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Abstract. The development of trunk pipelines network, taking into accont their operation in 
difficult climatic conditions, leads to the creation and the development of non-destructive testing 
methods to control the stress-strain state of the pipe itself, as well as welded joints. This work 
presents the results of studies of the microstructure, as well as the mechanical and magnetic 
characteristics of the metal cut from different zones of the welded joint of X80 strength class pipe 
steel.  
Introduction 
The use of high-strength pipe steels with strength grade X80 and higher, can reduce the metal 
consumption of main gas pipelines and reduce costs during their construction [1]. Currently, high-
strength pipe steels of strength grade X80 are increasingly used in the construction of gas pipelines 
in areas with harsh climatic conditions and unstable soils, including seismic zones [2-5]. 

It is well known that most often the centers of destruction of metal structures, including main 
pipelines, are precisely welded joints, in particular the heat-affected zone (HAZ). Violation of the 
strength of welded joints of pipelines occurs because of the two main reasons. The first one is the 
presence of defects. And the second - due to the action of stresses [6-9]. 

Several zones could be distinguished in welded structures: the base metal, the weld and the 
HAZ. Differences in their structure, physical and mechanical properties, and the level of residual 
stresses determine the fact that in the process of manufacturing and operation, the material of 
different sections of welded structures will react differently to the action of applied loads. In this 
regard, the development of methods for assessing changes in the stress-strain state in various zones 
of welded steel structures at the stages of their manufacture and operation is an urgent problem of 
non-destructive testing.  

In this work, we investigated the structure and mechanical and magnetic properties of the metal 
of various zones of the welded joint of steel of strength grade X80 under the conditions of applied 
loads in order to determine the possibility of using magnetic methods to assess the changes 
occurring in the material of welded pipes of large diameter during manufacture and operation.  
Materials and methods 
The studies were carried out on samples cut along the rolling direction, i.e. along the weld joint, 
from base metal, HAZ material and weld metal. This pipe steel was produced by controlled rolling 
method and with the strength grade of X80 (1420 mm diameter and 21.6 mm wall thickness) 
(according to API standard). Samples cut from the HAZ material were cut at a distance of about 
10 mm from the weld. The chemical composition of the investigated materials is given in Table 1. 
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The appearance of the welded joint is shown in Fig. 1. Dotted lines in fig. 1 these are the lines 
along which the microhardness distribution was measured. The microhardness HV0.05 of the 
samples in the cross section was determined on a Shimadzu microhardness tester with a load on 
the indenter of 0.49 N. The results of microhardness measurements will be shown below on Fig. 
4. 

To carry out microstructural studies, thin sections were prepared on the cross section of the 
samples. The microstructure of the obtained samples was investigated using optical and electron 
microscopy techniques, as well as by electron backscattered diffraction (EBSD analysis). To 
perform these tasks, a NEOPHOT-21 optical microscope and a Tescan scanning electron 
microscope equipped with Advanced AZtecHKL diffraction (EBSD) analysis system were used.  

 
Table 1. Chemical composition of the investigated materials (mas. %) 

Zone С Si Mn P S Сr Ni Mo Nb V Ti 
Base 
metal 
and 
HAZ 
metal 

0,083 0,21 1,77 0,009 0,001 0,101 0,243 0,144 0,040 0,002 0.009 

Weld 
material 0,077 0,35 1,66 0,011 0,002 0,079 0,286 0,338 0,02 0,003 0.011 

 
Mechanical properties (yield stress σY, ultimate strength σU, relative elongation δ and relative 

contraction ψ) of the materials under the study were determined in accordance with GOST 1497-
84 by carrying out uniaxial tensile tests of longitudinal specimens on a Tinius Olsen SL-60 testing 
machine at room temperature. The tensile elongation of the samples was determined contactlessly 
using a La Vision video extensometer. 

 

 
Fig. 1. The appearance of the investigated welded joint of steel of strength class X80 

The influence of elastic deformation according to the uniaxial tension scheme on the behavior 
of the magnetic characteristics of the metal of separate zones of the welded joint of steel of strength 
class X80 was investigated. 

The tests were carried out at room temperature on a universal testing machine with a maximum 
tensile force of 50 kN. Upon reaching a certain degree of deformation, the loading process was 
suspended without unloading the sample, and magnetic hysteresis loops were recorded using a 
Remagraph C-500 magnetic measuring complex. Magnetic measurements were carried out in a 
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closed magnetic circuit according to the permeameter scheme. A magnetic field with an intensity 
of up to 500 A / cm was applied along the axis of the sample. The values of the coercive force Нс, 
residual induction Br, and maximum magnetic permeability µmax were determined from the 
magnetic hysteresis loops. The error in measuring the field and induction did not exceed 3%. 
Before and after each measurement of the magnetic properties, the sample was demagnetized. By 
differentiating the descending branches of the magnetic hysteresis loops, the field dependences of 
the differential magnetic permeability µdiff were obtained. 
Results and its discussion 
The results of metallographic studies are shown in Fig. 2. 

 
Fig. 2. Microstructure of steel with the strength grade X80: а –Base metal; b – HAZ metal; c- 

weld material. 
The structure of the base metal of a pipe made of steel of strength grade X80 consists of a 

mixture of fine quasi-polygonal ferrite, and globular bainite (see Fig. 2a). As it is shown in [10], 
to create steel with such a morphology, a fine austenite grain structure should be formed, which is 
achieved by microalloying of niobium, vanadium, and titanium. Nb, V and Ti leads to the 
formation of carbides that contribute to precipitation hardening of steel [1]. For steels of strength 
grades X80-X100, and higher a fine-dispersed structure mostly consists of bainite, sometimes 
ferrite and bainite [1] is characteristically. And such structure helps to achieve high strength and 
good cold resistance even at large thicknesses of rolled products. But to get these some conditions 
have to be met [2, 10]: reduction of carbon content (0.04-0.08%); the introduction of such alloying 
elements Mn, Mo, Ni, Cr, Cu; complex microalloying with Nb, Ti, V; reduction of the content of 
harmful impurities (≤0.002% S; ≤0.010% P); the use of accelerated cooling after rolling in 
controlled modes. 

The HAZ material of the studied steel is characterized by the presence of a zone of coarser grain 
(Fig.2b). The reason for the appearance of a coarse-grained structure immediately adjacent to the 
fusion line is heating to temperatures at which the majority of carbide particles dissolve, which are 
effective barriers to inhibiting grain growth [11]. In addition to lath bainite, the structure contains 
acicular and globular bainite. The weld material (Fig. 2c) of steel of strength class X80 is 
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characterized by greater dispersion in comparison with the base metal and HAZ material, and has 
such components as acicular bainite, ferrite and martensite-austenitic component. Due to the 
greater dispersion and differences in the chemical composition (see Table 1) of the weld material, 
the hardness of the weld material exceeds the values of the hardness of the base metal and the HAZ 
material (see Table 2). Fig. 2 also demonstrates the results of EBSD analysis of the investigated 
materials. And it is obvious that all the conclusions made from the optical microscopy is proved 
by these pictures. 

Table 2 shows the mechanical (strength, microhardness and plasticity) and magnetic (coercitive 
force, remanente, maximal magnetic permeability, and saturation magnetization), characteristics 
of the metal of various zones of the welded pipe. For a pipe made of steel of strength class X80, 
the strength characteristics (σY and σU) of the weld metal are almost 10% higher than the similar 
characteristics of the base metal. Different zones of the welded joint of pipes have practically the 
same value of σY / σU, which indicates the equal strength of the welded joint in this material. 

In fig. 3 shows the distribution of hardness over the section of the weld. It is clearly seen from 
the distribution that in the region of the transition from the weld material to the HAZ zone, a 
decrease in hardness values is observed even below the level of the hardness values of the base 
metal. The level of strength characteristics for these metals is practically the same. 

The level of magnetic characteristics measured in the initial state on all the samples under study 
is also shown in Table 2. According to classical concepts, the level of magnetic properties 
correlates well with magnetic parameters [12]. The largest value of the coercive force (and the 
smallest for the residual induction and maximum magnetic permeability) is observed just for the 
weld material with the highest values of strength properties.  

Table 2. Mechanical and magnetic properties of investigated materials 

Zone σY, [MPa] σU, [MPa] δ, % σY / σU HV0,05 Нс, [A/cm] Br, [T] µmax 

Base metal 595 650 14,7 0,91 260 7,1 1,125 744 

Weld material 640 710 14,8 0,90 320 10,6 1,063 544 

HAZ metal 600 680 14,2 0,88 235 7,1 1,127 760 

 
Fig. 3. The hardness distribution across the weld joint. The measurement lines are shown on 

Fig.1. 
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Fig. 4 shows the field dependences of the differential magnetic permeability of the material of 
individual zones of the welded joint. It is clearly seen that the peaks from the HAZ material and 
the base metal are located in the same fields, since they have practically equal strength properties, 
and the values of their coercive forces coincide. The peak in the field dependence of the differential 
magnetic permeability, corresponding to the material of the weld of steel X80, lies in stronger 
fields, possibly due to the greater alloying and dispersion of the structure of this material. There 
by, the application of field dependences and it’s parameters makes it possible to obtain the 
necessarily information about the state of individual components of the welded joint. If to compare 
with the information from main characteristics determined from the magnetic hysteresis loop (Нс, 
Br and µmax) – they reflect an integral state from the entire analyzed volume. 

In fig. 5 shows the dependences of the magnetic characteristics on the level of applied normal 
stresses during elastic deformation. 

As can be seen from Fig. 5, the values of the magnetic characteristics of the materials of the 
heat-affected zone and the base metal of the steel are approximately at the same level. The values 
of the coercive force of the weld metal, both in the initial state and in the entire range of applied 
stresses, exceed the values of the coercive forces for the base metal and HAZ material. Perhaps 
this is due to the greater dispersion of the structural components of the weld. 

 

Fig. 4. Field dependences of differential magnetic permeability of different 
zone of welded pipe with strength grade X80. 

 

 

Fig. 5. The dependences of magnetic characteristics of base metal (■), weld material (▲), and 
HAZ metal (○) on the normal applied stresses. 

 
The dependences Нс (σ), Br (σ) and µmax (σ) of all the samples under study exhibit extrema in 

the region σ ≈ 150–250 MPa. The experimentally obtained non-monotonic dependence of Нс (σ), 
Br (σ) and µmax (σ) in the elastic region can be represented as a result of the action of a number of 
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factors. In particular, stretching of samples in the elastic region leads to the formation of a magnetic 
stress texture, also called induced magnetic anisotropy [13]. Thus, the studied magnetic 
characteristics of all investigated materials unambiguously change at normal stress values in the 
range from -200 MPa to +200 MPa, and these parameters can be used for magnetic control of 
normal stresses and elastic deformations in trunk pipelines. It should be noted that the established 
range of applied stresses is several times higher than the working pressure for modern pipelines, 
which, according to [14], is 10-15 MPa. 
Conclusion 
It is shown that the weld material of the investigated steel has a greater dispersion in relation to 
the base metal, and even more so to the HAZ material, where a coarse-grained structure is formed. 

It was found that the values of the field of the maximum differential permeability on the field 
dependences correlate with different structural states and the level of physical and mechanical 
properties of individual zones of welded joints. This can be the basis for further development of a 
methodology for diagnosing the deviation of the structure and level of physical and mechanical 
properties of the material from the required state and identifying the most dangerous zones of the 
welded joint from the point of view of the possibility of brittle fracture. 

At the level of normal stresses from -200 to 200 MPa, not exceeding 0.4 of the yield point, the 
coercive force, residual induction and maximum magnetic permeability of the metal from all zones 
of the welded joint behave unambiguously, which makes it possible to use them as parameters for 
assessing the stress the deformed state of individual zones of welded joints of large-diameter pipes. 
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