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A B S T R A C T

Introduction. Cr-Mo steels are used in high-temperature and high-pressure applications, including critical 
components of modern supercritical and ultra-supercritical thermal power plants. Due to its unique ability to 
withstand high temperatures and pressures, these steels are also used in critical components of fast breeder nuclear 
reactors. The heterogeneity of the microstructure and mechanical properties throughout the welded joint is a decisive 
factor leading to a decrease in its performance and premature failure. Post-weld heat treatment is the main method 
for improving mechanical properties. However, the mechanism for the evolution of mechanical properties associated 
with heterogeneous microstructure after heat treatment remains unclear, which complicates the design of the heat 
treatment process and a comprehensive assessment of its effect. The purpose of the work is to assess the possibility 
of the resistance butt welding method of welding pipes made of 0.15C-5Cr-Mo steel, to select technological 
parameters for resistance butt welding of pipes to obtain high mechanical properties. Research methods. The 
experiments were carried out on a resistance butt welding machine MSO-201N. Mechanical tests for static tension, 
chemical composition analysis and metallographic studies were carried out. Results and discussion. Technological 
parameters of resistance butt welding of pipes, changed in the course of our research, show that upsetting pressure 
and spark allowance affect the final strength properties of the welded joint. Based on the results of metallographic 
studies, the following features of the evolution of the microstructure can be noted. A noticeable decrease in the 
content of primary coarsened ferrite is observed in the structure of the weld after tempering. The use of post-weld 
heat treatment made it possible to reduce the hardness in the welded joint to the level of regulatory requirements. 
Results presented. The effect of heat treatment on mechanical properties is analyzed based on a comparison of heat 
treatment modes: stress relief annealing and normalization + tempering in terms of improving mechanical properties 
during tensile tests. The results show that after tempering, the evolution of mechanical properties in each sub-zone of 
the welded joint is sequential, i.e., hardness and tensile strength decrease and toughness increases. It is noteworthy 
that the most significant increase in toughness is observed in the weld zone, primarily due to a significant decrease 
in the presence of hypoeutectoid ferrite.
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resistant steel 0.15C-5Cr-Mo. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2024, 
vol. 26, no. 3, pp. 79–93. DOI: 10.17212/1994-6309-2024-26.3-79-93. (In Russian).
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Introduction

Operation of power plants at elevated temperature and pressure requires materials with high long-term 
strength, high thermal conductivity and high corrosion resistance [1–8]. Numerous important components 
of thermal power plants, such as steam lines, boilers, heat exchangers, etc., operate at elevated temperatures 
and high pressures. Therefore, these components should be resistant to creep and corrosion throughout 
its 30–40 year service life. Over the past half century, the operating temperature of the steam in the 
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boiler has increased from 450 °C to 568 °C, and the pressure has increased approximately six times to  
25 MPa, which increases the boiler efficiency. The equipment used to manufacture the boiler consists of  
a manifold and pipes of various designs. Components such as pressure vessels require low water and steam 
temperatures. Pressure vessels are mainly exposed to steam and water from the boiler, as well as flue gases 
from economizers, furnace walls, preheaters and superheaters. The components are mainly made from 
small diameter steel tubes.

Increasing the thermal efficiency of power plants by increasing the operating temperature and pressure 
of steam entering the turbine has led to the development of a new category of heat-resistant steels. The 
most commonly used materials in power plants operating at high temperatures and high pressures are 
ferritic/martensitic steel with improved creep resistance, nickel-based superalloys and austenitic stainless 
steel [1–5]. Potential candidate materials for ultra-supercritical power plants are Ni-based alloys such as  
Inconel 617, Inconel 625 and Inconel 740 [3, 4]. These Ni-based alloys have excellent corrosion resistance, 
good oxidation resistance and high creep strength at 650 °C. However, since Ni, Cr and Mo are the key 
alloying elements in these alloys, these Ni-based alloys are expensive [5–9]. In addition, these alloys are 
technically difficult to manufacture.

In the mid-1960s, 12 % CrMoV steels were developed for thin- and thick-walled power plant components. 
The operating temperature of such components was 565 °C. The creep strength of 12 % CrMoV steels was 
achieved by solid solution strengthening and precipitation strengthening. Modern boilers use chromium-
molybdenum steels 5Cr-1Mo, 9Cr-1Mo, modified 9Cr-1Mo steels with Nb, V, W or 12Cr, which have 
better thermal and mechanical properties compared to 300 series austenitic stainless steels.

Domestic analogues are steel 0.15C-5Cr-Mo and its modifications 0.15C-5Cr-Mo-V and 12C-8Cr-W-V 
[10, 11]. Chromium (Cr), tungsten (W) and molybdenum (Mo) are the main alloying elements present in 
steel and provide better creep resistance at elevated temperature and pressure. The strength of chromium-
molybdenum steels is due to its high dislocation density. Materials soften as dislocation density decreases, 
for example, when dislocations move, meet, and annihilate each other. Steels with a Cr content of 2–13 % 
maintain dislocation density at high temperatures and, therefore, strength, since the microstructure slows 
down the movement of dislocations. It is difficult for dislocations to cross grain boundaries, and carbides 
and precipitates along grain boundaries are relatively immobile and cause dislocation pinning, as shown  
in [2–5].

Creep is a thermally activated process. It is defined as the slow unsteady deformation of a material under 
the influence of a constant load. The high operating temperature and pressure requirements of such a modern 
power plant are leading to the development of creep strength enhanced ferritic (CSEF) and martensitic 
steels. For nuclear and thermal power plants, creep strength enhanced ferritic (CSEF) steels are considered 
to be a better material than austenitic stainless steel due to its low coefficient of thermal expansion, good 
thermal conductivity and high creep strength. Creep occurs due to prolonged exposure of the material 
to a constant applied stress below yield strength of the material. It is necessary to know the mechanical 
properties of steel, including reduction in Young’s modulus, yield strength, and reduction in tensile strength 
at various stress levels and elevated temperatures. To reveal mechanical properties at elevated temperatures, 
stress-strain relationships should be established. Currently, both steady state and transient state tests are used 
to measure the mechanical properties at high temperatures. In this case, temperature-dependent physical 
mechanisms, such as volume diffusion, glide and climb dislocations, are a response to creep phenomena in 
a crystalline material.

Fusion welding (manual arc welding, gas-shielded welding, submerged welding) is a commonly used 
welding process for steel 0.15C-5Cr-Mo and its modifications 0.15C-5Cr-Mo-V and 0.15C-5Cr-V-W, 
which includes intense heat input and its dissipation into the base metal due to thermal conductivity [6–9]. 
Preheating when welding heat-resistant steels prone to hardening helps ensure the quality of the weld 
and reduces the likelihood of cracking. Before welding steel pipes or plates up to 20 mm thick or more in 
workshops or on-site, preheating to 300-450°C is commonly used [11–18]. The welding process is usually 
followed by induction heat treatment to replace the coarse microstructure associated with high heat input 
during the joining operation with finer pre-austenite grains and fine ferrite phases.
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This is due to the fact that the microstructure adjacent to the fusion zone is transformed into hard phases 
such as martensite and bainite during rapid cooling. These hard phases result in low impact toughness and 
high hardness values of the material due to the content of a significant amount of residual stresses. Thus, 
pipe welds require an additional cycle of post-weld heat treatment to restore mechanical properties and 
reduce the likelihood of brittle failure in the joint area. The most widely used post-weld treatment mode is 
the normalization cycle. Normalizing treatment can significantly improve weld alignment characteristics; 
however, process parameters include maximum heating temperature, heating rate, holding time, and initial 
cooling water temperature. In addition to normalizing treatment, secondary normalization, quenching, 
quenching and tempering, and other thermomechanical treatments are carried out to increase the impact 
toughness of the pipeline [4, 12–19].

Although welding of high chromium steels has become a well-known method that is widely used in the 
conventional power industry, the weld characteristics of high Cr and Cr-Mo steels are still often considered 
a life-limiting factor at high temperatures. In fact, a high percentage of failures in the power generation 
industry have been reported to be welding-related [4–9]. Moreover, despite extensive experience in welding 
high chromium steels, many certified welding procedures have been developed for specific applications, 
and the environmental conditions of new applications can greatly affect the weld.

In [19], an analysis was carried out based on world experience of failures due to incorrect heat treatment of 
heat-resistant steels after welding. It is concluded that the creep damage and observed cracking mechanisms 
resulted from the high degree of mechanical stress experienced by the failed pipe in the heat affected zone 
(HAZ) immediately adjacent to the pipe weld [20].

One solution to this problem is to develop a new material whose microstructure in the HAZ would be 
similar to the microstructure of the base metal. This was achieved, for example, by adding boron [5–7]. 
Several effects are used to achieve good quality welded joints: optimization of the welding procedure 
and parameters, development of a suitable filler metal and the use of post-weld heat treatment. Currently, 
research is being conducted to develop new welding processes (laser, electron beam, friction welding) to 
improve the characteristics of 0.15C-5Cr-Mo and its modifications 0.15C-5Cr-Mo-V and 0.15C-5Cr-V-W 
steels is a promising direction [6–9, 12–33].

For example [22], Magnetically Impelled Arc Butt (MIAB) welding is a joining method that replaces 
traditional welding methods such as resistance welding, friction welding, flash welding and butt welding. 
This is a solid-state process in which a rotating arc heats the ends of the tubes, followed by a forging process 
to complete the joining of the workpieces. Magnetic-flux density and current interact to create a Lorentz 
force that causes the arc to move along the adjoining surfaces. This process has been found to provide 
high tensile strength and defect-free welds in ferrous materials, and for this reason it is predominantly 
used in the automotive industry for joining metal pipes. Additionally, this joining procedure can be used 
in the manufacture of boilers, heat exchangers, furnace piping in the petrochemical industry, and in the 
manufacture of other safety-critical high-pressure machine parts. Using Magnetically Impelled Arc Butt 
welding (MIAB), it is possible to connect pipes with an outer diameter from 75 mm to 450 mm and a wall 
thickness of up to 10–35 mm in 10–15 s [22].

However, as many researchers believe [1, 5, 8, 9, 15], power plant workers may be slow to adopt new 
materials and new welding methods for a number of reasons, including the development of new industry 
sector codes and standards [11], as well as confidence in long-term work of already assembled welded units 
in machines and mechanisms.

At the same time, the well-known method of resistance butt welding of pipes is widely used in boiler 
making, pipeline construction, and the production of oil equipment. Depending on the cross-section and 
material of the pipe, continuous or flash welding with preheating is selected. 

This paper presents the results of research on resistance butt welding of pipes made of 0.15C-5Cr-Mo 
steel. The purpose of the work is to assess the possibility of the resistance butt welding method of welding 
pipes made of 0.15C-5Cr-Mo steel, to select technological parameters for resistance butt welding of pipes 
to obtain high mechanical properties.
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Materials and methods

The base material used in this study was a seamless pipe with an outer diameter of 25 mm and a wall 
thickness of 2.5 mm. The pipe material was steel 0.15C-5Cr-Mo (Table 1), delivered in a normalized 
and tempered state in accordance with GOST 550-75. When analyzing the chemical composition of pipe 
materials, the following measuring instruments and testing equipment were used: X-ray spectrometer  
SRM-25, express carbon analyzer AN-7529. Mechanical properties of as delivered material are presented in 
Table 2. To determine the mechanical properties of a pipe steel, 3 samples were taken in accordance with 
industry standards [11].

For welding, a resistance butt welding machine MSO-201N was used, the welding current was 7,400–
8,000 A. The process of resistance welding of pipes is shown in Fig. 1.

For welding, a resistance butt welding machine MSO-201N was used, the welding current was 7,400–
8,000A. The welding process is shown in Fig. 1. During the research, specimens were examined after 

T a b l e  1

Chemical composition of pipes for welding

Steel grade
Elemental content, %

C Si Mn Сr Mo Ni S Р
0.15C-5Cr-Mo According to  
GOST 20072-74 < 0.15 < 0.5 < 0.5 4.5–

6.0
0.45–
0.60 << 0.6 < 0.025 < 0.030

In fact 0.1 0.35 0.22 5.51 0.52 0.35 0.012 0.012

T a b l e  2

Mechanical properties of 0.15C-5Cr-Mo steel pipe

Assortment Yield strength, 
σ0.2, MPa, min

Ultimate 
strength, σu, 
MPa, min

Percentage 
elongation, δ5, 

%, min

Percentage  
reduction of area, ψ,  

%, min

Hardness, 
HB,  
max

Pipe according 
to GOST 550-75 216 421 22 50 170

In fact 220 450 25 54 128

Fig. 1. Pipe welding on the MСO-201Н machine
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welding and after additional heat treatment. Heat treatment modes for welded pipe specimens were: 
normalization at 950–1,000 °C, tempering at 780–800 °C. Heat treatment was carried out on an induction 
installation MGZ-102 with a current frequency of 2,500 Hz, in a ring split single-turn inductor with an 
internal diameter of 40 mm and a width of 30 mm. The tempering modes (temperature 500–600 °C) were 
selected experimentally by changing the current in the range of 25–30 A and adjusting the generator 
excitation voltage 180–200 V, while the power was 5–6 kW. And in the normalization mode (850–1,000 
°C), the current was in the range of 50–60 A, the generator excitation voltage was 350–370 V, and the power 
was 17.5–22.2 kW. The effect of welding parameters on the thermal cycles of the weld, the microstructure 
and mechanical properties of the joints was studied by changing the upsetting pressure, upsetting allowance 
and upsetting current time, under the condition that the main parameters were constant. The performance 
and failure behavior of various welded pipes were estimated by conducting mechanical tensile tests on an 
Instron electromechanical testing machine with a lifting capacity of 1,000 kN. Hardness according to the 
GOST requirements for heat-resistant steels was determined on a Brinell hardness tester ITB-3000-III-
AZhP. The welded specimens were subjected to the flattening and bend tests, which are a quality control 
tests to evaluate the ductility and integrity of the butt weld joint. The microstructures were determined using 
an MET-2 optical microscope, a JEOL JIB-4501 scanning electron microscope equipped with an energy 
dispersive spectroscopy (EDS) spectrometer, model Bruker X/Flash 6/60, and an X spectrometer, and also 
equipped with an electron backscatter diffraction detector (EBSD). The obtained data was analyzed using 
HKL Channel 5 software.

Results and discussion

The base metal (Fig. 2) contains ferrite and granular carbides in the form of inclusions up to 1 μm in 
size uniformly distributed over the entire area of the section. It is known that part of the molybdenum is in 
ferrite, and chromium and carbon are in carbides; this fact provides the heat resistance of the steel [1–5].  
It was observed that the base material consists mainly of α-ferrite grains with some Fe3C distributed around 
it. The heat-affected zone (HAZ) was the region where the elevated temperature was high enough (but 
below the melting point) to change the microstructure. During welding, the base material was transformed 
into smaller equiaxed grains in the HAZ due to the elevated temperature. New grains nucleated and grew at 
grain boundaries. However, the short duration of the welding process limited grain growth.

In welded pipes without heat treatment in the weld joint zone at a distance of 7 mm in both directions, 
the main structure of the sorbite, there are separate areas of acicular bainite (Fig. 3). As expected, the grain 
size near the fusion line was significantly larger than at a distance. The peculiarity of bainitic ferrite was that 
the ferrite grew from the grain boundary of the preceding austenite to the inner grain and formed parallel 
laths. Bainitic ferrite arose as a result of a mixture of shear and diffusion transformations at high cooling 
rates. The hardness of the metal is 295–321 HB.

Fig. 2. Base metal microstructure
Fig. 3. Microstructure of welded pipe metal in the 

joint zone at a distance of 7 mm
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In the transition zone to the base metal at a distance of 10–12 mm, the structure is sorbite and ferrite 
(Fig. 4). The microstructure is represented by equiaxed fine-grained grains due to dynamic recrystallization. 
At the same time, the size of the ferrite grain compared to the base metal has decreased from 25 μm to 
approximately 4 μm, and the hardness decreases to 180–235 HB. As we move (when examined on an optical 
microscope) along the HAZ to the base metal, the structure of sorbite and ferrite smoothly transforms into 
the structure of the base metal ferrite + granular carbides (Fig. 2).

After local heat treatment of the weld in the tempering mode, a structure of ferrite + sorbite is formed 
along the fusion line (Fig. 5). The length of this zone is 0.5 mm. The hardness in this zone is 134–150 HB.

After local heat treatment of the welded joint in the normalization + tempering mode, the structures in 
the joint zone (Fig. 6) and the HAZ at the distance of 15 mm from the axis consists of sorbite and a ferrite 
field, with a hardness in this zone of 207–212 НВ. In this area, a decrease in hardness values occurs due to 
the presence of ferrite.

Fig. 7 shows the distribution of hardness over the welded joint after welding, after welding and tempering, 
after welding and complex heat treatment normalization + tempering. It can be seen that heat treatment of 
the welded joint significantly reduces the hardness.

Fig. 8 visually shows the results of flattening and bending of welded specimens. Both the welded 
material and the base material specimen passed the bending test without visible defects or cracks. The bend 
angle of the pipes in the initial state and after local heat treatment according to the tempering mode was 
180°. At the same time, after complex heat treatment normalization + tempering, the bend angle decreased 
and amounted to only 45–70°.

Fig. 4. Microstructure of metal in the transition 
zone to the base one

Fig. 5. Microstructure of metal in the joint area 
after tempering

Fig. 6. Microstructure of metal in HAZ after 
normalization and tempering
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Fig. 7. Hardness distribution in the welded joint after various treatment modes

Fig. 8. Welded pipe joints after flattening + bending 
test:

1 – original pipe; 2 – welded pipe in condition after 
tempering; 3 – welded pipe in condition after com-

plex heat treatment normalization + tempering

The ultimate strength of welded joints made with different welding parameters is shown in Table 3 
based on the test results of three specimens in each series. According to the test results, the ultimate strength 
of joints made from 0.15C-5Cr-Mo steel is within 400–470 MPa, which is significantly higher than the base 
metal. During tensile tests, the destruction of the metal of a pipe made of steel 0.15C-5Cr-Mo occurred at a 
distance of 60–70 mm from the joint.

Results and discussion

Technological parameters of resistance butt welding of pipes, changed in the course of our research, 
show that upsetting pressure and sparking allowance affect the final strength properties of the welded joint 
(Table 3). Resistance butt welding is a two-stage electric resistance welding process. In the initial stage 
of welding, the two parts to be welded are fully heated to obtain adequate plastic deformation capability. 
In the upsetting stage, after the flashing process is completed, sufficient upset force is applied to the joint 
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T a b l e  3

Ultimate strength of 0.15C-5Cr-Mo steel welded joints made with different welding parameters

Series no. 1 2 3
Sparking allowance, mm 12 6 12
Upsetting pressure, MPa 120 120 140
Upsetting allowance, mm 18 18 18
Upsetting current time, s 5 5 5
Ultimate strength, MPa, average of three specimens 398 405 470

to close the gap between the adjoining surfaces and remove the liquid metal and oxide inclusions. The 
upsetting stage occurs when the two ends are brought closer together under the influence of an axial force 
at a controlled speed. Meanwhile, a certain plastic deformation occurs in the joint, resulting in dynamic 
recrystallization and recrystallization during the upsetting process to form a strong joint. Welding thermal 
cycles have high peak temperatures and high heating and cooling rates. As the spark allowance increases 
from 6 mm to 12 mm, the heating rate (peak temperature/heating time) decreases. During flash heating, 
the greater the flash allowance, the longer it takes to reach peak temperature, resulting in a slower heating 
rate. During the cooling process, the time t8/5 increases from 26.0 s to 32.5 s, since the upsetting allowance 
increases from 12 mm to 16 mm, which can be explained by an increase in heat input during welding.

In resistance butt welding, the interface of both pipe specimens was heated to the melting temperature, 
most of the resulting liquid metal splashed out from the interface, and the remaining liquid metal formed 
very fine grains. Peak temperatures in the HAZ were in the solidus-liquidus range, so its width was also 
limited. Depending on the peak temperatures and microstructural characteristics, the heated pipe specimens 
can be divided into four zones: 1) molten zone, 2) semi-molten zone, 3) coarse-grained zone, and 4) fine-
grained zone. Based on the results of metallographic studies, the following features of the evolution of the 
microstructure can be noted. A noticeable decrease in the content of primary coarsened ferrite is observed 
in the structure of the weld after tempering heat treatment. It should be noted that blocky primary coarsened 
ferrite along grain boundaries is always considered as the main factor contributing to the rapid propagation 
of cracks and a decrease in impact toughness. Therefore, it can be assumed that the overall performance 
of the weld can be significantly improved. In the coarse-grained heat-affected zone on the right side of the 
fusion line, a portion of the bainite undergoes decomposition and the characteristic lamellar structure of the 
ferrite becomes less distinct, resulting in a more uniform microstructure distribution. After heat treatment 
(tempering) of the welded joint, the grain size in the fine-grained zone increases due to the decomposition 
of part of the pearlite, and the ferrite increases in size (Fig. 6). In the base metal zone, there is no significant 
change in grain size, but the pearlite content is noticeably reduced.

When analyzing the results of Fig. 7, it was found that the distribution of microhardness over the welded 
joints in the post-weld heat treatment modes of “tempering” and “normalization + tempering”, annealing 
and tempering heat treatment is significantly reduced. The general trend in the sizes of the HAZ areas 
is as follows: the weld area is larger than the heat-affected zone, which is larger than the base material 
zone. This difference in hardness across the weld joint and HAZ as a whole is reflected in variations in 
the content of elements, microstructure, and grain size in different microzones of the welded joint. More 
precisely, the weld zone has the highest microhardness due to the higher content of elements such as Mn 
and Si, which play an important role in solid solution strengthening. In addition, the microstructure of the 
weld zone consists predominantly of bainite and ferrite, which also determines the highest microhardness. 
During resistance butt welding, the heat-affected zone above 1,300 °C (WZ) experienced a thermal cycle 
with a higher peak temperature and greater plastic deformation caused by dislocation motion, resulting 
in dynamic recrystallization and recrystallization in this zone. It is known that the plastic deformation 
experienced in the weld joint zone tended to increase the number of dislocations, while the number of 
dislocations tended to decrease during dynamic recrystallization and recrystallization process. The heat-
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affected zone has a microstructure similar to that of the base metal, but has relatively smaller grain sizes, 
resulting in higher hardness values. In addition, after heat treatment in the tempering mode, a significant 
decrease in microhardness occurs throughout the welded joint. The difference in hardness between different 
zones is reduced, especially between the heat-affected zone and the base metal zone. In combination with 
the observation of the microstructure, it is assumed that the decrease in hardness occurs mainly due to the 
partial decomposition of bainite and pearlite, the growth of ferrite regions (Fig. 6) with lower hardness and 
due to the formation of tempered structures.

Analysis of the stress-strain curves during testing of pipe specimens showed that the final destruction 
occurred in the zone of the base material of the specimens both under heat treatment conditions in the 
normalization + tempering mode, and under the conditions of the tempering mode. There can be two 
reasons: firstly, the content of alloying elements in weld joint is higher than in the base metal (as shown in 
Table 3), which indicates that the high strength of the weld obtained during welding compared to the base 
metal corresponds to the strength of the base metal of the pipes. Secondly, the coarse-grained region in the 
heat-affected zone experiences strengthening of the alloy due to the diffusion of elements from the weld 
metal, while the fine-grained zone, characterized by small and evenly distributed grain sizes, promotes 
strengthening in the heat-affected zone. As a result, the overall strength of the heat-affected zone is higher 
than that of the base metal.

Research has shown that the resistance butt welding process forms quenching structures of the acicular 
bainite type, with a hardness of 380 HB in the weld joint and HAZ, increasing strength but limiting ductility, 
as shown by tensile tests and optical microscopic analysis. Hardness measurements clearly confirm these 
results, showing an increase in hardness in the weld joint and HAZ zone of the specimens. However, as for 
the bending tests, no cracks were recorded, but the high hardness of the weld moves the bending center 
from the weld to the base material.

The hardness values of the specimens after welding increased slightly due to the formation of bainite in 
the HAZ. Rapid cooling in the HAZ where the temperature (during welding) was above Ac3 can promote 
the formation of hard phases such as martensite and bainite in the weld joint. The hardness values after 
welding were 310 HB. This was due to the fact that the microstructure, completely converted to lath, had a 
high dislocation density. However, since bainite predominated, virtually no lath martensite was observed. 
During the normalization process, grain recovery and growth occurred, while the hardness values decreased 
compared to the hardness of the sample after welding (Fig. 7). After tempering, the hardness values were 
approximately 130–150 HB lower compared to the hardness values of the specimen after welding. Fig. 7 
shows the hardness changes that occur in the fusion zone and HAZ during tempering and normalization + 
tempering. When the tempering temperature was increased to 600 °C the hardness decreased, but with a 
further increase in temperature it remained stable. Therefore, it can be understood that 600 °C may be the 
best tempering temperature in terms of hardness.

Thus, it is obvious that after resistance butt welding of pipes made of 0.15C-5Cr-Mo steel, the bainite-
type structures formed in the HAZ increase the strength properties of the welded joint and the hardness, 
which requires additional heat treatment of the joint. It is worth noting that no cold cracking effect was felt 
in the specimens due to the waiting time between the welding process and subsequent heat treatment. In 
this work, the effect of post-weld heat treatment on the microstructure and mechanical properties of various 
0.15C-5Cr-Mo pipe welded joints was investigated. In further research, we plan to develop a practical 
technology with optimal welding and heat treatment conditions for the purpose of implementing it in real 
production.

Conclusion

1. It is established that pipes made of 0.15C-5Cr-Mo steel with a size of 25×2.5 mm during resistance 
butt welding have satisfactory weldability due to the formation of bainitic structures of increased hardness 
in the joint zone. Taking into account the thermophysical properties of the pipe material, resistance butt 
welding should be carried out under hard modes with maximum upsetting pressure.



OBRABOTKA METALLOV TEchnOLOgy

Vol. 26 no. 3 2024

2. It is shown that hardness is an important indicator reflecting changes in the microstructure in the 
welded joint. Changes in strength show a positive correlation with changes in hardness, while changes 
in ductility show a negative correlation with changes in hardness. Thus, hardness testing can be used in 
engineering applications to evaluate the effectiveness of post-weld heat treatment in improving the properties 
of a welded joint.

3. To obtain the required mechanical properties of welded joints of pipes made of steel 0.15C-5Cr-Mo 
welded by resistance butt welding, it is necessary to carry out local heat treatment according to tempering 
modes or normalization with tempering.
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