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a b s t r a c t

In this investigation, the effect ofmicrostructural changes and phase equilibria on corrosion

behavior and hydrogen induced cracking (HIC) sensitivity of an API X65 pipeline steel was

studied. For this purpose, heat treatmentwasperformed at 850 �C, 950 �C, 1050 �Cand1150 �C

to engineer the desired microstructure of this pipeline steel. Then, the microstructural

evolution was performed by optical microscopy, and Field Emission Scanning Electron Mi-

croscopy (FE-SEM) equipped with Energy Dispersive X-Ray Spectroscopy (EDS). Corrosion

properties were evaluated in H2S environment by open circuit potential (OCP), Potentiody-

namic polarization and Electrochemical Impedance Spectroscopy (EIS). As well, HIC sensi-

tivity of the API X65 pipeline steel was assessed by hydrogen charging of the cathode and

immediately conducting the tensile test. Microscopy analyses showed that the microstruc-

ture of the steel is ferritic-pearlitic together with the islands of martensite/austenite con-

stituents. Increasing the heat treatment temperature reduced the amount of pearlite and

increased ferrite grain size. It also stabilized the ferrite content. Corrosion results indicated

that no active layerwas formed on the surface of this pipeline steel. Also, increasing the heat

treatment temperature increased the corrosion resistance and reduced sensitivity tomicro-

galvanic localized corrosion. As well, results suggested that the sensitivity to HIC in the API

X65pipelinewas substantially increasedwith increasing theamount ofpearlite andreducing

the amount of ferrite; i.e. at lower heat treatment temperature.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Pipeline steels are strategic tools to transfer oil, gas and

petrochemical products, and are one of themost viablemeans

of energy transportation in the world nowadays. However,

hydrogen cracking in a sour environment is the most impor-

tant cause of failure for these widely used steels, particularly

when employed in H2S containing media. The life of the

pipeline steels is reduced annually due to the nucleation and

growth of the hydrogen cracks. Moreover, special attention

has been paid to failure of these pipeline steels due to the

presence of H2S gas as well as a high concentration of CO2gas

in the natural gas in the interior wall of the pipelines [1,2]. The

diffusion of hydrogen into the metals and alloys can lead to

the following damages [3,4]: reduction of formability and

fracture strength of the pipeline steels; creation and activation

of surface/internal defects; propagation of defects at stress

levels much lower than the stresses required for the me-

chanical failure of the steels; and macroscopic damages

resulting from the entrapment of hydrogen in the mechanical

interface of the steels.

Hydrogen can enter an engineering product or structure

during the various stages of the production of the equipment

or even during the service life of the equipment. Also,

hydrogen is absorbed in the steel during pickling, electro-

plating and welding. Later chemical services, where steels are

exposed to water corrosion, galvanic corrosion, environment

containing high temperature hydrogen or sour environments

such as sour gas, sour crude oil and other H2S containing

environment may lead to hydrogen induced cracking (HIC). In

fact, hydrogen diffusion is enhanced by cathodic poisons in

aqueous solutions. These poisons prevent the formation of

atomic/molecule hydrogen compounds on the surface of the

steel. While this process is operational, hydrogen atoms are

free to diffuse into the groves and intergranular positions of

the steel. The poisons include: cyanides, Sulphur, selenium

compounds, arsenic, bismuth, phosphor, antimony, iodine

tellurium, and H2S. Among these poisons, H2S is the most

severe of them. Indeed, environments containingmoisturized

H2S are the most aggressive ones in which they easily facili-

tate hydrogen diffusion into the metals and alloys [3e5].

Generally, hydrogen, in various amounts, is produced on

the surface of the steel (interface of the fluid and the internal

wall of the pipe), due to the occurrence of the corrosion pro-

cess, particularly when the pipelines are exposed into H2S

containing environments. Subsequently, hydrogen atoms

diffuse into the structure of the pipeline steels in the form of a

proton. The hydrogen atoms that diffused into the pipeline

steels agglomerate in structural defects such as grain bound-

aries, dislocations, various sulfides like MnS, oxide inclusions

and even carbonitrides precipitates [5e7]. On the other hand,

the residual stresses of the steels, the occurrence of corrosion

and oxidation products of the internal wall of the pipelines

could lead to increased hydrogen diffusion rate into the steels.

Ultimately, when the amount of hydrogen of the pipeline

steels reaches a critical value required for the growth of the

hydrogen crack, either under the influence of stress (internal

or external) or without the existence of external stress,

hydrogen cracks start to grow, leading to the rapid demolition
of the pipe [8,9]. Hydrogen diffusion into themetals and alloys

causes corrosion, damage, and eventually failure of the

metals. The damages caused due to the corrosion and diffu-

sion of hydrogen atoms can be in the form of hydrogen blis-

tering, embrittlement and cracking, ultimately leading to a

catastrophic event in various industries. The alloy would be

damaged around the crystal defects due to the diffusion of

hydrogen atoms into the alloy and the formation of the

hydrogen molecule in various locations around such defects.

The alloy locally blows up since the hydrogen molecule has

very high volume and cannot easily exit from the structure.

This is also called hydrogen blistering [9,10]. Hydrogen blisters

can penetrate well into the depth of the alloy, show up in the

middle of the thick steel plate or close to the weld nuggets in

the pipeline steel. In some instances, hydrogen blisters can be

connected to each other along the surface of the metal and

through the thickness as well, creating layered tearing, direct

crack or ledgewise crack. In such circumstances, these type of

hydrogen damages is called hydrogen induced cracking or

cracking under the influence of hydrogen and stress (SOHIC).

And if the hydrogen damage, due to the diffusion of hydrogen

atoms into a high strength/high hardness alloy in the H2S

containing environment, and the resultant sulfide corrosion,

is coincided with the stress, it is called sulfide stress corrosion

(SSC) [11e13]. The HIC is of a very important type of corrosion

degradation and damage in the pipeline steels. It is also

named as hydrogen delay crack, and crack due to hydrogen.

Although, the exact mechanism of HIC in different alloys,

especially in acidic environments, is not clearly defined, it is

presumed that the diffusion of atomic hydrogen into the

pipeline steel leads to a situation where HIC would occur

[13,14]. Apparently, the presence of metallurgical and envi-

ronmental parameters greatly influences corrosion properties

of some widely used industrial pieces. Therefore, attempts

were made to control the production parameters, and envi-

ronmental parameters, using coatings etc., so as to optimize

the properties of the pipeline steels [15e17].

Bertoncello et al. [16] investigated the effect of thermal

spray aluminum coating on the HIC and SCC properties of

high strength low alloy steels (HSLAs) in sour environments.

Their results showed that applying thermal spray aluminum

coating on the HSLAs leads to a reduced sensitivity to HIC and

SCC. In another study, Jack et al. [17] assessed the HIC

behavior of the API X65 pipeline steel and showed that cracks

were detectable in the through the thickness of the pipe after

charging hydrogen. As well, the crack growth was the lowest

in the [111] direction in the ordered grains. Fragiel et al. [18]

studied the effect of microstructure and temperature on the

SCC of the API X65 pipeline steel. They showed that an

intragranular crack growth prevails in the ferritic-pearlitic

microstructure. As well, with increasing the temperature of

the H2S containing environment, some transformation

mechanisms of atomic hydrogen to the molecule hydrogen

are activated. Ultimately, they showed that an increased crack

growth due to the presence of hydrogen is observed with

increasing the temperature of the environment.

As the thermomechanical control processing is the com-

mon practice to produce microalloyed steels, depending on

the rolling condition (strain rate, strain, temperature, final

finishing temperature etc), various microstructures including

https://doi.org/10.1016/j.jmrt.2021.07.118
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polygonal ferrite, equiaxed ferrite, acicular ferrite,martensite/

austenite (M/A), bainite, ferrite-bainite, and pearlite would

form. Usually, depending on the type of heat treatment that is

applied on the pipeline steels, pro-eutectoid ferrite, polygonal

ferrite, acicular ferrite and equiaxed ferrite are observable in

the microstructure [19e21]. It is seen here that corrosion and

HIC are the most important parameters influencing the

destruction of the pipeline steels. And to the best of the au-

thors' knowledge, no in-depth analysis has been conducted to

understand the effect of phase equilibria and heat treatment

condition on the corrosion and HIC behavior of the API X65

pipeline steel. Therefore, this research is primarily focused on

understanding the effect of microstructural evolution and

phase equilibria on the corrosion behavior and sensitivity to

HIC of an API X65 pipeline steel in H2S containing environ-

ment. Such a thorough understanding of the corrosion

behavior, especially sensitivity to HIC, has not been reported

in the literature.
2. Materials and experimental procedure

The steel samples used for this research were taken from an

API X65 pipeline steel. Pieces were taken from an actual

pipeline steel plate. The chemical composition of the steel

pieces was defined by a spark emission spectrometer quan-

tum instrument, made in Germany. Table 1 provides the

chemical composition of the steel of this study. It is important

to mention that the steel pieces of this research were used in

an environment containing H2S gas to transport a variety of

liquids in oil, gas and petrochemical industries. In the next

step, soaking heat treatment at 850 �C, 950 �C, 1050 �C and

1150 �C for 2 h was performed on the API X65 pipeline steel

samples. Fig. 1 shows a schematic of the heat treatment per-

formed on this steel.

Heat treated samples were subsequently prepared for

microstructural studies. For this purpose, heat treated sam-

ples were first cut and cold mounted and then polished by

different sand papers followed by alumina abrasive papers.

2% Nital solution was used to etch the samples. An optical

microscope model Olympuse, made in Japan, was used for

microstructural observation. Also, A Filed Emission Scanning

Electron Microscope (FE-SEM) model MIRA3TESCAN-XMU,

that was equipped with Energy Dispersive X-Ray Spectros-

copy (EDS) detector, was used to further analyze the micro-

structure. Also, to calculate the percentage of pearlite in the

samples of this study, the metallography images were

analyzed by ImageJ software.

Corrosion behavior was assessed by open circuit potential

(OCP), potentiodynamic potential and electrochemical

impedance spectroscopy (EIS) techniques in an environment

containing H2S.To perform these tests, specimens with the

dimension of 1 cm2 were taken from the API X65 pipeline steel
Table 1 e Chemical composition of the steel investigated in th

Element C Si Mn P

Amount 0.19 0.39 1.4 0.02
plate to be connected to the electrolyte. The rest of the sam-

ples were coated. The corrosion cell electrolyte was made of

0.5 wt% acetic acid, 5wt% Sodium chloride dissolved in

distilled water. It was also saturated with H2S. One side of the

pipeline steel specimen was immersed into the electrolyte

and the other side was connected to the instrument. Every

sample was first immersed for 1.5 h in the OCP to achieve a

stable condition prior to the corrosion evaluation of the steel

in an electrolyte containing H2S. Then, EIS test was performed

in the OCP with the amplitude of 10 mV and the frequency

range of 10 mHze100 kHz. Finally, the potentiodynamic po-

larization test was done in the range of �1000mV to

þ1000 mV, with respect to the OCP, and with the scan rate of

0.001 V/s. The corrosion tests were done by AMETEK poten-

tiostat instrument model PARSTAT 2273 using a three stan-

dard electrodes cell. An Ag/AgCl electrode was used as the

reference electrode, a platinum bar was used as the auxiliary,

or counting electrode and heat treated steel samples were

used as the working electrode. All corrosion tests of this

research were performed at 25 �C. Every test was done three

times and the average of these three tests was reported as the

test results.

The sensitivity to HIC in the pipeline steel was assessed by

charging hydrogen gas into the cathode (based on NACE

TM0284 standard) and then immediately conducting the ten-

sile test. The electrochemical method was used to create

hydrogen embrittlement (HE) in the test samples. For this

purpose, an electrochemical cell was prepared with the API

X65 pipeline steel connected to its negative pole (cathode).

The hydrogen atoms that were produced havemoved towards

the cathode and diffused in it. Table 2 provides the charac-

teristics of this electrochemical cell. Platinumwas used as the

anode of such an electrochemical cell. Themodified technique

of JIS Z3113 was used to assess the amount of diffusible

hydrogen into the steel. Additionally, samples were put into

glycerin immediately after removing them from the HIC test

cell. A water-ice solution was used as the medium to prevent

hydrogen atoms from escaping the samples. The amount of

diffusible hydrogen was thenmeasured after 48 h. Finally, the

tensile test was carried out by an INSTRON tensile tester

model 4400 on the hydrogen charged samples. It is also

important to mention that to assess the sensitivity to HIC of

the heat treated samples, tensile test was done on the non-

charged samples. To make sure of the repeatability of the

tensile test results, three tests were done for each sample

under the two conditions of charged and non-charged. The

average of these three tests, together with the standard de-

viation is reported here. The ASTM E8 standard test method

was used for the tensile tests. The strain rate used, up to the

point to failure, was 0.5 N/Sec. The fracture surfaces of the

tensile test specimens were analyzed by FE-SEM for fractog-

raphy purposes and to gauge the possibility of hydrogen

cracks formation on the surface.
is study (wt%).

V Ti S Nb Fe

0.06 0.02 0.001 0.03 Balance
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Fig. 1 e Schematic of the heat treatment employed in this

study.
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3. Results and discussion

3.1. Microstructural evolution

Fig. 2 shows the microstructure of the API X65 steel formed at

different heat treatment temperatures. Two phases with the

black and white colors can be seen in this figure. The brighter

phase is ferrite and the darker one is pearlite. Also, to calculate

the percentage of the pearlite phase, the metallography im-

ages were analyzed by ImageJ software. The results of this

analysis are shown in Fig. 2. The results of ImageJ software

shows that the pearlite of the samples heat treated at 850 �C,
950 �C, 1050 �C and 1150 �C were 15.62 ± 0.75%, 12.22 ± 0.47%,

3.91 ± 0.21% and 2.18 ± 0.17%, respectively. Some islands of

martensite/austenite can also be seen in the microstructure,

which is typical of these microalloyed steels [19,20]. FE-SEM

images (with high magnification) together with the EDS

analysis was used to better recognize the phases. Fig. 3 shows

the results of such analyses. The results indicate that the

bright and dark regions are enriched with Fe, hence for the

presence of stable phases of ferrite and pearlite in the API X65

pipeline steel. As can be seen in Fig. 2, the steel that is heat

treated at 850 �C and 950 �C is fine grained. Such a grain

refinement is expected to have a different effect on the

corrosion behavior and sensitivity to HIC [22].

Controlling the ferrite grain size, and as a result, strength-

ening themicroalloyed steels is done using the addition of the

microalloying elements together with the application of

deformation below the no-recrystallization temperature
Table 2 e The parameters considered for the hydrogen
charged cathode of this study.

Parameter pH Duration
(hours)

Charging current
(A/m2)

Temperature
(0C)

Value 2.7 96 200 ± 5 25 ± 3
[23e25]. The alloying elements added are usually titanium,

vanadium, molybdenum, and niobium which are combined

with carbon or nitrogen to form carbides/nitrides or carboni-

trides. The Nb carbonitrides usually limit the austenite

recrystallization and grain growth during the hot rolling of the

microalloyed steels [23]. The resultant ferrite from the

pancaked austenite transformation is very fine grained

[19e21]. It is clearly seen in Fig. 2 that the amount of pearlite is

reduced with increasing the heat treatment temperature. On

the other hand, the stability of the ferrite phase and the ferrite

grain size has increased. In a sense, with increasing the heat

treatment temperature from 850 �C to 1150 �C, the highest

amount of ferrite and the lowest amount of pearlite were

attained. In fact, the resultsof this studyarewell-matchedwith

the results of Godefroid et al. [26], who identified the phases in

the pipeline steels in the same way as this research.

3.2. Open circuit potential (OCP)

A voltage is created at the interface of the pipeline steel-

electrolyte when the steel is immersed in an H2S containing

electrolyte. This is due to the nature of the electrochemistry of

the corrosion process in the pipeline steels. Therefore, it is

important to measure such a potential, i.e. open circuit po-

tential. OCP is a potential where electrochemical reactions

reach an equilibrium state. It is the pipeline potential under

the condition of applying no external current or potential.

Enough time should be given to the electrochemical cell prior

to the corrosion experiments to achieve this equilibrium in

the electrochemical reactions. A stable condition without

much fluctuation of the potential is acquired under this

circumstance. In fact, such a stable condition is obtained after

a few minutes in some cells and after a few hours in others

[27,28]. Usually, the corrosion current density is predictable

based on the OCP. For this reason, first of all, OCP of the

pipeline steel in the electrolyte is designed tomake sure of the

steel surface stability in the desired environment. Other

corrosion tests are conducted based on the OCP of the pipeline

steel in the H2S environment. The variation of potential versus

time was recorded for the API X65 pipeline steel immersed in

the designed electrolyte. Depending on the chemical compo-

sition of the steel, microstructure and corrosion resistance of

the steel, a certain time is needed for the oxide layer to form

on the surface of the steel and to transform it an electrical

double layer. Thus, the variation of the OCP of pipeline steel

during the immersion time is highly dependent on the

mentioned parameters. Even the time to reach a constant

value during the OCP test can be predicated on the micro-

structural evolution and phase equilibrium of the pipeline

steel, i.e. themetallurgical effect on corrosion resistant [29,30].

In Fig. 4 the variation of potential versus immersion time

(OCP) is shown for the API X65 pipeline steel at different

temperatures. Region one of the OCP curves starts at about the

starting time of immersion up until 20 min after immersion. It

is seen in this figure that, in such a condition, the voltage is

rapidly decreasing linearly for all four heat treated samples.

This phenomenon shows that no oxide film has started to

form on the surface of the API X65 pipeline steel. With

increasing the immersion time, the fluctuation of the poten-

tial decreases in a way that the lowest value of potential

https://doi.org/10.1016/j.jmrt.2021.07.118
https://doi.org/10.1016/j.jmrt.2021.07.118


Fig. 2 e Optical micrographs and ImageJ analyses for the pipeline steel samples heat treated at different temperatures: a,b)

850 �C, c,d) 950 �C, e,f) 1050 �C, g,h) 1150 �C.
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Fig. 3 e FE-SEM micrograph together with the EDS analysis of the points mentioned in the micrograph of the sample heat

treated at 850 �C.
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Fig. 4 e The effect of heat treatment temperature on the OCP curves for the API X65 pipeline steel in a H2S containing

environment.
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fluctuation for the OCP is observed after about 70 min of im-

mersion. As can be also seen in the OCP curves, with

decreasing the heat treatment temperature, the OCP shifted

towards very negative values. This is indicative of the higher

activity of the pipeline steel immersed in the H2Scontaining

environment. In fact, this condition is suggestive of the effect

of reducing the heat treatment temperature, and as a result
Fig. 5 e Polarization curves obtained from the potentiody
increasing the amount of pearlite, on the excitation of the

pipeline steel in terms of corrosion susceptibility in the H2S

environment. In a sense, this phenomenon is distinguished in

the OCP curves in changing the potential of the surface of the

steel towards more negative values. The main reason is the

very different electrochemical behavior of the pearlite and

ferrite phases of the microstructure of the steel. Indeed, a
namic polarization test for the API 65 pipeline steel.

https://doi.org/10.1016/j.jmrt.2021.07.118
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Table 3 e Electrochemical parameters extracted from the potentiodynamic polarization test of Fig. 5.

Sample treated at the temperature (�C) 850 950 1050 1150

Ecorr (mV vs. Ag/AgCl) �963± 9 �836± 7 �688± 9 �533± 8

Icorr (mA/cm
2) 35,936± 9 14,552 ± 7 7041 ± 8 4091± 9

Corr. Rate (mm/year) 1.27 ± 0.12 0.91 ± 0.10 0.78 ± 0.09 0.35 ± 0.07
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micro galvanic peel is formed and corrosion reaction is

intensified on the surface of the steel due to the higher reac-

tion tendency of the pearlite, and lower reaction tendency of

ferrite, inside the corrosion cell [31].

3.3. Potentiodynamic polarization

Fig. 5 shows the potentiodynamic polarization curves of the

steel in H2S containing environment at different temperatures.

As well, the electrochemical parameters extracted from these

potentiodynamic polarization curves are provided in Table 3. It

is important to mention that the possibility of measuring very

low ratesof corrosion is remote for thepipeline steel in theTafel

extrapolation technique. Such corrosion rates can be deduced

from the intersection of the linear portion of the Tafel curves

[32,33]. Electrochemical parameters such as corrosion potential

(Ecorr), corrosion current density (Icorr) and polarization resis-

tance or resistance against corrosion (Rp) were calculated from

the extrapolation of the Tafel curves (Fig. 5) for the API X65

pipeline steel. The results of the potentiodynamic polarization

test show that with increasing the heat treatment temperature,

thecorrosion resistance increasesandcorrosioncurrentdensity

decreases. It is also seen in the curves of Fig. 6 that current

density was reduced in both anodic and cathodic branches as

the amount of pearlite phase reduced. This is indicative of the

effectofmicrostructural changesandphaseequilibriumonboth

thecathodicandanodic corrosionreactionof thesteel in theH2S

environment. There are two plausible reasons for this

phenomenon:

a) The grain boundaries area increases with the reduction of

ferrite grains at lower heat treatment temperatures. And

since grain boundaries are high energy regions which in-

crease the tendency for corrosion reactions, such an in-

crease in the area increases the current density and

corrosion rate as such.

b) Pearlite and ferrite phases show two different electro-

chemical behaviors. The number of micro-galvanic peel

increases with increasing the amount of pearlite at lower

heat treatment temperature. Therefore, as the amount of

pearlite in the phase equilibrium increases, the suscepti-

bility for the micro-galvanic localization corrosion

increases.

Overall, the results reduced from the potentiodynamic

polarization test are well matched with the results of the OCP

test. It is obvious from both tests that the corrosion resistant

of the steel was substantially reduced with increasing the

amount of pearlite and the reduction of ferrite grain size; i.e.

lower heat treatment temperature. In a sense, the corrosion

potential of the pipeline steel moved towards very negative

values under such a scenario.
3.4. Electrochemical impedance spectroscopy (EIS)

The Nyquist curves together with the Bode and Bode-Phase

curves resulting from the EIS test for the pipeline steel of

this study is shown in Fig. 6. The EIS test was conducted to

assess the reactions on the interface of steel/electrolyte, and

also to evaluate the reactions on the surface of the steel in the

H2S environment. The results of Fig. 6 show that all samples

have a single impedance resistance ring and no sign of passive

layer is observed on the surface of the steel. In fact, it is seen in

the EIS test results that the diameter of the Nyquist plots was

substantially increased with increasing the heat treatment

temperature (increasing the diameter of the ferrite grains and

reducing the amount of pearlite). This is indicative of the ef-

fect of ferrite grain boundaries, and reducing pearlite in the

microstructure, on the corrosion response of the steel surface

in the H2S environment. In fact, the Nyquist curves obtained

from this study were in the form of a defected half circle. Such

a half circle Nyquist curves of Fig. 7a could be due to the

surface irregularity. They could also be due to the control of

the corrosion response by the charge transfer on the surface of

the API X65 pipeline steel [34,35]. This is suggestive of the fact

that the corrosion resistance of the steel increases with

increasing the heat treatment temperature in a way that

proper compatibility is observed between the OCP, potentio-

dynamic polarization, and Nyquist curves.

The results of EIS tests in the form of Bode and Bode-Phase

curves are shown in Figs 6b and c, respectively. Commonly,

the Bode curves should be linear with the slope of minus one

for the pipeline steel, which provides acceptable protection

properties. However, the slope of the Bode curve changes with

the hydrogen atoms/molecules attack as well as the diffusion

of the corrosive ions such as Cl�/oxygen into the surface layer

of the pipeline steels.With such an attack, the corrosion starts

at the interface of the H2Scontaining electrolyte and the

pipeline. Therefore, the protective behavior of pipeline steel in

an environment containing H2S can be assessed by the devi-

ation of the slope of the Bode curves from the negative value,

and by their comparison with the Nyquist plots [36,37].

In Fig. 6b the effect of heat treatment temperature on the

Bode curves of the API X65 pipeline steel is shown. The

following remarks can be made from the curves:

1 All the Bode curves for the heat treated API X65 pipeline

steel at different temperatures contain a negative slope.

The presence of only one negative slope in these curves is

indicative of the fact that only on impedance ring or one

constant phase element is formed in the impedance

response of this pipeline steel [38,39]. In a sense, the Bode

curves presented in Fig. 6b endorse the results of the

Nyquist plots and the fact that no passive layer was formed

on the surface of the API X65 steel.
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Fig. 6 e The results of EIS tests for the API X65 pipeline steel in an H2S containing environment, a) Nyquist curves, b) Bode

curves, c) Bode-Phase curves.
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Fig. 7 e Stressestrain curves for the hydrogen charged and non-charged samples of the pipeline steel.

Table 4 e The amount of diffused hydrogen in different
heat treated steel samples.

Heat treatment
temperature (�C)

850 950 1050 1150

Diffused hydrogen (ppm) 5.3 ± 0.1 4.8 ± 0.1 4.4 ± 0.1 3.8 ± 0.1
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2 It canbeobserved in theBodecurves that increasing theheat

treatment temperature, which reduces pearlite and in-

creases the stability of the ferrite, increases the impedance

resistance of the pipeline steel. In fact, similar to theNyquist

curves, the Bode curves are suggesting that increasing the

heat treatment temperature enhances the corrosion resis-

tance of the steel in the H2S containing environment.

The Bode-Phase curves are depicted in Fig. 6c. It can be

clearly seen in the Bode-Phase curves of the heat treated steel

that only one peak exists. This confirms that only one con-

stant phase element is present in the impedance result of the

API X65 pipeline steel at each temperature. It is also seen in

these curves that the highest peak corresponds for the sample

that was heat treated at 1150 �C. In a sense, the higher the

peak height of the Bode-Phase curve, the higher the corrosion

resistance of the steel, and the better the protection properties

created in the API X65 pipeline steel [38,39]. In fact, the highest

peak is seen in the range of �70 �C to �90 �C for the sample

heat treated at 1150 �C. Overall, the results of the EIS tests, in

the form of Nyquist plots, Bode curves and Bode-Phase curves

are compatible with one another. They are also well matched

with the results of Bordbar et al. [31], who reported that the

corrosion resistance of an API X70 steel increases as the

amount of ferrite increases in its microstructure.

3.5. Sensitivity to HIC

The amount of diffusible hydrogen atoms into the API X65

pipeline steel was assessed based on the modified JIS Z3113

method. Table 4 provides the results of such analysis. The

tensile test was also performed on the charged samples after
hydrogen charging of the cathode. The stressestrain curves

result of this test is shown in Fig. 7. As well, the fracture sur-

faces of the tensile test specimens were analyzed by FE-SEM,

the results of which are depicted in Fig. 8. It can be observed

from Table 4 that, with increasing the amount of pearlite and

reducing ferrite packet size (through reducing the heat treat-

ment temperature), the highest amount of diffused hydrogen

followed in the sample heat treated at 850 �C. On the other

hand, the amount of pearlite was reduced, and the ferrite

grain size increased with increasing the heat treatment tem-

perature. On the other hand, the amount of hydrogen atoms

diffused into the pipeline steel was reduced as such. This

phenomenon is due to the decreased amount of grain

boundaries areas. Such areas are the preferential locations for

the entrapment of the hydrogen atoms. Additionally, it is well

known that pearlite itself consists of lamellar morphology of

cementite and ferrite. The free spaces within this lamellar

morphology (between layers) can be favorable locations for

the diffusion and entrapment of the hydrogen atoms/mole-

cules in the heat treated samples.

Moreover, it can be observed in Table 4 that hydrogen

diffused in the steel is at almost the saturated level (about

4e5 ppm). This amount of hydrogen is relatively high for the

pipeline steels. It can be deduced from this analysis that most
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Fig. 8 e FE-SEM micrographs on the fractured tensile samples heat treated at different temperatures (charged condition), a)

850 �C, b) 950 �C, c) 1050 �C, d) 1150 �C.
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of the dislocations are surrounded by hydrogen atoms and

their movement within the crystal structure of the steel is

very limited. This was due to the fact micro-cracks are formed

in the crystal structure when the agglomeration of the

hydrogen atoms/molecule is increased in the pipeline steel. In

fact, the formation and the growth of the micro-crack were

much faster than the dislocation pinning by the hydrogen

atoms, hence for this to be the dominant mechanism.

Fig. 7 and Table 5 show the results of the tensile tests,

together with the standard deviations, that were performed

on the hydrogen charged and non-charged samples. These

results clearly show that the sensitivity to HIC was signifi-

cantly increased at the presence of hydrogen, increasing the

trapped hydrogen and increasing the diffusion of hydrogen

into the structure of the pipeline steel. In fact, the strength

and elongation percentage were substantially reduced with

increasing the trapped hydrogen and the hydrogen diffusion

as well. In the hydrogen charged samples, the highest sensi-

tivity to HIC was related to the sample heat treated at 850 �C.
Under the hydrogen charged condition, this sample showed

yield strength of ~325 MPa and percentage elongation of
0.0067%. This is while, under the non-charged condition, the

yield strength of this sample was ~574 and its elongation

percentage was 0.2059%. On the other hand, it is seen in the

tensile test results that the lowest sensitivity to HIC in the

charged samples is for the sample heat treated at 1150 �C.
Under the hydrogen charged condition, this sample showed

yield strength of ~407 MPa and elongation percentage of

0.0117%. This is while, under the non-charged condition, the

yield strength of this sample was ~481 MPa and its percentage

elongation was 0.3003%. The reason for this phenomenon is,

as observed in the metallographic analysis, the increased

ferrite grain size and the reduced pearlite percentage by

increasing the heat treatment temperature from 850 �C to

1150 �C. Therefore, under the condition of non-charged

hydrogen, the sample heat treated at 850 �C has the highest

yield strength and the lowest elongation percentage due to its

small ferrite grain size and high elongation percentage. In a

sense, the grain boundaries act as a barrier for the movement

of dislocations and lead to dislocation pile up, hence for the

increased strength. And due to the presence of this low

amount of grain boundaries and lower pearlite in the

https://doi.org/10.1016/j.jmrt.2021.07.118
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Table 5 e Results obtained from tensile test for the
hydrogen charged and non-charged samples.

Sample Yield
Strength
(MPa)

Tensile
Strength
(MPa)

Elongation at
Break (%)

850�C-Charged 325 ± 6 e 0.0067 ± 0.0005

950�C-Charged 359 ± 8 e 0.0077 ± 0.0005

1050�C-Charged 379 ± 7 e 0.0083 ± 0.0007

1150�C-Charged 407 ± 6 e 0.0117 ± 0.0011

850�C-non-charged 574 ± 8 668 ± 9 0.2059 ± 0.0019

950�C- non-charged 548 ± 7 637 ± 6 0.2458 ± 0.0017

1050�C- non-charged 511 ± 8 603 ± 7 0.2757 ± 0.0016

1150�C- non-charged 481 ± 8 560 ± 8 0.3003 ± 0.0014
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hydrogen charged sample heat treated at 1150 �C, this sample

shows the highest yield strength. Overall, the yield strength

and elongation percentage obtained in Table 5 are compatible

with the amount of diffused hydrogen into the different

samples of this study. In fact, the presence of hydrogen,

increased hydrogen trapping and also increased hydrogen

diffusion into themicrostructure lead to the reduction of yield

strength in the API X65 pipeline steel. Therefore, it can be

concluded that the strength and plastic deformability of the

sample was reduced by diffusing hydrogen into the API X65

pipeline steel. On the other hand, it can be said that a higher

amount of hydrogen was entrapped in the steel microstruc-

ture with reducing the heat treatment temperature. In a

sense, such hydrogen entrapment increased internal stress of

the steel causing an earlier fracture.

The fracture surfaces of the tensile test specimens were

analyzed by FE-SEM technique to characterize hydrogen

crackingandtodefinethe fracturemode.Fig.8 showsthe results

of this analysis. It is visibly seen in the fracture surfaces of

different samples that all hydrogen charged samples were

broken by a completely brittle fracture mode. This fracture

morphology was predicted from the very small plastic strain

observed in the stressestrain curves of the samples in Fig. 7.

Commonly, a soft fracture with dimple characteristic is envis-

aged if the steel is ferritic and freeofhydrogenaswell.However,

since the hydrogen atoms/molecules that cause HIC phenome-

non have diffused into the APIX65 pipeline steel structure, the

condition was suitable for the nucleation and growth of the

hydrogen crack during the tensile stress. It is important to note

that, due to the presence of different amounts of pearlite and

grainboundaries, theconcentrationofhydrogen isnot thesame

throughout the sample. Therefore, the concentration of

hydrogen increases, after applying tensile stress, in the areas of

the structure that contain pearlite and grain boundaries. The

continuous increment of hydrogen concentration in these

preferential locations leads to thecreationofmicro-cracks inthe

microstructure.Eventually, thegrowthandcoalescenceof these

micro-cracks during the application of tensile stress cause

earlier fracture of the pipeline steel [40,41].

The theory of the interaction of hydrogen and dislocations

was first proposed by Morton and Vaughan in 1956. This

damage mechanism is explained by the formation of Cottrell

atmosphere around the dislocations. Based on this theory, the

interaction of some hydrogen atoms with the dislocations in
the crystal leads to the reduction of dislocations motion and

as result creates microscopic work hardening [42,43]. This

phenomenon lowers and even eliminates plastic deform-

ability in steels. Among the different microstructures of the

pipeline steels, the pearlitic microstructure is more prone to

the hydrogen cracks compared to the ferritic one due to its

higher hardness and more brittleness. Hydrogen atoms are

agglomerated in the free spaces between the pearlite layers,

ferrite grain boundaries, or in the free space between the in-

clusions and thematrix. Therefore, when hydrogen atoms are

trapped in these locations and are transformed into atomic/

molecule gas, they cause hydrogen cracking due to the exer-

tion of very high pressure in those regions. This phenomenon

is shown in Fig. 9. In fact, it can be deduced from Fig. 9 that the

hydrogen induced crack advances where a higher percentage

of pearlite exists, or where a high percentage of grain

boundaries exist in the microstructure. This is due to the fact

that pearlite, as a hard phase, provides a higher possibility for

the easier advancement of the hydrogen induced crack.

Moreover, since the pearlite structure itself consists of two

phases of ferrite and cementite, the free spaces between the

layers of these two phases can act as the preferential locations

for the entrapment of hydrogen atoms/molecules. Hence, for

the increased sensitivity to HIC of the pipeline steel.

The pipeline steel carrying crude oil or natural gas is often

used in acidic environments containing H2S. When the

corrosion conditions are provided, particularly at the presence

of moisture, such H2S containing environments cause severe

corrosion on the surface of the steels [44,45]. During such

corrosion reactions and the damages that the corrosive agents

create on the surface of the pipeline steels, hydrogen atoms

can move freely inside the electrolyte (environment). Ulti-

mately, these hydrogen atoms can be agglomerated locally on

the surface of the steel. Subsequently, over time, these

hydrogen atoms can diffuse into the steel structure based on

what is shown in Fig. 8. In fact, the reactions that occur for the

pipeline steel in the H2S containing environments, which

leads to hydrogen damage, as follows:

H2S/ 2Hþ þ S2� (1)

Fe þ 2Hþ/ Fe2þ þ 2H (2)

Fe2þ þS2�/FeS (3)

H2S þ Fe /FeS þ 2H (4)

On the other hand, the diffusion of hydrogen atoms into the

crystal structure of the API X65 pipeline steel occurs in three

steps. In the first stage, physical adsorption is happening.

During this stage, van derWaals forces act on the interface and

produce atomic absorption. In the second stage, chemical ab-

sorption is happening, where a chemical reaction occurs be-

tween the atoms on the surface of the pipeline steel and the

absorber. In the third and final stage, the diffusion of the

hydrogen atoms is happening. In this last stage, the products of

the second stage diffuse into the crystal structure of the pipe-

line steel. The hydrogen atoms diffused into the crystal struc-

ture of the steel agglomerate in structural defects such as grain
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Fig. 9 e Various steps of hydrogen diffusion into the microstructure of the pipeline steel and the formation of hydrogen

crack in the crystal structure.
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boundaries, inclusions, segregation locations of the alloying

elements, dislocations, solidification cracks or micro-voids.

They combine with each other in these locations and create

hydrogen molecules gas or hydrogen damage. This process

produces a substantial amount of pressure. When such pres-

sure exceeds the yield strength of the API X65 pipeline steel,

hydrogen crack starts to form in the crystal structure. As

explained above, in the first stage the diffusion of hydrogen

atoms into the crystal structure is occurring. Such atoms get

agglomerated in the grain boundaries and the pearlite layers. In

the next step, the hydrogen atoms are combined and create

hydrogen molecules. Such a transformation coincides with

increased pressure and the microstructure of the steel experi-

ences stress level higher than its yield strength. Ultimately, the

nucleation and growth of the hydrogen crack are due to the

exerted pressure resulting from the changes of the hydrogen

atoms to the hydrogen molecules.
Several hypotheses were proposed for the nucleation and

growth of the HIC crack. However, a theory proposed by Zapffi

and Tetelman [46,47], regarding the nucleation and growth of

hydrogen crack in the HIC process, has gained widespread

acceptance among the many theories in the field. This hy-

pothesis is known as the internal pressure theory and is one of

the most acceptable explanations concerning HIC. Based on

this theory, hydrogen atoms agglomerate on structural defects

such asMnS inclusions, oxide compounds inclusions, carbides,

nitrides, and on phases such as pearlite (lamellae) in the

dominant matrix phase of the alloys. Then, hydrogen cracks

nucleate and growth when the hydrogen pressure, resulting

from the transformation of hydrogen atoms to hydrogen mol-

ecules, increases. This process is schematically explained in

Fig. 9. In this figure, the diffusion and absorptionmechanism of

hydrogen into themicrostructure of the pipeline steel, together

with the different preferential locations for the entrapment of
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hydrogen atoms are shown. As well, the process of increased

hydrogen pressure in structural defects is depicted.
4. Conclusions

In this study, the effect of microstructural changes and phase

equilibria on the corrosion behavior and sensitivity to HIC were

evaluated in an API X65 pipeline steel. Various heat treatment

processes were applied to such steel to acquire different micro-

structureandacombinationofphases.Variousmicroscopic,and

corrosion evaluation testswere employedunder the exposure of

H2S gas. HIC sensitivity was assessed by charging hydrogen to

the cathode and then immediately performing tensile tests. The

following conclusions were drawn from this research:

a Microstructural observation showed that the steel structure

ismostly ferritic-pearlitic, togetherwith theM/A islands, ina

way that ferrite was the matrix. Increasing the temperature

deduced ferrite and increased ferrite grain size and its

stability.

b The results of ImageJ software analysis showed that

increasing the heat treatment temperature from 850 �C to

1150 �C led to the reduction of pearlite in the steel structure

from 15.62 ± 0.75% to 2.18 ± 0.17%.

c Assessing OCP curves showed that by reducing the heat

treatment temperature (increasing pearlite and the grain

boundary areas of ferrite), OCP moved towards very nega-

tive values. This is indicative of the higher activity of the

API X65 steel immersed in the H2S containing environ-

ment. Also, potential fluctuation in the OCP curves fol-

lowed a downward trend during the whole 1.5 h of

immersion which was suggestive of the absence of a pas-

sive layer on the steel surface.

d Potentiodynamic polarization curves showed that corro-

sion resistance increased and corrosion current density

reduced with increasing the heat treatment temperature.

The current density was reduced in both the cathodic and

the anodic branches of the Tafel with increasing the ferrite

grain size and decreasing pearlite. This phenomenon

confirmed the effect of microstructural evolution and its

subsequent phase change on both the cathodic and anodic

corrosion of the API X65 steel.

e EIS results showed that with increasing the heat treatment

temperature, the diameter of the Nyquist curves was sub-

stantially increased. Bode-Phase curves of the heat treated

steel had the same negative slope at different tempera-

tures. These curves also showed only one peak. The high-

est peak was in the range of �70� to �90� for the sample

heat treated at 1150 �C.
f The highest amount of hydrogen was diffused and trapped

in the sample as the amount of pearlite increased and

ferrite grain size reduced (at lower heat treatment tem-

perature). Such a condition occurred at 850 �C.
g It was seen in the tensile test results of the hydrogen

charged sample that the sensitivity to HIC of the pipeline

steel was increased with increasing the amount of trapped

hydrogen and with the increasing the diffusion of

hydrogen into the structure. This has resulted in a signifi-

cant reduction of strength and elongation percentage. The
highest sensitivity to HIC occurred in the charged samples

heat treated at 850 �C. This was while such a sample

showed the highest strength and elongation percentage

under the non-charged condition.

h Fractography analysis of the tensile test samples showed

that ductility was almost non-existent by the diffusion of

hydrogen into the microstructure of the API X65 pipeline

steel, leading to the occurrence of brittle fracture. All

fracture surfaces contained micro-cracks indicative of the

hydrogen induced cracking on the surface. Increasing the

amount of pearlite and reducing ferrite substantially

increased HIC sensitivity in the steel.
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