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Abstract: Increasing the resistance of steel products to sulfide stress cracking (SSC) is one of the topical issues  

of the oil and gas industry. Among various factors determining the SSC resistance of a material is the structure-phase state 

of the material itself and the crystallographic texture associated with it. The current paper analyzes these features using  

the scanning electron microscopy (SEM), transmission electron microscopy (TEM), and microroentgen electron backscat-

tered diffraction (EBSD) techniques. As the research material, a production string (PS) coupling made of medium-carbon 

steel was selected, which collapsed by the mechanism of hydrogen embrittlement and subsequent SSC. For the first time, 

by the SEM method, using the location and mutual orientation of cementite (Fe3C) particles, at high magnifications,  

the authors demonstrated the possibilities of identifying the components of upper bainite, lower bainite, and tempered mar-

tensite in steels. The presence of the detected structural components of steel was confirmed by transmission electron mi-

croscopy (TEM). Using the EBSD method, the detailed studies of microtexture were conducted to identify the type and 

nature of the microcrack propagation. It is established that the processes of hydrogen embrittlement and subsequent SSC 

lead to the formation of {101} <0  0>, {100} <001>, {122} <2  0>, {013} <211>, {111} <  00>, {133} <    1>, {3    } 

<201> grain orientations. It is shown that the strengthening of orientations of {001} <110>, {100} <001>, {112} <111>, 

and {133} <    1> types worsens the SSC resistance of the material. Using the EBSD analysis method, the influence  

of special grain boundaries on the nature of microcrack propagation is estimated. It is found that the Σ 3 coincident site 

lattice grain boundaries between the {122} <2  0> and {111} <  00>, {012} <    0>, {100} <001> plates of the upper 

bainite inhibit the microcrack development, and the Σ 13b, Σ 29a, and Σ 39a boundaries, on the contrary, contribute  

to the accelerated propagation of microcracks. For comparative analysis, similar studies were carried out in an unbroken 

(original) coupling before operation. 
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INTRODUCTION 

The complex of oil and gas pipes of the Russian Federa-

tion is one of the most developed systems, and belongs  

to the key type of raw oil and gas transportation throughout 

the RF territory. In this regard, the highest requirements are 

imposed on oil and gas pipelines, which aim to ensure their 

reliability, durability, and safety [1–3]. The latter is associ-

ated with irreversible environmental, and economic expend-

itures in the case of an unintended breakdown of pipelines 

and their units in a certain sector of oil transportation. 

Among various types of complications in oil production, 

the mechanical corrosion failure – sulfide stress cracking is 

the most serious [4–6]. Sulfide stress cracking (SSC)  

of oilfield equipment is determined by the action of various 

factors, among which are the partial pressure of hydrogen 

sulfide and the temperature in the string, the degree of sa-

linity of the water component of oil, and the stress-strain 

state of the metal. These factors are best described  

in the GOST 53678 standard and in the works [6–8]. Be-

sides the abovementioned factors, the SSC-resistance  

of steels is determined by the degree of alloying of iron 

with impurity atoms, the structure-phase state, the level  

and anisotropy of strength properties, which determine  
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the final mechanical properties of materials. A developed 

crystallographic texture, which can be controlled by opti-

mizing the modes of thermomechanical effect, is a particu-

larly important parameter in the operation of goods [5; 9].  

It is known that the boundaries of grains, laths,  

and plates formed during quenching and subsequent tem-

pering, are the preferred areas for precipitation of cementite 

particles [10]. As a result of external applied loads, due  

to the difference in microhardness, microcracks appear be-

tween the cementite particles and the main matrix. Subse-

quently, they propagate along the prior austenite grain 

boundaries (PAGB) or along the lath martensite boundaries 

[10]. According to [11], martensitic steel characterized  

by a relatively low ductility is more prone to SSC compared  

to tempered martensite. At the same time, the presence  

of some alloying elements (for example, Nb, V, Mo,  

and Ti) during aging generates the precipitate at the grain 

boundaries, which reduce the SSC susceptibility of steel 

[11]. The shape and size of the constituent elements  

of the steel microstructure also determine the material pro-

pensity to SSC. In particular, the authors [12] identified that 

the ferrite-pearlite structure is more prone to SSC than  

the acicular ferrite or ultrafine-grained bainitic structure.  

In this regard, it was concluded that a homogeneous and 

uniform structure has a greater SSC resistance [12]. 

Some works deal with the study of the nature  

of the microcrack propagation in steels, as well as identify-

ing the relationship between this nature and the crystallo-

graphic texture, the type of grain boundaries and their ori-

entation relative to each other [13–15]. In particular,  

in the work [13], the authors showed that the formation  

of low-angle and coincident site lattice (CSL) grain bound-

aries increases the cracking resistance of the API X65 steel. 

Moreover, it was found that the presence of CSL grain 

boundaries smaller than Σ 13b provides cracking resistance 

[13], while a number of other high-angle boundaries  

(not CSL), worsen the SSC resistance [14; 15]. As a result, 

forming the low-angle and CSL grain boundaries of a cer-

tain type, it is possible to stop a microcrack after its for-

mation and obtain crack-resistant steel. 

Thus, the above factors, which are responsible  

for the microcrack initiation and development, are con-

trolled, and on the whole, determine the tendency of the ma-

terial to SSC. The control of these factors, by changing  

the processing parameters, as well as the formation of 

certain microstructures and crystallographic textures  

with the required strength characteristics for specific types  

of operation of oilfield equipment, is a crucial task. 

This work is aimed to identify the structure-phase fea-

tures and regularities of the texture formation processes,  

in a standard production string coupling made of bainitic 

steel structure, as well as to establish the factors determin-

ing its resistance to hydrogen sulfide stress cracking. 

 

METHODS 

A production string (PS) coupling with an outer diame-

ter of 139.7 mm and a wall thickness of 9.17 mm, manufac-

tured according to the GOST 31446 standard (strength 

group P110), was selected as the research material.  

The chemical composition of the investigated coupling is 

shown in Table 1.  

The studies were carried out in two PS couplings.  

The first one was destroyed by the SSC mechanism during 

the hydraulic fracture of a shelf on an exploration well. 

The second coupling was new, without operation.  

A bainite structure was formed in the couplings at the fac-

tory conveyor conditions, by carrying out the traditional 

heat treatment (quenching and subsequent tempering).  

The mechanical tensile tests were carried out using  

an INSPEKT 200 universal testing machine according  

to the GOST 10006 requirements. Microhardness was 

measured by the Rockwell method using a 251 VRSD 

universal hardness tester. The SP coupling microstructure 

was studied using a Thermo Scientific Q250 scanning 

electron microscope equipped with the EDAX-TSL sys-

tem for backscattered electron diffraction (EBSD) analy-

sis. The imaging of samples was carried out at an acceler-

ating voltage of 20 kV at a chamber pressure of 10
−4

 Pa. 

The electron beam diameter was 3 μm. During the study, 

the sample was placed at a focal distance of 10.0 mm. 

Nital solution was used as a metallographic reagent.  

The microstructure was also analyzed using a transmission 

electron microscope (TEM), to get the information about 

the size of structural elements and the nature of the ar-

rangement of cementite precipitates. The observations 

were carried out on a JEM-2100 microscope at an accele-

rating voltage of 200 kV. The samples for TEM were pre-

pared by two-jet electropolishing using an electrolyte 

based on n-butyl alcohol. 

 

 

 
Table 1. Chemical composition of the coupling material 

Таблица 1. Химический состав материала муфты 

 

Content, wt.% 

Fe C Si Mn P S Cr Ni Мо Al 

97.1 0.452 0.306 1.400 0.014 0.005 0.278 0.199 0.006 0.012 

Content, wt.% 

Co Cu V Ti Sn B Zr As Bi  

<0.001 0.026 0.058 0.002 0.011 0.002 0.002 0.075 0.010  
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RESULTS 

The average value of the coupling metal microhardness 

in the primary crack nucleus is 35.5 HRC, and far from  

the crack, its value decreases to 34.0 HRC. At the same 

time, the average hardness of the pipe billet metal without 

operation was 32.6 HRC. The mechanical tests showed that 

in the coupling before operation, the tensile strength was 

983 MPa, the yield strength was 913 MPa, and the relative 

elongation was 15.5 %; while after operation, the tensile 

strength was 1096 MPa, the yield strength was 1000 MPa, 

and the relative elongation was 13.7 %.  

Fig. 1 a shows a typical SEM image of the PS coupling 

microstructure (before operation) after etching. The experi-

mental microstructure is mainly characterized by a bainitic 

structure consisting of parallel plates. In the photograph,  

the bainite plates are shown as disoriented blocks inside  

the PAGB (Fig. 1 a). The bainitic blocks in Fig. 1 a in some 

places are circled by green contour lines, and PAGB –  

by yellow lines. Along with the bainite component, the 

microstructure contains the irregularly shaped islands  

of the martensitic-austenitic (M/A) phase (Fig. 1 a). Unlike 

the bainite component, the M/A areas are resistant to 

etching; they look like non-etched and relatively light areas 

(outlined with a white line) (Fig. 1 a). A microstructure 

detailed analysis at rather high magnifications showed that 

the bainite component is formed from the upper bainite 

(UB) and lower bainite (LB) plates. This fact is supported 

by the results of SEM and TEM studies, according to which 

the needle-like cementite (Fe3C) particles in the UB plates 

are located only at the plate boundaries and are oriented 

along the boundaries (Fig. 1 b) [10]. The detected cementite 

particles at the boundaries of the UB plates in some places 

grow up to a length of 170 nm, while their diameter equal 

to ~34 nm remains practically unchanged. At the same 

time, in the LB, cementite particles are formed only  

in the body of the plates (Fig. 1 c, 1 d). In this case,  

the cementite particles in the LB have a needle-like shape  

(up to 210 nm long, 22 nm in diameter) and are parallel  

to each other (Fig. 1 c, 1 d). Fig. 1 d shows the section  

of the “coalesced” LB, where the merge of parallel plates is 

observed. In the PS coupling microstructure, rather large 

plates of tempered martensite (TM) are observed in some 

places (Fig. 1 e, 1 f). Similar structural components  

(LB, UB, and TM) in steels were previously observed  

in the works [17–19]. The TM plates (laths) have a length 

of up to several tens of microns and a width of 1–4 microns. 

The difference between the TM and the UB and LB is that, 

in the TM plates, cementite particles of the needle-like 

morphology are oriented between themselves both parallel  

and at an angle of 60° with respect to each other (Fig. 1 e, 

1 f) [19]. 

Fig. 2 a shows a typical SEM image of the PS coupling 

microstructure after operation. The precision SEM analysis 

showed (Fig. 2 a, 2 b) that the microstructure of the PS 

coupling after operation contains similar structural compo-

nents (UB, LB, TM, and M/A), which were found  

in the original coupling (Fig. 2 a–f). At the same time, dur-

ing the transition to the area where the destruction occurred 

according to the SSC mechanism, significant changes  

in the microstructure are identified (Fig. 2 c–f). 

In particular, in the area very close to a fracture, the mi-

crostructure is characterized by the absence of visible needle-

like cementite particles in the plates (laths) (Fig. 2 c).  

The absence of cementite particles both inside the plates 

and between them indicates the formation of a purely mar-

tensitic structure with a body-centered tetragonal (BCT) 

lattice [20]. The external applied load in the fracture zone 

leads both to the rotation of the plate-like structure  

in the direction of tensile forces and the formation of de-

formation bands (Fig. 2 d) and to the appearance of cracks 

on the non-metallic inclusions (Fig. 2 d, upper right corner, 

Fig. 2 e, upper left corner). Fig. 2 e, 2 f show a general view 

of the path of the secondary crack propagation as a result  

of SSC. It is obvious that at the initial stages, the crack 

propagates according to the transcrystalline type  

(up to 60 µm), and then it has an intercrystalline type 

(Fig. 2 e, 2 f). In this case, it is seen that, when stopped,  

a crack can be initiated at the boundary of the plates 

(Fig. 2 f). The analysis of SEM images showed that in all 

the studied areas, the PS coupling contamination with non-

metallic inclusions did not exceed 5 points (SH method). 

To analyze the nature of microcrack propagation, the 

authors studied the local crystallographic microtexture, i. e., 

the predominant grain orientations, as shown in Fig. 3 a. 

The analysis of the distribution map of grain orientations 

was carried out in the plane of the sample cross section.  

For ease of analysis, individual orientations of each block 

and plates are shown in different colors (Fig. 3 a, 3 b). 

According to the EBSD analysis, the average size  

of the PAGB blocks in the PS coupling before operation 

was ~80 µm, and after failure in the fracture region, it was 

~66 µm. The EBSD analysis showed that, in the coupling 

failure area, a crystallographic texture is basically formed, 

in which grain orientations related to the {101} <010>, 

{100} <001>, and {111} <  00> texture components domi-

nate (Fig. 3 a). At the same time, in the coupling without 

operation, the {110} <001>, {001} <110>, and {111} 

<011> grain orientations are prevailing. The main texture 

components identified in the PS coupling before and after 

operation (with a crack) are recorded in Table 2. 

Besides, Table 2 shows schematically the orientations  

of individual plates with respect to the ND–TD plane  

and their volume fractions belonging to one or another tex-

ture component. To identify the influence of the texture 

formation processes on the nature of crack propagation, 

local EBSD studies were carried out (Fig. 3 b). In this case, 

the authors paid special attention to the identification  

of high-angle disorientations related to CSL grain bounda-

ries formed both in the original coupling and in the cou-

pling after operation (Fig. 4 a, 4 b). The distributions  

of CSL grain boundaries corresponding to the original  

and destroyed coupling (crack area) are shown in Fig. 4 a, 

4 b, and their volume fractions are summarized in Table 3. 

To determine the influence of mutual orientations  

of plates (laths) on the crack propagation character,  

the authors carried out an analysis of microtexture research. 

Fig. 5 shows the direct pole figures (PF) (110) of the PS 

coupling obtained from different areas of analysis: without 

operation, away from the fracture, and in the crack sur-

rounding area. 

The pole figure (110) obtained for the PS coupling be-fore 

operation, according to microtexture analysis, is character-

ized by a set of the following main orientations: {101} 

<01 0>, {100} <001>, {122} <21 0>, {013} <211>, {111} 

<1 00>, {133} <1 2 1>, {32 6 } <201>, {102} <21 1>, {230} 

<323>, {122} <22 1>, {110} <11 1>, and {111} <1 00> 
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Fig. 1. Images of the PS coupling microstructure (before operation): 

a – microstructure general view; b – upper bainite plates;  
c, d – lower bainite plates; e, f – martensite tempering plates. 

M/A – martensite-austenite areas; PAGB – prior austenite grain boundaries.  
a, c, e – SEM images; b, d, f – TEM images 

Рис. 1. Изображения микроструктуры муфты ЭК (до эксплуатации): 
а – общий вид микроструктуры; b – пластины верхнего бейнита;  

c, d – пластины нижнего бейнита; e, f – мартенситные пластины отпуска. 
М/А – мартенситно-аустенитные участки; PAGB – первоначальные границы зерен аустенита.  

a, c, e – РЭМ-изображения; b, d, f – ПЭМ-изображения 
 
 

 

 


