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The purpose of this work was to improve the resistance of hydrogen-induced cracking in

API 5L X70 steel by engineering the crystallographic texture and grain boundary distribu-

tions via different rolling temperatures. Hydrogen-induced cracking and electrochemical

hydrogen charging tests were carried out in two different conditions: commercially pro-

duced and isothermally rolled at 850 �C in laboratory. The results showed that the devel-

opment of dominant {011} grains parallel to the normal direction, and a small number of

{001}//ND grains obtained by isothermal rolling at 850 �C, increased the hydrogen-induced

crack resistance; while the hot rolled sample with sharp {001}//ND textures was highly

susceptible to cracking.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

American Petroleum Institute (API) steels have attracted

considerable attention due to the low content of carbon and

other alloying elements, economic fabrication and easy

installation. These steels are widely used for transportation of

natural gas and crude oil across long distances [1,2].

Hydrogen-induced cracking (HIC) is considered as the main

damage mode in the sour environment (i.e. containing water

and H2S) and causes huge economic loss [1e3]. Atomic

hydrogen produced during surface pipe corrosion diffuses
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into the steel and traps at defect sites such as inclusions,

precipitations, phase interfaces, martensite islands, and grain

boundaries. These hydrogen atoms recombine to form

hydrogen molecules, leading to the creation of internal pres-

sure within the metal. This reduces ductility, toughness, and

mechanical properties, called hydrogen embrittlement [3,4].

The HIC behaviour depends on many metallurgical factors

such as chemical composition, segregation, microstructure,

inclusions and microstructural defects [5,6]. In addition, the

effect of crystallographic texture on HIC susceptibility was

also studied in the last decade [7e9]. However, the effects of

engineering the crystallographic texture and grain boundary
evier Ltd. All rights reserved.
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orientation on improving HIC resistance has not been

employed in pipe manufacturing. The mechanism of HIC at

the crystal scale is described by hydrogen-enhanced decohe-

sion (HEDE), absorption-induced dislocation emission (AIDE),

and hydrogen-enhanced plasticity (HELP) theories [10,11].

HEDE is related to increasing internal pressure at trap sites

due to the recombination of hydrogen molecules leading to

crack nucleation. Next, AIDE is associated with cleavage-like

fracture in low resistance paths to release the energy.

Finally, HELP is associated with a lack of sufficient slip sys-

tems, facilitating crack growth and propagation in material.

It is well known that the preferred crystallographic texture

that develops during themanufacturing process influence the

final properties. Wright and Field [12] confirmed the feasibility

of improving mechanical properties and corrosion resistance

of steels by controlling crystallographic textures and grain

boundary engineering. Masoumi et al. [13,14] and Nafisi et al.

[15] reported that controlled warm rollinge between half of

the melting point and the non-recrystallisation temperature

(TNR) e produces {111}//ND and {110}//ND dominant crystal-

lographic textures in API steel. Venegas et al. [7] reported that

the large proportion of grains oriented with {001} planes par-

allel to normal direction {001}//ND promote intergranular

crack propagation, leading to a reduction of HIC resistance. In

contrast, the well-developed {112}//ND and {111}//ND fibre

textureswith small fraction of {001}//ND texture enhanced the

HIC resistance [7e9]. Contrary to these findings, Mohtadi-

Bonab et al. [9,10] reported that there is no preferred direc-

tion for HIC propagation, while other crystallographic factors

such as grain boundary characteristics, the distribution of

recrystallised grains and the Taylor factor distribution can

play significant roles in governing the HIC behaviour. In

addition, it was also shown that transgranular cracks propa-

gate in grains with high Taylor factor, whereas intergranular

cracks occur where a mismatch in Taylor factor between

neighbouring grains exists [16]. The current work aims to

clarify the above mentioned contrasting results and show the

effect of engineering of crystallographic texture on HIC

behaviour.

Here, we present the role of macrotexture, microtexture,

and mesotexture1 on HIC susceptibility in API X70 steel as a

strong candidate in the sour service environment. In this

respect, at first favourable crystallographic textures (i.e. {111}//

ND and {110}//ND) were produced by isothermal rolling at

850 �C and compared to that in commercially available steel.

The microstructural and textural evolution was characterised

by scanning electron microscopy (SEM), X-ray diffraction

(XRD) and electron backscatter diffraction (EBSD). Samples

were subjected to both HIC test and electrochemical hydrogen

charging test to evaluate the effect of distinct crystallographic

texture which was produced by different thermomechanical

treatments on cracking behaviour. Then EBSD analysis was

carried out to find a correlation between HIC behaviour (i.e.

nucleation and propagation), microstructure and crystallo-

graphic orientation. Present work revealed that significant
1 The termsmacrotexture, microtexture, andmesotexture refer
to the average sample texture, the crystallographic orientation of
a microstructure point, and the texture of grain boundaries,
respectively.
improving of HIC resistance was obtained through engineer-

ing of crystallographic texture by isothermal rolling below

non-recrystallisation temperature. The high resistance to HIC

is highly important to oil and gas transportation.
Experimental details

A commercial API 5L X70 steel as a typical grade used for the

manufacturing of pipelines transporting oil and gas in Brazil

was studied in thiswork and its chemical composition is listed

in Table 1. Higher molybdenum content in the investigated

steel (i.e. 0.8 wt.-%) significantly increases the pitting and

naphthenic corrosion resistance [17] which is the main chal-

lenge of offshore pipeline in Brazil.

The material was delivered in form of 9 mm thick plate.

The plate was cut into two sections; each was subjected to the

same rolling schedule however at different temperatures. The

first sectionwas rolled in the recrystallisation austenite region

(TNR¼ 1006 �C: [18]) at around 1200 �C (designated as hot rolled

sample), while the other was isothermally rolled in the non-

recrystallisation austenite field at 850 �C (designated as

warm rolled sample). For the rolling a Stanat model TA-315

rolling machine was used with 273 rpm rotational speed, in

three passes to reach 3mm thickness (9mm/ 7mm/ 5mm

/ 3 mm), followed by air cooling to room temperature. The

main reason for the selection of different temperatures above

and below the non-recrystallisation temperature was to

characterise the effect of recrystallisation on textural evolu-

tion and its effect on HIC susceptibility.

To estimate the HIC resistance, two samples of each

specimen were cut and prepared from the mid-thickness of

rolling plane, considered as the most susceptible region to the

HIC test plane. The mid-thickness of the pipeline is consid-

ered as the most susceptible region to the HIC due to the

segregation of alloying elements (i.e. manganese and carbon)

in this region. This leads to the formation of hard micro-

constituents which promote nucleation and propagation of

the cracks [1e4]. The samples were then ground using 1200

grit paper, then polished with 6, 3 and 1 mm diamond paste.

Next, the samples were embedded in resin with a copper wire

for electric contact. 0.2 M sulphuric acid (H2SO4) aqueous so-

lution was used for electrochemical hydrogen charging.

Moreover, to prevent the formation of hydrogen bubbles on

the surface of the specimen and to increase the amount of

hydrogen entering the steel, 3 g/l arsenic trioxide (As2O3) was

added to the solution. Finally, each sample was electro-

chemically charged for 6 h with a constant current of 20 mA/

cm2 [19]. Fig. 1 shows that the current density of 20 mA/cm2

corresponds to a cathodic potential of 0.7 VSCE. In addition,

HIC resistancewas evaluated according to NACE TM0284-2011

standard [20] on samples charged for 96 h at 25 �C. The test

solution consisted of 5.0 wt. % NaCl and 0.5 wt. % CH3COOH in

distilled water saturated with H2S at 1 bar. The initial and final

pH values of the solution were 2.7 and 3.1, respectively. Fig. 2

shows schematic plot of the HIC procedure.

Microstructural studies were carried out along the rolling

plane of the samples, using scanning electron microscopy

(SEM). The rolled samples were prepared by grinding with SiC

papers up to 1200 grit and then polishing with 6, 3 and 1 mm
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Table 1 e Chemical composition of API 5L X70 steel (in wt. -%).

C Si Mn S Al Cu Cr P

0.099 0.259 1.664 0.006 0.042 0.014 0.021 0.018

Ni Mo Nb Ti V Ni þ V þ Ti CEPcm CEIIW

0.022 0.816 0.062 0.019 0.050 0.131 0.203 0.409

Fig. 1 e Electrochemical test showing that current density

of 20 mA/cm2 corresponds to a cathodic potential of 0.7

VSCE.
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diamond paste. Finally, the specimens were etched with 2%

nital solution for approximately 40 s. The Vickers hardness

was measured in the aforementioned regions of the samples.

Macrotextural characterisations were measured by X'Pert
X-ray diffractometers equipped with Philips texture goniom-

eter on rolling plane. Three incomplete pole figures, i.e., {110},

{200}, and {211} were obtained, using Cr radiation, in the

reflection mode on a 5� step up to 85� sample tilt. The orien-

tation distribution function (ODF) of each sample was calcu-

lated from the measured pole figures using MTEX-free and

open source software toolbox. The 42 ¼ 45� section of Euler

space was used to display the computed ODFs. Furthermore,
Fig. 2 e Schematic plot used for hy
EBSD analysis was conducted in the RD-ND plane of the

investigated samples using FEI Quanta FEG 450 scanning

electron microscope operating at an acceleration voltage of

20 kV, sample tilt angle of 70�, working distance of 12 mm and

0.5 mm step size. The Channel 5 andMTEX software were used

to analyse and display results.
Results and discussion

The SEM micrographs obtained from the rolling plane (RD-TD

section) of both hot and warm rolled samples are shown in

Fig. 3. The first sample, which was rolled industrially at about

1200 �C, showed a banded ferrite-pearlite microstructure,

which is common in hot rolled conditions (Fig. 3a). Moreover,

the hardness and ferrite grain sizes were 165 ± 5 HV and

8 ± 1 mm, respectively. Martensite-austenite (M/A) constitu-

ents dispersed on ferritic microstructure were observed in the

warm rolled sample (Fig. 3b). It is to be noted that no pearlite

was found in this sample. Zhu et al. [21] reported that carbon

and other alloying elements that were drawn back due to the

nucleation of ferrite from the prior austenite grain boundaries

led to the formation carbides andM/A constituents. Moreover,

their uniform distribution strongly increases the impact

toughness and strength [17]. In the present work also

pancake-shaped austenite grains formed during rolling below

the non-recrystallisation temperature which increased the

number of ferrite nucleation sites. In this condition, the

hardness and ferrite grain sizes were 198 ± 5 HV and

6 ± 0.7 mm, respectively. It is worth mentioning that no

segregation zone was found in both samples.

Fig. 4 shows the calculated ODF at 42 ¼ 45� of the rolled

samples. In the hot rolled sample the rotated cube (001)<110>
drogen induced cracking test.
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Fig. 3 e SEM micrographs of a) hot and b) warm rolled sample.
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texture components were dominant (Fig. 4a). Zhang et al. [22]

reported the formation of strongly rotated cube texture com-

ponents generated from recrystallisation of austenite grains

at higher annealing temperatures, followed by ferrite trans-

formation during cooling, which is in agreement with our

result. On the other hand, the warm rolled sample demon-

strated a strong {110}//ND fibre with predominant (110)[11 3]

texture component which is deflected about 10� from the Goss

orientation (110)[001] component. The shear deformation

caused by the friction between the rolls and sheet surface

could develop {110}//ND crystallographic textures [23]. More-

over, to illustrate the effect of rolling temperature on the

texture evolution, skeleton plots for main fibres including a-

fibre {001}//RD, g-fibre {111}//ND in addition to {001}//ND and

{110}//ND texture components were plotted and these are

presented in Fig. 5. Fig. 5a and b shows that warm rolling

decreased the fraction of undesirable {001} oriented grains

which can cause an increase in HIC resistance. There is no

significant difference in {111}//ND texture components in both

hot and warm rolled sample, Fig. 5c. However, an extensive

increase in intensity of {110}//ND texture was observed in

warm rolled sample, Fig. 5d.

The typical stepwise hydrogen-induced crack in hot rolled

steel is shown in Fig. 6. The crack is parallel to the rolling di-

rection with some deflections towards the normal direction.

In the warm rolled sample, no crack was found (not shown
Fig. 4 e Texture components in a constant 42 ¼ 45� sect
here). The difference in the HIC resistance in the examined

samples might be explained by the formation of different

microstructural constituents in the specimens. As mentioned

earlier, in the hot rolled specimen, ferrite-pearlite micro-

structure with relatively large grain size developed and HIC

crack tended to nucleate and propagate along ferrite-pearlite

interfaces. It is to be noted that SEM analysis did not

revealed any inclusions in the vicinity of cracks. In contrast,

the warm rolled steel presented fine ferritic microstructure

with M/A and cementite constituents, formed at lower rolling

temperatures and exhibited higher resistance to HIC

propagation.

Non-metallic inclusions such as MnS can play a significant

role in HIC initiation and high amount of sulphur content in

the steel probably led to development of these inclusions, no

inclusions were found in the vicinity of crack path. Although

there is a possibility of forming inclusions in the steel, deter-

mination of its content (i.e. using ASTM E45) was not focus of

the study present.

In order to investigate the role of crystallographic orien-

tation and grain boundary distributions on HIC behaviour,

EBSD analysis was conducted in the vicinity of the hydrogen

crack with no presence of pearlite. Fig. 7 presents the inverse

pole figure (IPF) map in the vicinity of HIC. In this figure low-

angle grain boundaries- LAGBs (point-to-point mis-

orientations less than 15�) and high-angle grain boundaries-
ion of the ODF of a) hot and b) warm rolled sample.
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Fig. 5 e Skeleton plots for main fibres a) {001}//RD, b) {001}//ND, c) {111}//ND, d) {110}//ND in hot and warm rolled sample.
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HAGBs (point-to-point misorientations greater than 15�) are
shown as thin and thick black lines, respectively. In work

[7e9] was demonstrated that the hydrogen-induced cracks

tend to nucleate and propagate along the grains associated

with {001}//ND cleavage planes. This is in good agreement

with EBSD result in the vicinity of crack in the hot rolled

sample. The IPF colour coding system illustrates a simple way

to distinguish the grain orientations. For instance, the grains

oriented along {001}, {110} and {111} parallel to the normal di-

rection are indicated in red, green and blue, respectively. The

IPF map (Fig. 7a) shows that hydrogen cracks mainly propa-

gated through red grains related to {001}//ND cleavage planes,
Fig. 6 e Crack propagation after electrochemical hydrogen

charging test in hot rolled sample.
which is in agreement with previous studies [13e15]. It is well

known that the grains oriented with the {110} crystallographic

planes correspond to close-packed planes, which can facili-

tate dislocation movements inside the grains, and can

decrease crack growth rate [24]. Local stress concentrations

form in the vicinity of boundaries associated with the {001}

grains which facilitates crack growth and propagation [25,26].

The EBSD technique enables to acquire detailed informa-

tion on individual grains and to determine their deformation

degree. To characterise type of grains, the differences be-

tween each lattice orientation in individual grains were

calculated. If this lattice misorientation is less than 2� the

grain is identified as recrystallised. In this respect, lattice

mistorientation between 2� and 7� and greater than 7� are

designated substructured and deformed grains, respectively.

The distribution of recrystallised, substructured and

deformed grains in specimens exhibited different behaviour

against HIC. The recrystallised, substructured and deformed

grains are shown with blue, yellow and red colour. This is

presented in Fig. 7b. Large number of substructured and

deformed grains was identified in the vicinity of crack path.

These types of grains can increase HIC susceptibility due to

their high stored energy which is in line with work of

Mohtadi-Bonab et al. [27]. It is notable that cracked nucleated

and propagated in the absence of external load applied.

However, the residual stress generated by previous defor-

mation can contribute to crack extension. Venegas et al. [28]

studied the strain field close the HIC crack path in API X46 by

variation of EBSD quality patterns. Intense strain fields were

localised at the vicinity of crack path which can contribute to

increased plastic deformation in this region and conse-

quently enhance crack extension.
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Fig. 7 e The EBSD analysis in the vicinity of HIC, a) IPF map, b) grains type map, c) Taylor factor map and d) strain

distribution map.
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Taylor factor analysis can predict the level of stress state

induced into the grains, which is based on the family of active

slip systems [29]. In this study, Taylor factor was calculated

using the family of active slip systems for BCC metals {110}

<111> and the plane strain deformation [30]. Fig. 7c shows the

correlation between grain orientation and crack interaction,

such as cleavage planes and slip systems. The grains already

aligned to the slip direction are shown in blue, while those

with high resistance to yielding are in red. The crack propa-

gated along grains with high Taylor factor values. Grains with

high Taylor factor are susceptible to crack propagation as

shown in Fig. 7c. In contrary, grains with low Taylor factor

(Fig. 9c) were identified in the sample rolled at 850 �C and in

this sample no HIC cracks developed after hydrogen charging.

Our results are in agreement with those reported byMerriman

et al. [31] where grainswith a high Taylor factor tend to initiate

crack formation due to the dislocation accumulation.
Fig. 8 e Calculated orientation distribution functio
In order to find a correlation between grain orientation and

grain size on HIC behaviour, grains located at the upper area of

the crackwere divided into three regions (Fig. 7a). To determine

the exact grain orientation of boxed region (i) in Fig. 7a the ODF

was calculated and shown in Fig. 8a. Grains oriented with the

(001)<130> components with an orientation within 15� of the

ideal cube component with low cleavage resistance is consid-

ered as a main crack propagation path. Moreover, in-situ syn-

chrotron X-ray diffraction analysis during tensile loading

revealed that {001} crystallographic planes accumulate higher

magnitude of lattice strain in comparison to {111} planes [32]

which can facilitate crack propagation along {001} grains.

Furthermore, an ODF was calculated in the section (ii) at the

top of the crack path and presented in Fig. 8b. Grains with 15�

deflection from the ideal Goss component were identified. In

general, the Goss texture initially forms during hot rolling, and

then large grains develop during secondary recrystallization
n at 42 ¼ 45� from a) region i, and b) region ii.
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Fig. 9 e The EBSD analysis of warm rolled sample after electrochemical hydrogen charging test, a) IPF map, b) Taylor factor

map, c) grains types and d) ODF.

Fig. 10 e Grain boundary distributions in both hot and

warm rolled sample.
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which cause deterioration in mechanical properties [33].

Therefore, Goss texture facilitates crack propagation as

observed in Fig. 8b. Finally, the presence of very fine grains

near the crack in section (iii) requires more attention. It is

known that HIC form when trapped hydrogen reaches the

critical amount for crack initiation [19]. Non-metallic in-

clusions, precipitates, grain boundaries and dislocations are

considered as themain trap sites [34,35]. Oudriss et al. [36] also

reported that high angle boundaries accommodated by dislo-

cations are capable of hydrogen trapping. Strain distribution

map at the vicinity of crack is presented in Fig. 7d. The figure

revealed that small grains with large grain boundary surface

area accumulate more strain. The larger grain boundary sur-

face area is capable to increase concentration of trapped

hydrogen and increase internal pressure by recombination of

trapped nascent hydrogen which can boost HIC susceptibility.

As mentioned earlier, no hydrogen-induced crack was

found in the sample rolled isothermally at 850 �C. Therefore,
EBSD analysis was conducted after the electromechanical

hydrogen charging test to investigate the effect of crystallo-

graphic orientation on HIC resistance, shown in Fig. 9a. The

Taylor factor distributions are presented in Fig. 9b in the same

region. A significant low Taylor factor grain distribution was

found. This suggests that the lower level of deformation was

induced in this condition, due to the possibility of dislocation

motions across grains increasing the HIC resistance. Ma et al.

[37] reported that the average misorientation angle in {001}

grains only reaches 15e30�. Meanwhile, grains oriented with

{110} and {112}//ND tend to increase the misorientation angle

to 30e60�, leading to sufficient driving force to facilitate the

nucleation of recrystallised grains. In this respect, the low

number of deformed grains (about 6%) beside finely recrys-

tallised grain distributions in the microstructure (Fig. 9c),

enhanced HIC resistance through decreasing of the stored

energy. Finally, detailed crystallographic orientation analysis

was provided by ODF, and is shown in Fig. 9d. The dominant

(112)[24 1] and (110)[11 1] texture components were found,
whose planes are parallel to main slip plane in the BCC lattice.

According to Humphreys and Hatherly [25], slip occurs in the

close-packed <111> directions, but the slip plane could be any

of the {110}, {112} or {123} planes. This facilitates dislocation

motion across activated slip systems under the electro-

chemical hydrogen charging test to reduce internal energy

and improve resistance to HIC.

Furthermore, the influence of grain boundary distributions

on HIC behaviour in both samples after the electrochemical

hydrogen charging tests was investigated. Fig. 10 presents the

grain boundary distributions including the proportion of

LAGBs, HAGBs and coincidence site lattice (CSL) boundaries in

both samples. The results showed that the volume fraction of

HAGBs and CLS boundaries was higher in the cracked sample,

while the proportion of LAGBs was greater in the non-cracked

sample. This suggests that hydrogen-induced crack propaga-

tion mainly occurs along HAGBs with higher internal energy,

while LAGBs, due to the better fit between neighbouring grains,

retard crack propagation. Although a small fraction of CSL

http://dx.doi.org/10.1016/j.ijhydene.2016.10.124
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boundaries was characterised in both samples, it is believed

that special boundaries (CSL) with lower stored energy rather

HAGBs provide a resistance to crack paths ahead of the crack

tip [38]. However, the results were in contrast to hypothesis

[37]. Thus, detailed CSL grain boundary distributions are illus-

trated as well. The number of
P

3 and 9 grain boundary types

were higher in the cracked sample, while the fraction of
P

11

was significantly greater in the non-cracked sample. Although
P

3n boundaries are considered as twin boundaries, Szpunar

et al. [39] reported that in low carbon steel, twining cannot be

created due to high stacking-fault energy (SFE). Therefore,

these act as HAGBs and enhance crack propagation, leading to

greater HIC susceptibility. Conversely, the
P

11 boundaries

with a tilt of 50.48� related to <110> plane [40] in the non-

cracked specimen was about four times greater than for the

cracked sample. Experimental data obtained in this study can

be used for complex numerical models [41,42].
Conclusions

Hydrogen-induced crack and electrochemical hydrogen

charging tests were carried out in two API X70 pipeline steel

samples: industrially rolled at around 1200 �C and rolled

isothermally at 850 �C, to investigate the effect of microstruc-

ture and crystallographic orientation on hydrogen-induced

cracking resistance. The sample rolled isothermally at 850 �C
presented a higher HIC resistance in comparison to commer-

cially processedmaterial. The isothermal rolling at 850 �C led to

development of sharp {110}//ND texture component accom-

panied by negligible volume fraction of {001} oriented grains. It

was also shown that the grain boundaries associatedwith {111}

and {110} planes can improve HIC resistance. The key finding of

this work revealed that significant improvement of HIC resis-

tance was obtained through engineering of crystallographic

texture by isothermal rolling at approximately 850 �C.
Although the rolling schedule suggested in the current study

differs from the established industrial production, a significant

improvement in HIC resistance by controlling of texture only

was achieved. This can be a great motivation for development

of an alternative thermomechanical treatment with lower

finish rolling temperature.
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