, solar, geothermal, and tidal energy are receiving increasing attention[1]. However, the instability and periodicity
of renewable energy seriously constrain its development and may result in significant energy waste[2][3]. The
technology of producing hydrogen through electrolysis of water converts renewable energy into hydrogen, and uses
hydrogen as an energy carrier for storage and transportation, providing an effective way to solve the above
problems[4-7]. The construction of new hydrogen transportation infrastructure and pipelines has led to high costs, which
has constrained the development of hydrogen energy in the energy supply system[8]. As an emerging technology,
incorporating hydrogen into existing natural gas pipelines can achieve large-scale hydrogen transportation at lower costs
and is receiving increasing attention[9-13].
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Figure.1. Factors responsible for hydrogen embrittlement[14]

HE of steel pipes involves environmental, material and mechanical factors[14], as shown in Figure 1. The interaction
between these factors leads to various HE consequences of pipeline steel. The purpose of this study is to evaluate the
hydrogen embrittlement specific resistance of pipeline steel X70 and to help deepen the understanding of the effect of
hydrogen on medium and low strength steels. Although the mechanism of hydrogen embrittlement is a topic of
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numerous studies[15-21], it is currently unclear how to choose which mechanism is the most active among them. This
article studies the mechanical properties of 20# pipeline steel.

2. EXPERIMENTAL STUDY

The material of the study was a low strength steel grade 20# which chemical composition was given in Table 1. It is
received as a part of the pipeline, and the sample is processed in the area near the weld. Because the axial direction can
better reflect the tensile condition of steel, that is, along the direction of the pipeline, a smooth axisymmetric tensile
specification is processed.

Table 1-Chenical composition of 20# pipeline steel (wt%).

Element C Si Mn P S Al

20# 0.20 0.24 0.45 <0.020 <0.010 0.010

Custom-made experimental setups were used to conduct corrosion experiments and tensile strength tests, as shown in
Figure 2a. Tensile strength testing (TST) apparatus was utilized to evaluate the mechanical properties of the
materials after exposure to the corrosive environment. Before conducting the tensile strength test, the specimens were
exposed to the corrosive environment[39-41]. The sample after the experiment is shown in Figure 2b.

Figure.2a .The test TST apparatus diagram of the test setup

Figure. 2b. Sample after tensile test

3. RESULTS AND DISCUSSION

In the first set of experiments, the smooth sample was subjected to a tensile test in a hydrogen gas (H2 test) with a
different ratio of 4 MPa and a strain rate of 2 X 10—5 s—1. Each experiment is conducted twice, and the results are
repeatable. Figure 3 shows representative results, emphasizing the influence of hydrogen on the yield stress and ultimate
tensile stress of steel, as well as the strain hardening step before necking. On the contrary, the failure strain is greatly
reduced, which means that most of the hydrogen effect is concentrated in the last part of the curve[42-45].
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Figure. 3 .Stress-strain curves of 20# pipeline steel with different hydrogen blending ratios.
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Figure. 4 Tensile strength of 20# pipeline steel with different hydrogen blending ratios.

The part of the stress-strain curve is zigzag, which indicates that in this environment, there is local instability in the
specimen during deformation strengthening, and the deformation during stretching mainly occurs in the form of slip or
double deformation [45-47]. When the slip or double strain rate, that is, the local plastic deformation rate exceeds the
motion speed of the testing machine chuck, the local stress relaxation will be caused. The curve is clearly divided into
three stages. The first stage is the micro-deformation stage, that is, the work hardening stage, the plastic deformation has
just begun, the stress has risen linearly, the work hardening rate is high, the dynamic recovery has not been carried out,
and the hardening effect exceeds the softening effect. When the yield stress is reached, the curve slowly rises, the
deformation enters the second stage, the work hardening rate gradually decreases, the internal dynamic recovery begins,
and the softening offsets the partial work hardening. When the deformation enters the third stage, the curve gradually
flattens out. In the stable rheological stage, work hardening is offset by a softening process caused by dynamic recovery.
The rate of dislocation density increase caused by work hardening is almost equal to the rate of dislocation
disappearance caused by cross slip and climb caused by dynamic recovery, and both reach dynamic equilibrium.

The corresponding fracture surfaces of the specimens are presented in Fig. 8. Comparison of the fracture surfaces of the
specimens tested in nitrogen (Fig. 8a) or hydrogen (Fig. 5c) gas showed that hydrogen reduced significantly necking. Fig.
Sa revealed also a strong anisotropy of the surface fracture under nitrogen atmosphere, related to the X80 microstructure
anisotropy. To quantify the influence of hydrogen, an embrittlement index El was defined according to Eq. (1) where
RN2 A and RH2 A respectively represented the reduction of area in nitrogen or hydrogen gas.
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Figure. 5 . Shrinkage percentage of fracture in 20# pipeline steel with different hydrogen blending ratios.
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Figure. 6 Stress-deformation curves of 20# pipeline steel with different hydrogen blending ratios

Fig. 6 shows the stress-deformation curves of 20# pipeline steel measured after simulating different hydrogen mixing
ratios, and the test environment of the comparison sample is the same pressure of 4MPa. It can be seen that in the elastic
deformation stage, the stress-deformation curve trend of 20# pipeline steel under four test environments is generally
consistent. Curves with a pure hydrogen and hydrogen-doped ratio of 25% rise from the beginning, while curves with
5% and 15% need to wait for a certain amount of deformation before they begin to rise.

The researchers believe that the hydrogen in the reversible hydrogen trap will lead to the hydrogen embrittlement of the
material, but the hydrogen in the irreversible hydrogen trap is beneficial to improve the anti-hydrogen embrittlement
ability of the material because it is not mobile. Hydrogen escaping from the material at a characteristic temperature
below 300 ° C is considered diffusible, and hydrogen escaping above 300 ° C is considered nondiffusible[47-51]. The
escape temperature and corresponding content of diffusible and nondiffusible hydrogen in the material can be measured
by the thermal desorption instrument TDS.
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Figure.7 TDS curve of 20# pipeline steel after different hydrogen charging time.

The weld of 20# pipeline steel was processed into a & 5X 25 small cylinder, and the sample of the small cylinder was
placed in the mixed solution of 0.1mol/L H2SO4 0.25g/L thiourea for electrochemical hydrogen charging. The hydrogen
charging current was set to SmA/cm2, and the hydrogen charging time was set to 24h and 48h respectively. Immediately
after hydrogen charging is completed, the ultra-vacuum chamber of the TDS analysis equipment HTDS-003 is heated up
to 800°C at a heating rate of 100°C/h. The mass spectrometer of the equipment will record the change of the hydrogen
desorption rate of the sample during the heating process.

The samples were charged with hydrogen in electrolyte under the same conditions (aqueous solution of 0.1 mol/L dilute
sulfuric acid +0.25 g/L thiourea with a current density of 5 mA/cm2) for two different hydrogen charging times of 24
and 48h, and TDS analysis was performed immediately after. Figure 7 shows the desorption spectrum of hydrogen in the
weld of 20# pipeline steel with increasing temperature. It can be seen that there is the same trend in the two desorption
spectra, and there is a same desorption peak corresponding to 105°C. There is also a less obvious desorption peak with a
temperature of 374°C . Desorption temperatures below 300°C are considered to be the desorption temperature of hydrogen
in a reversible hydrogen trap, and peaks above 300°C are considered to be the desorption process of
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hydrogen in an irreversible trap. Therefore, there are both reversible and irreversible hydrogen traps in the internal
structure of 20# pipeline steel.

Figure.8 SEM morphologies of the fracture of the 20# pipeline steel with different hydrogen blending
ratios:(a)5%;(b)15%;(c)25%;(d)100%

Moreover, Fig. 8a and ¢ showed delamination on the fracture surfaces, but hydrogen enhanced this type of damage.
Dealing with the fracture mode, Fig. 8b and d logically showed a ductile fracture with dimples in nitrogen gas (Fig. 8b)
and a quasi-cleavage fracture mode in hydrogen gas (Fig. 8d). In addition, examination of the gage length external
surface of the specimens loaded in hydrogen gas showed circumferential cracks rather homogeneously distributed.

All these features tended to prove that hydrogen induced two main damage modes. The first one, located in the bulk of
the specimens, occurred by decohesion at the interface between pearlite alignments and ferrite matrix, easily visible on
the fracture surface of the samples loaded in hydrogen gas (Fig. 8c). The second one, located at the surface of the
specimen, consisted in brittle circumferential cracks, perpend.

By observing the macro morphology of the slow tensile fracture side of the smooth test steel, it is found that the fracture
side of the sample with low hydrogen content ratio shows obvious necking and 45°  shear lip characteristics, and the
zigzag section shows typical tearing characteristics, while the fracture side appearance of the pure hydrogen content ratio
is relatively flat, and no obvious necking characteristics are seen. Sievert equation [52] -degree can be used to explain the
reason why hydrogen embrittlement degree increases with the increase of hydrogen content in the environment. As
shown in Equation 2.5, a higher volume fraction of hydrogen in the environment corresponds to a higher partial pressure
of hydrogen. It can be seen from the equation that the hydrogen concentration in the metal is proportional to the square
root of the hydrogen pressure, so a higher partial pressure of hydrogen promotes a higher concentration of hydrogen in
the metal, resulting in a more obvious hydrogen embrittlement.
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Figure. 9 Possible hydrogen forms in the 20# pipeline steel under working condition:

Fe-0.20C-0.24Si-0.45Mn-0.020P-0.010S-0.010A1-0.0010H in mass pct. (Thermo-Calc software)

Since the effect of hydrogen on hydrogen embrittlement is caused by the generation of hydrogen-containing gas products,
in order to explain the gas products, this paper attempts to use Thermo-Calc software to carry out relevant calculations.
The Solidification process of 20# steel containing 10ppm hydrogen was calculated by the Scheil Solidification
Simulation module of Thermo-Calc software. As can be seen from Figure 14, hydrogen is only a gas form and has no
specific chemical formula, so it can only be simulated by other software.
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Equilib is one of the most commonly used modules in FactSage software. It uses the Gibbs free energy minimization
method to calculate the state of chemical equilibrium of a given element or compound under certain conditions (defined
by temperature, pressure, etc.), including the concentration of each species.

In this paper, FactSage 8.1 version is used to calculate the various forms of hydrogen in 20# pipeline steel with different
H content. The H content is set in the range of 2ppm to 10ppm, with an interval of 2ppm. It can be seen from Figure 15
that the possible forms of hydrogen in the 20# pipeline steel are H2S, H2, H, CHP, CH4 and C2H2. H2S increases with
the increase of hydrogen content. When the content of H is 2ppm, the H2S content is 1.0315*10-8mol, and when the
content of H is 10ppm, the H2S content increases to 5.283*10-8mol. H2 increases with increasing hydrogen content.
When the H content is 2ppm, the H2 content is 9.5939*10-5mol, and when the H content is 10ppm, the H2 content
increases to 4.9144*10-4mol. H increases with the increase of hydrogen content. When the H content is 2ppm, the H
content is 2.7335*10-8mol, and when the H content is 10ppm, the H content increases to 1.4002*10-7mol. CHP
increases with the increase of hydrogen content. When the content of H is 2ppm, the CHP content is 2.6766*10-8mol,
and when the content of H is 10ppm, the CHP content increases to 1.3691*10-6mol. CH4 increases with the increase of
hydrogen content. When the H content is 2ppm, the H content is 7.5434*10-8mol, and when the H content is 10ppm, the
CH4 content increases to 3.864*10-7mol. C2H2 increases with the increase of hydrogen content. When the H content is
2ppm, the H content is 1.542*10-8mol, and when the H content is 10ppm, the H content increases to 7.8985%*10-8mol.
The change trend of the above six products is the same. In summary, the contents of H2S, H2, H, CHP, CH4 and C2H2
increased with the increase of H content, respectively, which promotes the possibility of hydrogen embrittlement of 20#
pipeline steel.
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Figure. 10 Possible hydrogen forms in the 20# pipeline steel under working condition

Fe-0.20C-0.24Si-0.45Mn-0.020P-0.010S-0.010Al-<A>H in mass pct. (FactSage 8.1 software)

4. CONCLUSIONS

When 20# pipeline steel is directly exposed to a hydrogen containing environment and subjected to hydrogen intrusion
from mechanical loads, metal HE may occur. Therefore, our research focus is on the impact of hydrogen produced from
renewable energy on pipeline steel, in order to achieve large-scale transportation of existing natural gas pipelines. The

Proc. of SPIE Vol. 13513 1351327-6



mechanical properties of 20# pipeline steel were tested in a simulated hydrogen /natural gas mixture of 5.0, 15.0, 25.0,
and 100.0vol% hydrogen at a pressure of 10 MPa. The main conclusions are as follows:

(1) The hydrogen blending ratio plays an important role in the HE of 20# pipeline steel. The HE sensitivity indices
tensile strength and reduction of area corresponding to the tensile test gradually increase, and with the increase of
hydrogen, the propagation of fatigue cracks significantly accelerates.

(2) The trend of desorption spectra at 24h and 48h is the same, and there should be a same desorption peak at 105°C. The
current experiment shows that the main internal structure of 20# pipeline steel is reversible hydrogen trap.

(3) The possible gas products of hydrogen embrittlement in 20# steel were proved by factsage software.
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