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1. Introduction

Welded joints of the high pressure steam pipelines are
the most damageable elements of the Thermal Power Plants
power generating units. The level of defectiveness of the
welded joints, which operate over long periods under condi-
tions of creep and low-cycle fatigue, is one of the most signifi-
cant factors, which determine reliability and service life of
the work of TPP power units.

A steam-conducting tract of power unit with its elements
represents a single thread of a pipeline. Power unit includes
about 15 thousand welded joints. An estimation of the re-
sidual resource of the high pressure steam pipeline (one of
the most damageable ones) is performed by determining the
level of defectiveness of its metal, degradation of structure
and mechanical properties.

In the presence of specific structural, chemical and
mechanical inhomogeneity, the operating characteristics of
metal of the welded joints of steam pipelines are 0.6—0.8 of
the analogous characteristics of basic metal. The existence of
heterogeneity predetermines an increase in the intensity of
defectiveness of welded joints, which significantly depends
on the stability of their structure.

The equipment of thermal power plants in the Euro-
pean Union countries, which ran out of its performance
resource, is removed from operation. In Ukraine, at
a number of thermal power stations, base resource (after
its expiry) is further prolonged for unidentified period.
This makes it possible to directly study the degradation

of structure and the mechanism of defectiveness of the
long operated power machinery equipment, which is ex-
pedient for the detection of its residual resource and it is
relevant.

2. Literature review and problem statement

In the process of operation, metal of steam pipelines is
affected in the largest degree by the following factors:

— temperature of operation, strain from the internal
steam pressure, stresses, caused by the arrangement of sup-
porting systems;

— cyclic nature of work (starts-stops).

The high pressure steam pipelines of TPP are manufac-
tured predominantly of the heat-resisting pearlitic steels
15H1M1F and 12H1MF [1]. The initial structure of steam
pipelines and their welded joints, as well as the checking
of condition of their metal in the process of operation, are
regulated by normative documentation [2]. The sections
of the heat affected zone (HAZ) of welded joints made
of steels 15HIM1F and 12H1MF after high-temperature
tempering must have a structure of the tempered bainite,
troostite or sorbite [3]. Under conditions of prolonged ope-
ration, the initial structure of HAZ sections of welded joints,
as well as weld material and base metal, is converted into
the ferrite-carbide mixtures that differ in structure, which is
caused by the physical chemical processes, which take place
in their metal [4].




These processes that have a specific sequence, which
characterize the degradation of metal of the welded joints,
include:

1. Progress of the carbide reactions M3C—M;Cs—
—Ma3Cq [5].

2. Coagulation of carbide phases of group I. Predomi-
nantly, My3Cg by the boundaries of grains of the a-phase [6].

3. Formation of the segregations of chromium, molyb-
denum, vanadium, silicon and manganese in the boundary
zones of grains of the a-phase. Their level of concentration
can exceed by 2—4 times the average level of concentration
of the indicated elements throughout the body of grains of
the o-phase [7].

4. Development of micro pores of creep and micro cracks
of fatigue, and their transformation into the macro pores of
creep and macro cracks of fatigue [8].

5. Nucleation of micro pores of creep (size 0,03-0,07 um)
and micro cracks of fatigue (size 0,7—-1,1 um) [9].

6. Redistribution of the alloying elements of chromium,
molybdenum and vanadium between grains of the o-phase
and carbides.

7. Self-diffusion of chromium, molybdenum, vanadium,
silicon and manganese from the central zones of grains of the
o-phase into their near-boundary zones, as well as the self-dif-
fusion of the indicated elements along the grain boundaries.

8. Simultaneous, mixed displacement of dislocations via
creeping and sliding [10, 11].

The formation of defectiveness in metal of the welded
joints of steam pipelines for the first time (before their repair)
and the formation of defectiveness in the repaired welded
joints have their special features. Types of the initial damages
of metal of the welded joints, grouped by the generality of
attributes [1-5, 7, 10, 12—13], are given in Table 1.

The represented data make it possible to reveal the
mechanism of defectiveness, to estimate reliability and to
determine residual resource of the welded joints.

Typess of damages of the welded joints

Table 1

Type of defectiveness
and conditions for its
development

Location of damage and crack
orientation towards the weld
metal

Metallographic
attribute of
defectiveness

Reasons that cause defectiveness

Cracks of creep, which
are formed by the action
of operating stresses and
temperatures, which ex-
ceed the designed ones
(overheats). Presence of
structural inhomogeneity
at the sections of in-
complete recrystalliza-
tion, fusion and over-
heating of HAZ of the
welded joints

Sections of incomplete recrystalli-
zation, fusion and HAZ overhea-
ting. Weld metal. The nucleation of
cracks occurs from external surface
of the welded joints into their depth.
Transverse cracks in the welded
joints of tees with the thinned pipe
connection

Intergranular nature of
the nucleation and de-
velopment of cracks. Pre-
sence of the new decay
products of austenite in
the form globularized
pearlite at the section of
incomplete recrystalli-
zation of HAZ. Presence
of coarse grains of struc-
turally-free ferrite at the
section of HAZ fusion

Operational, caused by: degradation of the
structure of welded joints; overheats (emergen-
cy discharge of vapor); stresses, which exceed
those permitted because of the unsatisfactory
arrangement of supporting-suspension system
and speeds of warming-up at the starting re-
gimes, which exceed those permitted. Tech-
nological, caused by the increased structural
inhomogeneity, which is formed at the increased
welding heating of the fabricated connections,
as well as by the discrepancy between chemical
composition of weld metal and the normative
requirements. Structural, that allow the high
intensity of local stresses, which is caused by the
unsatisfactory form of the welded joints

Cracks of thermal fati-
gue, caused by the exis-
tence of high cyclic ther-
mal stresses

Sections of fusion, overheating and
incomplete HAZ recrystallization,
the weld metal, places of change in
thicknesses of steam pipelines. Nu-
cleation and development of cracks
occurs from internal surface of
steam pipelines. In the nozzle con-
nections, the cracks are oriented
radially. Presence of the networks of
cracks at the internal surface

Transgranular nature of
the cracks

Operational, whose formation is caused by cy-
clic variations in the temperature of metal and
by action of working medium. Structural, pre-
determined by high stress concentration in the
places of welding defects: nonfusions, undercuts,
inclusions, crystallization cracks in the weld
root, the presence of structural and chemical
inhomogeneity, as well as those that form in
the places of contact between pipe elements of
different thickness

Corrosion-fatigue cracks

Sections of fusion, overheating and
incomplete recrystallization of HAZ,
the weld metal of the connections to
be welded. Defectiveness is formed
at the internal surface of the welded
joints of steam pipelines.

Cracks have a threadlike form or
a form with an obtuse angle of crack
opening.

The vertex of the angle is filled
with the products of corrosion. The
defectiveness of metal may take the
form of the networks of cracks

Cracks have intragranu-
lar and mixed direction.
The branching of cracks
is insignificant. The na-
ture of cracks is predo-
minantly transgranular

Operational, that are formed under the action of
corrosive medium, activated by thermal stresses
and those of cyclic nature. Structural, predeter-
mined by the local stress concentration in the
places of contact between the pipe elements of
steam pipelines with different thickness, welding
defects, nonmetallic inclusions, notches and the
presence of structural inhomogeneity




The given types of damages in the welded joints are
expedient to use for refining the special features of physi-
cal-chemical processes and structural changes, which pre-
determine them. The damages examined are characteristic
for the welded joints, which exhausted their base resource,
including the prolonged one, which is characteristic for the
majority of thermal power plants in Ukraine. With an in-
crease in the operating time of welded joints (>270000 h),
the defectiveness of their metal undergoes changes, which
necessitates investigation of the physical-chemical processes,
which provide for the mechanism of their defectiveness.
The study of defectiveness and degradation of metal of the
welded joints is the subject of a number of papers [5, 7-11,
13—14, 16]; however, up to now, the connection has not been
established between diffusion processes and the processes of
displacement of dislocations and their joint manifestation on
the formation of creep pores and fatigue cracks.

3. The aim and tasks of the study

The aim of present work is the identification of pecu-
liarities of defectiveness of metal of the welded joints, which
are operated over long periods under conditions of creep and
low-cycle fatigue, by creep pores and fatigue cracks.

To achieve the set aim, it was necessary to solve the fol-
lowing tasks:

—to perform the classification of defectiveness by the
types of damages;

— to refine the mechanism of defectiveness by creep pores;

—to refine the character of defectiveness by fatigue
cracks.

4. Peculiarities of defectiveness of metal of the welded
joints of steam pipelines by the mechanism of creep

Under conditions of prolonged operation of the welded
joints of steam pipelines, at constant parameters, tempera-
ture Tg=545°C and steam pressure 25 MPa, the diffusion
mechanism of creep in their metal is manifested. Let us exa-
mine the scheme of self-diffusion in a crystal of the o-phase
for refining the mechanism of creep. Let us assume that the
crystal under creep conditions undergoes uniaxial expansion,
Fig. 1, and the sections of its border AB and CD are located
perpendicularly to the applied stress o that causes the forma-
tion of micro pores.

Energy of the formation of a micro pore will equal 6Q. At
constant stress and temperature, the thermally equilibrium
concentration of the formation of micro pores was deter-
mined by the refined formula [12]:

(1)

AH, —cQ
C,=C, exp[—f),
! k,T

where Cyg is the constant, connected to a change in the
entropy at the formation of micro pore (dimensionless mag-
nitude); AHs is the enthalpy of the process of forming the
micro pore; kg is the Boltzmann constant; T is the absolute
temperature.

Under creep conditions, under the action of con-
stant stress, there occurs, accordingly, a flow of micro
pores, which has specific orientation. Simultaneously
there occurs the flow, opposite to it, of the elements of

substitution (Cr, Mo, V, Si, Mn), as well as the introduc-
tion (C, Hy), which also contributes to the polygonization of
crystal and its deformation. The flow of micro pores, formed
under creep conditions, can be expressed by formula, ob-
tained from the Arrhenius equation:

oQ 1
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where d is the averaged diameter of crystal of the o-phase;
Cy1/d is the concentration gradient of pores along the crystal
boundaries; Dy is the coefficient of grain-boundary diffu-
sion; Dy is the coefficient of volumetric diffusion; J is the
number of micro pores, which intersect in time t the crystal
boundary d.

Fig. 1. Scheme of the diffusion displacement (pointer) of elements
of chromium and molybdenum in the crystal of the o-phase being
deformed

Dy and Dy, have dimensionality 1/[Length]-[Time].
The total volume of the micro pores, which intersect crystal
boundary and sub-boundary (inside the crystal) in time
t will comprise J12Qn, respectively. The coefficients of
self-diffusion of boundary Qj; and volumetric Qjy compose
Dyy- Cyi-Qnyand Dysy- Cyy- Qny, respectively.

Let us write down the rate of the stretching of crystal
boundaries in the form: Dj6€/kg-Tq. We considered that
the energy of activation of the process of boundary diffusion
is approximately 0,4...0,6 from the energy of volumetric acti-
vation [14].

In the process of deformation of the crystal of the
o-phase, the dislocation density grows and the polygo-
nal (fragmented) structure of crystals is formed accordingly.
The increased dislocation density impedes the displacement
of the subsequent dislocations. Simultaneously, the presence
of the diffusion displacement of elements ensures the process
of creeping of dislocations that leads to their regrouping and
partial annihilation, as well as subsequent reduction in the
internal stresses. A competing effect-compensation of de-
formation hardening is manifested, which makes it possible
to form the boundaries of subgrains, that is, the fragmenta-
tion (polygonization of grains of the a-phase) occurs. A mo-
tion of dislocation is controlled by the diffusion displacement



of the elements of chromium and molybdenum, to a lesser
degree, of vanadium, silicon and manganese.

Let us note that the level of deformation of the sections
of heat-affected zone considerably exceeds the mass defor-
mation of steam pipelines, which is (at the operating time
of welded joints exceeding 250000 h) about 0,5...0,7 % [13].
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Fig. 2. Dependence of relative deformation of metal of the welded
joints made of steel 15H1M1F on the prolonged operating time:
1 — metal of the section of HAZ overheating; 2 — metal of the
section of incomplete recrystallization

Let us note that the deformation of welded joints made
of steel 15H1M1F is somewhat reduced than the defor-
mation of the welded joints made of steel 12H1MF that
work under close conditions [14]. In the process of defor-
mation of HAZ sections, their structure undergoes certain
changes, characteristic for the initial stage of recrystal-
lization [6]. The micro pores are formed and developed
simultaneously [12].

In the metal of welded joints, operated for a long period
under creep conditions, the effect of dispersed strengthe-
ning of the o-phase by carbides of group I and II manifests
itself vividly. This strengthening, according to different
estimates [4, 6—7, 10], is from 80..90 % of their general
strengthening, caused by the action of other known fac-
tors. The presence of carbide precipitates, especially finely
dispersed VC and Mo,C, substantially reduces intensity
of the displacement of dislocations by sliding, which con-
tributes to an increase in the deformation stresses. The
mean speed of dislocations becomes inversely proportional
to their concentration p, which leads to the reduction in
stresses. The process of self-diffusion of alloying elements
of chromium, molybdenum, vanadium in the grains of the
o-phase, as well as along their boundaries, is characterized
by different intensity of their displacement [13]. Specifical-
ly finely dispersed precipitates of VC and Mo,C render the
steels ISHIM1F and 12H1MF dispersed strengthening,
and they also alloy the o-phase.

Let us examine the action of the Orowan mechanism [15]
in connection to the metal of welded joints of steam pipelines,
operated under conditions of creep (exceeding 270000 h).
Assume that a linear dislocation is exposed to force F=1b,
directed normally, where t is the stress, constant along
the entire dislocation line, perpendicular to this line and
coinciding with the direction of the shift. Let us represent
a sliding plane, where second phases (carbide precipitates)
are located, which are an obstacle for the motion of disloca-
tions, Fig. 3.

Let us represent sequential stages of displacement of the
dislocations. In contrast to the Orowan model, where the
particles of the second phases are spherical, in the proposed

model such particles have the elongated form, which is char-
acteristic for the carbides of group 1 that coagulate length-
wise [16]. In the process of motion, the dislocations bend
between the particles of the second phases and the formed
adjacent loops, a contact in front of the particles is estab-
lished, which leads to their annihilation. The dislocations are
torn apart from the locked segments; they acquire rectified
shape and move in direction A, while the closed loops remain
on the BB, precipitates. The displacement of dislocations is
controlled by the action of tangential stress. Here t=aGb/A,
where o is the magnitude of the order of unity; G is the mo-
dulus of shift; b is the Burgers vector; A is the mean distance
between the precipitates of the second phases.
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Fig. 3. Sequence of stages of the passage of dislocation through
carbide precipitates

The stress, necessary for the displacement of disloca-
tions, comprises:

oGb
T:Tf+ka’ (3)

where 17 is the resistance to the motion of dislocations in
the section between the precipitates; k,, is the coefficient,
depending on the shape of precipitates; o. is the magnitude of
the order of unity.

Total stress depends both on the shape of precipitates and
on the distance between the precipitates.

It was established that the stretched (elongated) shape of
precipitates in the larger degree impedes the displacement of
dislocations than the spherical, which is confirmed by their
increased density near the precipitates. The elongated form
of precipitates (Ms3Cg, M7C3) is formed as a result of their
coagulation along the boundaries of grains of the o-phase [5].
The shape of carbide precipitates may have the elements of
continuity (Fig. 4). The creep pores are formed predominant-
ly on the border of contact of the coagulating precipitates
and grains of the a-phase. Their formation significantly de-
pends on the shape of precipitates. They established that the
intensity of formation of pores noticeably increases when the
elongated shape of precipitates is present.



Fig. 4. Distribution of carbides M,3Cg along the boundaries of grains
of the a-phase of metal at the section of incomplete recrystallization
of the welded joint made of steel 15H1M1F. x4500. Resource
is 290000 h. Pores are indicated by pointers

In the process of sequential displacement of dislocations
through the carbide precipitates, dislocation loops will be
accumulated around each precipitate (operating time of
the welded joints is 200000250000 h), which provides for
the formation of the stress, opposite to their motion. The
action of two competing factors is manifested: an increase
in the plastic deformation and the growth of inverse stress.
Deformation hardening is reduced by the effect of self-dif-
fusion (boundary and volumetric) of chromium and mo-
lybdenum, which is ensured by the presence of gradients of
chemical potentials [13].

It was established that with an increase in stable finely
dispersed carbides of group 1 (VC, Mo,C), as well as with
their uniform distribution in the metal of welded joints,
strength limit grows at statistical tension. They revealed
that the strength limit when carbides of group II are pre-
sent (M7Cs My3Cg), which have the elongated shape (Fig. 4),
will be approximately by 15-25 % lower than the strength
limit when finely dispersed carbides of spherical shape are
present. The influence of the shape of carbides is mani-
fested to a larger degree at the impact tests. For example,
KCV in the presence of carbides in spherical form reached
40 J/cm? (welded joint made of steel 15H1M1F), and in the
presence of carbides in the elongated shape — 10—15 (Fig. 4).
Therefore, the steels, operated for a long time under creep
conditions, are expedient to contain stable finely dispersed
carbides of spherical shape.

It was established that the creep cracks (Table 1) are
formed at the sections of incomplete recrystallization of HAZ
(about 75 %) and fusion (approximately 15 %), Fig. 5. The
remaining is crack formation at other sections of HAZ, as
well as in the region of weld metal and in the region of base
metal. The cracks of creep are formed at the surface zone of
metal of the welded joints, and then they propagate predomi-
nantly along the grain boundaries into the depth of their
metal (Fig. 5, a, b).

A development of the creep cracks occurs predomi-
nantly by the brittle mechanism, Fig. 6. This development
is promoted by the carbides of group I that coagulate
lengthwise [5], as well as the segregation phenomena of
elements of chromium, molybdenum, silicon, manganese in
the near-boundary zones of grains of the a-phase [6]. The
presence of segregations and carbide precipitates in the
near-boundary zones of grains noticeably (approximately
by 15-25 %) decreases impact toughness of metal of the

welded joints and their role in the formation of defectiveness
by the brittle mechanism is significant. Segregations in the
near-boundary zones of grains of the o-phase contribute
to the accelerated passage of solid-phase carbide reactions
M3C—M7C3—Ms3Cg, as well as to the lengthwise coagula-
tion of carbides M13Cg [5].
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Fig. 5. Scheme of typical damages of the welded joints of steam
pipelines by the creep cracks: cracks that are formed at the section
of incomplete recrystallization: Crack — crack; Section of incomplete
recrystallization — section of incomplete recrystallization;

S — thickness of the wall of steam pipeline; Section of
HAZ fusion — section of HAZ fusion; Outer diameter of steam
pipeline — outer diameter of steam pipeline; Inside diameter of
steam pipeline — inside diameter of steam pipeline

Structural and chemical changes lead to the reduction
in resistance of metal of the welded joints to the pore for-
mation and development of the creep cracks by the brittle



mechanism. They established that, with the damage by
pores in the volume of 0,2 of metal of the sections of in-
complete recrystallization, fusion and HAZ overheating,
its further defectiveness is accelerated. The subsequent de-
fectiveness occurs mostly by the brittle mechanism. There-
fore, such welded joints should be cast out. Pore formation
in the examined sections of HAZ is interconnected with
the creep in their metal, which is nonlinear in nature. It is
possible to note a tendency of an increase in the intensity
of pore formation at overheating (emergency discharge of
vapor), as well as during cyclic operation of steam pipe-
lines (starts-stops).

Fig. 6. Intergranular nature of the creep crack, which is developed
predominantly by the brittle mechanism in the HAZ of welded joint
made of steel 12H1M1F. Resource 290000 h. x500

5. Refinement of the factors that cause defectiveness
in metal of the welded joints by the mechanism
of fatigue

The regime of operation of power units with increased in
frequency starts-stops (cyclic regime) leads to an increase in
the intensity of defectiveness in metal of the welded joints by
fatigue cracks (Fig. 7).

The fatigue cracks, caused by action of cyclic stresses,
are formed predominantly at the internal surface zone of
the welded joints. Their nucleation occurs at the sections of
fusion, overheating and incomplete recrystallization of HAZ,
as well as in the region of weld metal, near backing rings,
in the places of contact between pipe elements of different
thickness, in the region of the fillet welds of nozzle and tee
welded joints. Fatigue cracks are most frequently formed in
the metal of welded joints of steam pipelines of hot industrial
superheating, in the sites of installation of bolts, valves,
drainages, which ensure fulfillment of operations on control
of heating and cooling.

With the operating time of power units exceeding
250000 h, under conditions of creep and low-cycle fatigue,
there is noted a steady tendency toward an increase in the
intensity of defectiveness of metal of the welded joints. The
following factors influence an increase in the intensity of
defectiveness in metal of the welded joints: degradation of
structure and properties, the appeared pinched places of
steam pipelines, deflection of the laying out of steam pipe-
lines from the design. This increase is also contributed by:
redistribution of weight and compensating loads, unsatisfac-

tory condition of the supporting — uspension system of steam
pipelines.

o g \

Fig. 7. Fatigue cracks, which are formed in the butt-welded joints
of steam pipelines: 1 — at the section of incomplete recrystallization
of HAZ; 2 — at the section of overheating; 3 — at the section
of fusion; 4 — in the weld metal (transverse cracks); 5 — near the
backing ring; 6 — in the place of contact between steam pipelines
of different thicknesses; 7 — in the weld metal (longitudinal cracks)

The forced maneuverable mode in the operation of
power units contributes to acceleration in the degradation of
metal of the welded joints of steam pipelines and it leads to
a 25..30 % decrease in their long-term strength [7-10]. Si-
multaneously, prolonged plasticity w. of the welded joints is
reduced. For example, y of the welded joints of hot industrial
superheating (maneuverable operating mode) comprised
7-9 %, and of the analogous welded joints that work under
regime close to the stationary, is 20—-30 %.

It is expedient to refine special features of defectiveness of
the welded joints of steam pipelines, working in the maneu-
verable operating mode, from their structural condition, which
will make it possible to decrease the intensity of defectiveness
of the welded joints and to improve resource of their operation.

6. Discussion of results of examining the influence of
creep pores and fatigue cracks on the metal of welded
joints of steam pipelines

They established that the displacement of dislocations by
sliding and creeping occurs at the simultaneous coagulation
of carbides from group I. The accumulation of dislocations
near the carbides that are of elongated shape is characterized
by their partial annihilation.

The development of defectiveness by the brittle mecha-
nism is also contributed by the segregation phenomena in the
near-boundary zones of grains of the o-phase, which are the
increased concentrations of the substitution elements.



In order to decrease defectiveness of the welded joints
that are operated for a long period, it is expedient to reduce
the intensity of diffusion displacement of the substitution
elements into the near-boundary zones of grains of the
o-phase. This decrease is possible under conditions of the
increase in enthalpy of the bond between the substitution
elements and elements of the matrix lattice of the a-phase.
The attainment of stability of elements in a crystal should
be calculated using the corresponding gradients of their
chemical potentials. Exploring the defectiveness of welded
joints of steam pipelines over prolonged operation is useful
for the evaluation of their reliability, as well as for deter-
mining their residual resource.

It is expedient to use the given results of present study for
further investigation of the physical-chemical processes that
occur in metal of the steam pipelines under conditions of long
operation.

7. Conclusions

1. We revealed special features of simultaneous defective-
ness by the creep pores and by the fatigue cracks of metal
of the welded joints of steam pipelines, operated over long
period (250000 ch) under conditions of creep and low-cycle
fatigue.

2. We determined that the formation of defectiveness of
the welded joints of steam pipelines by the mechanisms of
creep and fatigue is contributed by the carbide precipitates
from group I that coagulate lengthwise, as well as the seg-
regation phenomena in the near-boundary zones of grains of
the o-phase.

3. We established that the structural and chemical chan-
ges in metal of the welded joints operated over long period
account for the development of their defectiveness predomi-
nantly by the brittle mechanism.
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