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Hydrogen induced cracking of X80 pipeline steel
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Abstract: The hydrogen-induced cracking (HIC) behavior of X80 pipeline steel was studied by means of electrochemical charging, hydro-
gen permeation tests, tension test, and scanning electron microscopy (SEM). The experimental results indicate that the increase of charging
time and charging current density or the decrease of the solution pH value leads to an increase of the hydrogen content in X80 steel, which
plays a key role in the initiation and propagation of HIC. It is found that the majority of macro-inclusions within the as-used X80 steel do not
constitute a direct threat to HIC except aluminum oxides, which directly or indirectly lead to HIC. The hydrogen trap density at room tem-
perature is estimated to be pretty high, and this is an essential reason why the steel is sensitive to HIC. After hydrogen charging, the elonga-
tion loss rate and area reduction of X80 steel decline obviously, taking a noticeable sign of hydrogen-induced plasticity damages. It is dem-

onstrated that the losses of these plastic parameters have a linear relation to the fracture size due to hydrogen.
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1. Introduction

With the development of the petroleum industry, the
oil-gas pipeline is developed rapidly in terms of safety,
economy and efficiency. With the increase of gas pressure,
high strength pipeline steels are being widely used in vari-
ous projects [1]. X80 pipeline steel, as a high strength pipe-
line steel, is becoming one of the most widely applied pipe
materials because of its high strength and toughness which
not only save lots of steel, but also have a better perform-
ance [2-3]. However, hydrogen induced cracking (HIC) has
been acknowledged as one of the predominant failures in
pipeline steel in humid environments with H,S and other
sour materials, which causes the heavy leakage of oil as well
as the serious economic loss and casualties [4-5].

Up to now, a lot of work has been done to investigate the
property of X80 pipeline steel. Hardie et al. [6] compared
the susceptibility of three kinds of API pipeline steels (X60,
X80, and X100 grades) to hydrogen embitterment, showing
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that the increase of strength level tends to decrease the re-
sistance of steels to HIC. Sang et al. [7] studied the rela-
tionship between the microstructure and Charpy impact
properties of X70 and X80 pipeline steels. Shterenlikht ez al.
[8] reported the capacity of the anti-ductile crack growth of
X80 pipeline steels. Kong et al. [9] reported the effect of Mo
on the microstructure and mechanical properties of X80
pipeline steel. However, the specifics for HIC of X80 pipe-
line steel, and additionally the impact of inclusions on HIC
and the mechanical properties of the steel are still unknown.
In view of this, it is extremely necessary to work out the de-
tails of hydrogen-induced damages and how these failures
deteriorate the properties of X80 pipeline.

Hydrogen induced cracking in X80 pipeline steel under
various electrochemical hydrogen-charging conditions as
well as the influence of inclusions and microstructure on the
origin of HIC were investigated in this work. The detailed
characteristics of hydrogen in the metal matrix, such as the
diffusivity of hydrogen (D) and the hydrogen content at
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room temperature, were measured to attempt to explore the
critical condition of the occurrence of HIC in X80 steel. In
combination, the mechanical performance after electro-
chemical hydrogen charging was separately studied to un-
derstand the extent of HIC on the mechanical properties of
X80 steel under different hydrogen contents.

2. Experimental

2.1. Material

The samples of X80 pipeline steel were cut from a com-
mercial steel plate with the chemical composition (wt%) of
0.089 C, 0.16 Si, 1.63 Mn, 0.0025 S, 0.011 P, 0.12 Cu,
0.058 Nb, 0.017 Ti, 0.43 Mo, and the balance Fe. The mi-
crostructure of the as-received X80 pipeline steel is shown
in Fig. 1, which exhibits that there are predominantly bain-
ites and some ferrites.

Fig. 1. Microstructure of the X80 pipeline steel.

2.2. Electrochemical hydrogen charging

For the electrochemical charging test at room tempera-
ture, the 2-mm thick specimens were prepared with the
charging surface polished to a mirror finish. The H,SO4 so-
lutions of different concentrations (such as 0.05, 0.1, and 0.5
mol/L) with 250 mg/L arsenic trioxide (As,O;) as the hy-
drogen evolution poison were used as the hydrogen charg-
ing solutions, which are widely used as a kind of simulating
condition in laboratories involving hydrogen revolution en-
vironments, such as H,S condition [10-12]. The charging
current densities were 20, 50, and 100 mA/cm?, and the
charging times were 1, 3, 5, and 8 h, respectively. The hy-
drogen-charged specimens were immediately immersed in
liquid paraffin to measure the release flux of hydrogen using
a scaled cuvette as the hydrogen gas collecting container.
After charging with a current density of 20 mA/cm?, the hy-
drogen-induced cracking size was measured through scan-
ning electron microscopy (SEM).
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2.3. Hydrogen permeation test

For the hydrogen permeation test, the specimens were
prepared with a surface area of 1.76 cm” and a thickness of
0.56 mm. The samples were electrolytically coated with
nickel on both sides prior to the test to get the significant
hydrogen permeation current density.

The hydrogen permeation test was performed using a
double cell. The cathodic side of the cell contained a solu-
tion of 0.5 mol/L H,SO, with 250 mg/L As,0; added as the
hydrogen evolution poison. The hydrogen ingress into the
specimen was facilitated by maintaining a constant cathodic
current of 10 mA/cm?. The anodic side, i.e., the hydrogen
exit side, contained 0.1 mol/L NaOH solution and was po-
tentiostatically polarized at a constant potential of 300 mV
vs. a saturated calomel electrode (SCE). Before the hydro-
gen permeation test, the anodic side of the double cell was
piped into nitrogen to remove the dissolved oxygen in the
solution.

2.4. Tension test

The flat test bars of X80 pipeline steel used here were
prepared along the rolling direction. Then, the specimens
were ground longitudinally with 2000-grade emery paper,
masked with the exception of the gauge length, and then de-
greased before charging. Hydrogen charging was carried out
in 0.5 mol/L H,SO4 solution with 250 mg/L As,0; as the
hydrogen evolution poison under a cathodic current of 20
mA/cm® for 1, 5, and 8 h, correspondingly. The specimens
were kept in liquid nitrogen after hydrogen charging before
being brought out and fixed in a tension machine to measure
the mechanical property. The sample setting time and meas-
ure time in the air were less than 2 min. The rate of the ten-
sion test was 0.2 mm/s. The effect of hydrogen on ductility
was assessed by comparing the elongation and the reduction
in area before and after charging.

3. Results and discussion

3.1. Hydrogen-induced cracking property in X80 steel

After hydrogen charging, the X80 pipeline steel sample
was immersed in liquid paraffin at once to measure the hy-
drogen release content. Fig. 2 shows that the hydrogen re-
lease content of X80 steel increases as the charging current
intensified, the charging solution concentrated (Figs.
2(a)-(b)), as well as the charging time elongated (Fig. 2(b)).
It reveals that the hydrogen content of X80 steel increases
under the hydrogen revolution condition, which leads to the
cracking failure if the hydrogen content is high enough in
some local positions.
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Fig. 2. Amount of hydrogen release from the X80 pipeline steel specimens: (a) charging with solutions of different concentrations
and at different current densities for 1 h; (b) charging under various conditions.

Usually, hydrogen-induced blisters are considered as a
kind of hydrogen-induced cracks which just take place in a
shallow position. Thus, the growing process of hydrogen
blisters may reflect the information of HIC growing. Fig. 3
shows the process of hydrogen-induced blisters in the initia-
tion and growth periods along with the charging time in-
creasing. It can be seen that after 1-h charging, some tiny
scale blisters can be found on the metal surface in Fig. 3(a),
and these blisters extend rapidly as the charging time in-
creases as shown in Figs. 3(b)-(d). It indicates that hydro-
gen-induced damages, such as blisters and cracks, may initi-
ate and grow soon in an intensive hydrogen revolution con-
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dition, ie., X80 steel cannot be immune to hydro-

gen-induced damages.

The sizes of hydrogen-induced cracks vary according to
the charging condition. As the time increases, the solution
pH value gets lower, or the current density becomes higher,
the sizes of cracks tend to get bigger, and the density of
cracks has a tendency to multiply. In this work, the statistics
of crack size under the charging current density of 20
mA/cm?in the solution of 0.5 mol/L H,SO, with 250 mg/L
As,0; as the hydrogen evolution poison is shown in Fig. 4.
Both the crack length and width extend quickly within the
charging time of 3 h, and then grow at a slower rate as the

100 pm

Fig. 3. Morphologies of hydrogen-induced blisters in the X80 steel sample after charging with the current density of 50 mA/cm? in
the solution of 0.5 mol/L H,SO, for different charging time: (a) 1 h; (b) 3 h; (¢c) Sh; (d) 8 h.
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Fig. 4. Statistics of crack size obtained under the charging
current density of 20 mA/cm2 in the solution of 0.5 mol/L
H,S0, with 250 mg/L As,0; as the hydrogen evolution poison.

charging time increases, which reveals that HIC initiates and
grows fast in the early stage under a constant charging con-
dition, and then propagates at a relatively slower rate.

Being of great importance for hydrogen damage and hy-
drogen induced cracking, the solute atoms, cavities, disloca-
tions, grain boundaries, and other inclusions of steel are all
hydrogen traps. Fig. 1 shows that the grain of X80 pipeline
steel is very fine with an average diameter less than 9 um.
Thus, the density of grain boundaries is relatively high.
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There are various types of inclusions in the X80 steel identi-
fied as follows: mainly aluminum oxides with slight oxides
and nitrides of Ti and Ni, and slight amounts of oxides and
carbides of Ca, Mg, and Si. Because of 0.0025wt% S and
1.63wt% Mn in the X80 pipeline steel, a small chance for
MnS is observed by SEM. The type of inclusions is consis-
tent with Ref. [13].

In the as-used X80 pipeline steel, there are various types
of inclusions and the most familiar species is aluminum ox-
ides in the shape of triangle, polygon, or circle. Sometimes,
it becomes bright because of the discharge. In the SEM ob-
servations in Fig. 5, the mixture of various inclusions can be
seen. They show that the sizes of inclusions are generally 2
pum, and the bigger ones are ranging from 5 to 10 pm. Most
of the inclusion sizes are smaller than the grain diameter.
Thus, it is really difficult to determine whether the inclu-
sions locate in intergranular or transgranular positions.

There are a large amount of aluminum oxide inclusions
in the cracks as well as in the X80 steel bulk matrix as
shown in Fig. 5. Though there are usually some other kinds
of inclusions mixed with aluminum oxides, such as oxides
of Si, Ca, and Mg, these inclusions are less sensitive to
promote the initiation of HIC or stress corrosion cracking
induced by HIC in a hydrogen revolution environment [14].
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Inclusions in cracks of X80 steel: (a) microstructure of aluminum oxides; (b) EDX spectrum of the aluminium oxides; (c)

microstructure of aluminum oxides; (d) EDX spectrum of the aluminium oxides.
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It also has been mentioned [15] that HIC germinates from
the inclusion cluster of MnS or Al,Os. Therefore, aluminum
oxides are found as the major inclusions associated with
HIC in Fig. 5.

On the interface between nonmetals and the basal body,
cavities appear due to different thermal expansion coeffi-
cients, and it is much easier for hydrogen to conglomerate in
these cavities, then the emergence of cracks leads to cusp
stress concentration. In this test, cracks caused by MnS were
not observed, and the hydrogen-induced cracks associated
with a large quantity of aluminum oxides were surveyed,
which generally conforms to Ref. [15].

X80 pipeline steel is a type of high strength low alloy
steel, and some microalloy elements, such as Ti and Nb, are
added mainly to form titanium nitrides to refine grains. Ad-
ditionally, these microalloy elements can prevent the forma-
tion of Widmanstétten and coarse grained bainites. Accord-
ing to Ref. [16], there is no obvious relation between hy-
drogen-induced fractures and macro inclusions in super high
strength steel. Also, MnS, TiN, and silicate are not the
sources of HIC. Combining the experimental research, it is
reasonable to believe that the majority of macro-inclusions
in the as-received X80 steel do not constitute a direct threat
to hydrogen induced cracking except aluminum oxides in
the electrochemical hydrogen charging conditions, which
directly or indirectly lead to the majority of HIC in the ex-
periment.

In the test, cracks of about 0.4-1.6 mm deep in the sur-
face can be found, and the macro hydrogen-induced cracks
are about 16 um in width as shown in Fig. 4. On account of
fine grains of X80 pipeline steel and the macro HIC of 2-16
pm in width, it is really difficult to determine whether the
expansion of macro cracks is intergranular or transgranular.
As for much narrower hydrogen-induced cracks, they are
mostly transgranular as shown in Fig. 6.
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Fig. 6. Transgranular cracks in X80 pipeline steel.
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3.2. Hydrogen diffusion in X80 pipeline steel

Fig. 7 shows the hydrogen permeation curve of the
as-received X80 steel. The hydrogen flux through the
specimen was measured by saturated anode current density
(I,), and converted into the hydrogen permeation flux ac-
cording to Eq. (1) [17]:

1y

=7 (M

0

where A is the area of the specimen where diffusion appears,
F the Faraday constant, and J,, the hydrogen permeation
flux.

The effective hydrogen diffusivity (D.s) can be calcu-
lated by Eq. (2) [18].
d2

Dy =—— 2
ff 6lL ( )

where d is the thickness of the specimen and # is the time
lag when //1,, equals to 0.63.

The hydrogen content at the cathodic side (Cy) can be es-
timated by Eq. 3 [19].
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Fig.7. Hydrogen permeation curve of the X80 steel.

As known from the hydrogen permeation curve in Fig. 7,
1,=12.5 pA and £7,=97560 s, as well as A=1.76 cm’ and
d=0.056 cm, these values are substituted into Egs. (1)-(3).
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The hydrogen trap density can be estimated as

In( Dy —1)=1nﬁ+ﬂ-l (7
Dt N, R T
Dy E,
Ny =N - —1|-exp| ——= 8
T L (Dcff j p[ RTJ ®

where Nt is the number of hydrogen trapping sites per unit
volume, cm™; Dy the lattice diffusion coefficient, cm™s™';
M. the density of the interstitial sites, cm>; E, the trap bind-
ing energy, eV; R the molar gas constant, 8.3145 J'mol K ™';

and T the temperature, 298 K.

In the test, because of the absence of Dy, Ey, and Ny, the
diffusion coefficient of a-Fe is replaced [16], in other words,
D=1.28x10" em s, E,=0.3 eV, N;=7.52x10* cm™>, and
the values of D are calculated from the Eq. (5), and these
values are substituted into Eq. (8):

4
Ny :7.52><1022><(1'28X10 Jx

532x10°

exp(—Lj =1.609%10%" cm™ 9)
8.3145x300

According to Eq. (8), the density of hydrogen trap posi-
tions in X80 steel is tremendously high, which indicates that
hydrogen is easy to be trapped in this metal resulting in the
occurrence of cracks.

3.3. Effect of hydrogen on the strength of X80 pipeline
steel

The stress-displacement curves of the specimen after
electrochemical hydrogen charging are shown in Fig. 8. It
indicates that, in the solution of 0.5 mol/L H,SO, with a
constant current density of 20 mA/cm?, the tensile strength
begins to slightly decline in limited scale as the charging
time becomes longer. It is usually believed that hydrogen
has little or trivial influence on the tensile strength of the
specimen, but under the condition of electrochemical hy-
hydro-
gen-induced damages appear on the surface and inside part,

drogen charging in this test, nonreciprocal

including both micro cracks and macro cracks visible to the
naked eye, so the tensile strength declines.
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Fig. 8. Stress-displacement curves of the X80 steel under dif-
ferent charging conditions.

Percentage elongation (J) and reduction in area (i) are
the usual indexes of plasticity. Additionally, the relative
plasticity damages (the elongation loss rates (/;) and area
reduction (/,))) are used to evaluate the sensitivity of hydro-
gen embrittlement:

Is =0y —0n)/ 6y x100%
{(S (%o 1)/ 0px o (10)

I, =(Wo—ywu)/yox100%

where Jy and dy are the elongation of the steel before and
after hydrogen charging, respectively; and y; and y4 are the
reduction in area before and after hydrogen charging, re-
spectively.

Fig. 9 indicates the changes of J and y according to
charging time. When the charging time becomes longer, the
content of hydrogen tends to increase, and the plasticity of
the as-used X80 steel tends to decline greatly. The change of
relative plasticity damages (/5 and /,) are listed in Table 1,
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Fig. 9. Plasticity loss of the X80 steel.



C.F. Dong et al., Hydrogen induced cracking of X80 pipeline steel

Table 1. Relative plasticity damages of X80 pipeline steel af-
ter hydrogen charging

Charging time / h I/ % 1,/ %
1 13.85 36.54
5 29.74 54.81
8 34.87 63.52

both of which increase with the increase of charging time to
confirm the tendency of the effect of hydrogen charging on
plastic shift.
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The fracture morphologies of the specimen are shown in
Fig. 10. When the specimen without hydrogen charging is
subjected to the tensile test in air, the fracture shows a typi-
cal shape of dimple morphology (Fig. 10(a)). As hydrogen
charging is applied and the charging time becomes longer,
though the fracture still generally exhibits a dimple mor-
phology, the embrittlement susceptibility of the material

rises, the scale of dimples is enhanced after 3-h charging
with brittle morphology in some local areas, as shown in
Figs. 10(b)-(d).

Fig. 10. Tension fracture surface of the X80 pipeline steel before (a) and after hydrogen charging: (b) 0.5 mol/L H,SO,, 20 mA/cm?,
1 h; (¢) 0.5 mol/L H,SO,, 20 mA/cm?, 3 h; (d) 0.5 mol/L H,SO,, 20 mA/cm?, 5 h.

According to the results in Fig. 2, the hydrogen content in
X80 steel increases with extending the charging time, con-
centrating the charging solution, or increasing the charging
current density. HIC appears and grows up when the hydro-
gen content increases (shown in Fig. 3), as well as when the
charging time increases (shown in Fig. 4). These lead to the
damage of the mechanical properties of X80 steel, i.e., hy-
drogen failures in the bulk body of the X80 steel sample ac-
celerate the rupture process resulting in a corresponding
plastic loss (Figs. (8)-(9)). To make the relationship between
the hydrogen induced damages and mechanical characteris-
tic of X80 steel clearly, a comparison between the results in
Fig. 4 and Table. 1 is made as shown in Fig. 11. It can be
seen that the HIC susceptibility parameters, both /; and /,,,
are mostly in linear relationship to the scale of HIC. It
means that HIC plays an important role in determining the

mechanical reliability of the as-received X80 steel.
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Fig. 11. HIC susceptibility of X80 steel varied as a function of
the maximum of HIC scale after charging in 0.5 mol/L. H,SO,
and I=20 mA/cm’,
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4. Conclusions

(1) The increase of charging time and charging current
density, or the concentration of charging solution leads to an
increase of the hydrogen content in X80 steel, which plays a
key role in the initiation and propagation of HIC.

(2) The majority of macro-inclusions within the as-used
X80 steel do not constitute a direct threat to hydrogen in-
duced cracking except aluminum oxides, which directly or
indirectly lead to HIC.

(3) The hydrogen trap density at room temperature of the
as-used X80 pipeline steel is estimated to be pretty high,

which is an essential reason why the steel is sensitive to HIC.

After electrochemical hydrogen charging, the elongation
loss rates and area reduction of X80 steel decline obviously,
taking a noticeable sign of hydrogen-induced plasticity
damages. It is demonstrated that the losses of these plastic
parameters have a linear relation to the fracture size due to
hydrogen.
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