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At present time, a number of TPP power units having operated about 250000 h. in a relatively stationary operating 
condition, changed to a maneuver mode. This transition caused a need in studying damageability of their equipment 
according to the mechanism of fatigue and, in the first turn, welded joints of steam pipelines made of heat-resistant 
steels, operating under the conditions of creep. A further increase in fatigue damageability causes an improvement in 
the requirements to the initial structure of both the welded joints being produced as well as the parts to be repaired using 
welding. 14 Ref., 12 Figures.
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The operating time of a number of equipment of TPP 
power units, which are operated in the conditions of 
maneuver mode, exceeded 270000 h. As the operat-
ing time of the equipment increases, its damageability 
grows, respectively, which is realized both accord-
ing to the mechanism of creep and the mechanism of 
fatigue [1, 2]. In our opinion, each of the mentioned 
mechanisms as well as their joint manifestation re-
quires a separate consideration.

The intensity of the formation of fatigue cracks in 
welded joints of steam pipelines made of 15Kh1M1F 
and 12Kh1MF steels is predetermined by the pres-
ence of a certain structural, chemical and mechanical 
heterogeneity. This heterogeneity has a tendency to 
grow in the process of increasing the operating time 
of welded joints, which leads to an increase in the in-
tensity of their damageability according to the mecha-
nism of fatigue [3]. The formation of fatigue cracks in 
TPP equipment, as well as in welded joints of steam 
pipelines in relation to their operating time of up to 
250000 h was considered in [4–6].

It was established that the joint manifestation of 
deformation processes and structural-phase changes 
in the metal of welded joints contributes to the reduc-
tion of their service life [6–8]. In the process of long-
term operation, the initial structure of welded joints 
metal is transformed into a ferrite-carbide mixture [9], 
and its residual deformation increases [8]. Accord-
ingly, the fatigue damageability of welded joints in-
creases, which has its own characteristics. Taking into 
account that the propagation of fatigue cracks occurs 
mainly according to a brittle mechanism [5–8, 10], it 

is necessary to study the structural condition of weld-
ed joints as a controlling effect of crack propagation.

A tendency of accelerated formation of fatigue 
cracks is observed, which is associated, respective-
ly, with the structural transformations in the metal of 
welded joints, which for a long time (over 270000 h) 
are operated in the conditions of creep and low-cycle 
fatigue. Therefore, to reduce fatigue damageability, 
it is advisable to increase the level of stability of the 
structure of welded joints.

The aim of the work is to specify the relationship 
between the structural condition of long-term operat-
ed (270000–300000 h) welded joints of steam pipe-
lines made of steel 15Kh1M1F and 12Kh1MF and 
their fatigue damageability.

Procedure of studying microstructural condition. 
The microstructural condition of metal in the welded 
joints was studied using the methods and procedures of 
light and electron microscopy. Also the known proce-
dures of transition from data in the cross-section plane 
to volumetric data were used. Accordingly, statistical 
methods were applied. The X-ray diffraction investi-
gation of carbide phases was performed in the powder 
diffractometer «Siemens D-500» at a monochroma-
tized copper radiation with a graphite monochromator 
on a reflected beam. The calculation was performed 
according to the Rietveld method.

A number of carbide phases and their sizes were 
determined in an experimental way. Metallographic 
analysis was performed in accordance with the re-
quirements of standard documentation. By studying 
the crystal structure, determination of the chemical 
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composition and measuring of the average size of car-
bides in two mutually perpendicular directions, car-
bide phases were classified.

 Metallographic examinations were carried out on 
12 specimens of the same type, cut out from the ex-
isting steam pipelines made of steels 12Kh1MF and 
15Kh1M1F. The operating time of the specimens was 
270000–300000 h.

Studying the mechanism of fatigue crack initia-
tion. The initiation and propagation of fatigue cracks 
in the elements of steam line systems occurs mainly 
in the areas of elevated stress concentration, which is 
predetermined by designing, technological and oper-
ational factors, as for example, in the upper zone of 
fillet welds, where the formation of undercuts is pos-
sible or in the area of fusion of the heat-affected-zone 
(HAZ) of welded joints (Figure 1).

Fatigue cracks have a wedged shape (Figures 2, 3) 
[4–6].

It was established that the influence of corrosive 
environment contributes to the accelerated propa-
gation of fatigue cracks [4, 5] in the studied welded 
joints, which requires a separate consideration.

It is important to specify the peculiarities of initia-
tion (incubation stage of formation) of fatigue cracks 
in welded joints, which significantly depends on their 
structural condition and plastic deformation.

The initial structure of the HAZ areas, as well as 
the base metal and the weld metal of welded joints 

with a different intensity is transformed into a fer-
rite-carbide mixture. The variable structural condition 
of long-operated welded joints largely depends on the 
level of their initial structural heterogeneity. The ex-
istence of such heterogeneity, which increases more 
with the longer operation period of welded joints, 
contributes to the formation of fatigue cracks. And 
first of all, the formation of cracks is predetermined 
by a probable existence of local rejection structures, 
which so far are not considered by standard docu-
mentation, but they are revealed in the existing weld-
ed joints of steam pipelines. In most cases, rejection 
structures have a local nature and their full detection 
by nondestructive testing methods is not possible. For 
example, in the area of HAZ fusion, which is subject-
ed to welding heating to the temperature range TL–TS 
and has the sizes of 0.10–0.15 mm, in the initial struc-
ture enlarged ferrite grains can be formed, which are 
grouped in chains (Figure 4).

Ferrite grains can shift towards the area of HAZ 
overheating (size is 1.5–2.1 mm), which is subject-
ed to welding heating to the temperature range TS – 
1150 °C (approximately). In the areas of fusion, 
overheating and normalization, the formation of large 
austenitic grains is possible (grain size number is 3–4, 
GOST 5639–82), which can be attributed to rejection 
structures. In the areas of overheating and normaliza-
tion during welding of thick-walled pipes Widman-

Figure 1. Macrostructure (×1.0) of welded joint of steel 
15Kh1M1F (places of the largest stress concentrators are indicat-
ed by arrows)

Figure 2. Fatigue cracks at the stage of initiation (arrows). Weld-
ed joint of steel 15Kh1М1F

Figure 3. Fatigue crack at the stage of propagation. Welded joint 
of steel 15Kh1М1F (×2000)

Figure 4. Rejection structure of the area of fusion of heat-affect-
ed-zone of welded joint of steel 15Kh1М1F
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stätten structure can be formed, which should also be 
considered as rejection one.

In the structure of the area of partial recrystalli-
zation of HAZ (welding heating to the temperature 
range AC1–AC3) globularized perlite (Figure 5) can be 
formed. The mentioned structure should also be clas-
sified as a rejection one.

Existence of local rejection structures, as well as 
structures that can be conditionally attributed to rejec-
tion ones, promotes the accelerated transformation of 
the initial structure of long-term operated welded joints 
into a ferrite-carbide mixture, i.e. degradation of the 
structure. The main features controlling the structural 
condition of welded joints (operating time is 270000–
300000 h) [6–8, 11–13] are the following: transition of 
alloying elements from the ɑ-phase to carbides; pres-
ence of segregation in the boundary zones of ɑ-phase 
grains; coagulation of carbides. At the presence of 

initial rejection structures, the structural condition is 
formed, characterized by the accelerated formation of 
fatigue damageability, which is approximately by 20–
25 % larger as compared to the presence of the initial 
structure, in which these rejection structures are absent. 
We should note that damageability increases with an 
increase in the operating time of welded joints (after 
300000 h), which requires an additional study.

It was found that in the abovementioned struc-
tures, which are considered to be rejection ones, the 
transition of chromium, molybdenum and vanadium 
from the α-phase to carbides is more intensive, it is 
approximately by 10–20 % higher than in the simi-
lar structures, which meet the standard requirements. 
The transition of chromium, molybdenum and vana-
dium promotes an increase in the deformation abili-
ty of α-phase grains and reduction in heat resistance 
[8]. At the presence of the considered structures, the 
resistance to deformation during long-term operation 
of welded joints decreases, and the damageability by 
fatigue cracks increases by approximately 15–25 %.

It was grounded that the initial rejection structures 
are formed in the conditions of an increased welding 
heating, whose application may be allowed both in 
producing new welded joints, as well as during weld-
ing repair of damaged elements of steam pipelines. 
We should note that to produce the initial structure 
of welded joints (especially, thick-walled ones) with 
the improved quality characteristics its is rational to 
determine welding heating by its modeling.

Discussion of investigations results. In the stan-
dard documentation it is envisaged that the deforma-
tion of steam pipelines should not exceed 1.0–1.5 % 
[11, 14]. However, the deformation of separate areas 
of HAZ at the duration of operation of welded joints 
being more than 250000 h is about 3–7 % [4–7]. The 
initiation of fatigue cracks occurs in the process of 
microdeformation of the metal of welded joints. The 
metal of the area of a partial recrystallization of HAZ 
of welded joints (Figure 5) at their operating time 

Figure 5. Microstructure (×300) of the area of partial recrystalli-
zation of HAZ of welded joint of steel 15Kh1M1F

Figure 6. Dependence of deformation of HAZ areas of welded 
joints of steel 12Kh1MF on their operating time: a — metal of 
overheating area; b — areas of partial recrystallization

Figure 7. Dislocation structure of outer (near-surface) part of the 
area of partial recrystallization of HAZ of welded joint of steel 
12Kh1MF. Service life is 280000 h, ε = 4 %
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of 270000–300000 h is deformed by approximately 
4–7 %, and the base metal — by 0.5–0.7 %.

Figure 6 shows the dependence of the deformation 
of the HAZ areas of welded joints of steel 12Kh1MF 
(ε, %) on their operating time.

It was established that in the surface (outer) zone 
of the metal of the area of a partial recrystallization of 
HAZ the relatively highest local density of disloca-
tions in the grains of matrix ferrite is observed (Fig-
ure 7). The density of dislocations in the middle and 
surface (inner surface of the steam pipeline) zones of 
the welded joint of the steam pipeline is much low-
er (Figure 8). In the structure of long-term operated 
welded joints, a change in the dislocation structure is 
observed. The largest change is typical to the areas 
of fusion, overheating and partial recrystallization 
of HAZ, the smaller is typical to the weld metal and 
the base metal. In the process of plastic deformation 
at the grain boundaries of the α-phase (matrix ferrite 
and tempering bainite), new dislocations are generat-
ed and dislocation annihilation occurs, which is con-
firmed by a decrease in the values of microhardness 
to 10–20 % as compared to the initial microhardness. 
The rate of weakening exceeds the strengthening.

The increase in local dislocation density is facilitat-
ed by M23C6 and M7C3 carbides coagulating in length, 
located at the grain boundaries of the α-phase. The 
formation of dislocations is associated with the diffu-
sion movement of chromium and molybdenum from 

the central zones of α-phase grains to their boundary 
zones and the formation of segregation [11]. To a less-
er extent, dislocations are formed in the grains of the 
α-phase (matrix ferrite), which is facilitated by the 
diffusion movement of vanadium and the formation 
of new, especially fine-dispersed VC carbides.

Microyield as an effect of microplastic deforma-
tion in the volume of α-phase grains is provided by 
running the processes of return and the initial stage of 
recrystallization [12]. The composition of the disloca-
tion structure changes, which leads to the elimination 
of fragments of separate grain boundaries, and then to 
a complete elimination of such boundaries (Figure 9).

In the α-phase grains a polygonal structure is 
formed (Figure 10). Also blurring of separate initial 
subboundaries is observed. Near precipitations of the 
second phases, a developed network of dislocations 
with a curved shape is formed (see Figure 8). A local 
density of dislocations in the area of partial recrystal-
lization of HAZ is much higher than in other areas, as 
well as in the base metal and in the weld metal.

Regarding butt welds (straight areas of steam pipe-
lines), cyclic deformation of the metal has its own pe-
culiarities. Respectively, in the HAZ areas, in the weld 
metal and in the base metal, the dislocation structure is 
developed in a differently way. The plastic yield, origi-
nating from the grain boundaries of the α-phase grains 
is also different. At a deformation of 5–7 %, which is 

Figure 8. Dislocation structure of the area of partial recrystalliza-
tion of HAZ (middle part) of welded joint (see Figure 7)

Figure 9. Microstructure (×360) of overheating area of HAZ of 
welded joint of steel 12Kh1MF (removal of fragments of grain 
boundaries is marked by arrows). Life is 280000 h

Figure 11. Sliding bands in the matrix ferrite of the area of partial 
recrystallization of HAZ of welded joint of steel 12Kh1MF. Life 
is 290000 h (×1100)

Figure 10. Polygonal structure (×4000) of the area of partial re-
crystallization of HAZ of welded joint of steel 12Kh1MF. Life is 
186000 h
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typical to the area of partial recrystallization of HAZ of 
welded joints from steel 15Kh1MF (operating time is 
290000 h), in the grains of matrix ferrite, slip bands are 
revealed (Figure 11). At a lower level of deformation, the 
manifestation of slip bands is not observed.

It should be assumed that in the process of crack 
initiation (cyclic damageability) the study of the pe-
culiarities of the formation of stable slip bands as a 
volume factor has a fundamental importance. The 
presence of slip bands in the structures of HAZ areas 
has different features (shape, length, quantity) from 
similar bands in the weld metal and in the base metal.

 It was established that accumulations in the con-
ditions of creep and low-cycle fatigue in the metal of 
welded joints of plastic deformation, is provided by the 
simultaneous movement of dislocations by the mecha-
nism of sliding and the mechanism of climb. The pres-
ence of the climb mechanism is confirmed by the forma-
tion of creep pores near the coagulating carbides along 
the grain boundaries of the α-phase [7]. The movement 
of dislocations occurs to a greater extent according to 
the system {II2} <III> and to a lesser extent according 
to the systems{II2} <III> and{I23} <III>. When the 
dislocations intersect with the contact vector, which is 
normal to their sliding planes, steps are formed. Steps 
in the structure of welded joints can be single or sparse 
(deformation is ≤ 1 %). Their number increases at a de-
formation of 2–8 %. The formation of the configuration 
of steps is provided by the peculiarities of movement 
and intersection of dislocations, including the mobile 
dislocations with sedentary dislocations located along 
the grain boundaries. In the presence of precipitations 
of the second phases contacting with the steps, embry-
onic fatigue microcracks are formed (see Figures 2, 3). 
Their direction coincides with the greatest tangential 
stresses within the slip bands. Thus, embryonic fatigue 

microcracks have a crystallographic nature. The dislo-
cation structure largely depends on the amplitude of the 
operating stress as well as on the energy of defects in 
the packing of the α-phase, which causes a local accu-
mulation of dislocations in the grains of the α-phase, 
which is close to plane one (see Figure 7). The level of 
formation of sliding bands in the matrix ferrite is higher 
than in the tempering bainite (initial structure of weld-
ed joints bainite is 75–90 %, ferrite is the rest).

In the places of contact of steps with precipitations 
of the second phases, at a long operation of welded 
joints in the conditions of creep, embryonic fatigue 
microcracks are formed. Micropores are originated 
the fusion of which provides the further formation 
of wedge-shaped microcracks (see Figures 2, 3). The 
study of the peculiarities of forming fatigue cracks, 
taking into account the structural condition, allowed 
providing the scheme of their formation (Figure 12).

It should be noted that the formation of fatigue mi-
crocracks is also contributed by the creep pores, locat-
ed mainly on the grain boundaries of the α-phase in 
places where coagulating carbides Μ23С6 or М7С3 are 
located. The propagation of fatigue microcracks has 
an intercrystalline nature, and the mechanism of their 
propagation in the metal of welded joints (operating 
time is 270000–300000 h) is mostly brittle. The ini-
tiation and propagation of fatigue cracks is facilitated 
(to a large extent) by an increase in the cyclic nature 
of loads of welded joints of steam pipelines (over the 
last 5–8 years, a number of starts-stops of TPP power 
units has increased by about 30–50 %).

It is shown that in the slip bands, classified as fa-
tigue ones, in the α-phase grains (operating time of 
welded joints is 270000–300000 h) the formation of 
microdiscontinuities is observed, which can be for-
mally considered as embryonic micropores, the aver-
age diameter of which is approximately 100–400 Å. 
The shape of micropores may differ from spherical 
and ellipsoidal, which allows considering micropores 
as microcracks. The formation of embryonic fatigue 
micropores in the slip bands was for the first time dis-
covered by V.S. Ivanova [10]. The initiation of fatigue 
microcracks mainly occurs by coalescence micropo-
res and microdiscontinuities, which is possible at a 
directed diffusion of vacancies. As the operating time 
of welded joints increases (over 270000 h), the en-
ergy of activation of vacancies movement decreases, 
which is facilitated by the structural transformations 
occurring in their metal and the accelerated formation 
of microdiscontinuities.

An increase in the operating time of welded joints 
(over 300000 h) is characterized by a further change 
in the structural condition and features of forming fa-
tigue cracks, which requires an additional study.

Figure 12. Scheme of fatigue crack formation: 1 — crack; 2 — 
fatigue micropores; 3 — carbide coagulating in length; 4 — creep 
micropore; 5 — carbides
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Conclusions

1. The structural condition of welded joints of steam 
pipelines made of steel 15Kh1М1F long time operat-
ing (270000–300000 h) in the conditions of creep and 
low-cycle fatigue, has a significant impact on their fa-
tigue damageability.

2. The presence of structures in the metal of weld-
ed joints that can be attributed to the rejection ones, 
contributes to their accelerated degradation, which 
leads to approximately 15–20 % increase in the level 
of forming fatigue cracks in the metal of welded joints 
operating for a long time in the conditions of creep 
and low-cycle fatigue.
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