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An analysis of the results of periodic testing of hardness of metal of pipelines bends of power unit No. 2 of
Pivdennoukrainsk Nuclear Power Plant (PNPP) after ~100,000 and ~200,000 h of operation was carried out. It is
shown that during the operation of feedwater and “hot” steam pipelines during the second 100,000 h of operation,
the aging of the metal is observed, which is manifested in a partial, at least in their surface layers, uneven decrease
in the strength of the metal. An increased rate of aging of the metal of pipeline bends is observed in areas where the
metal was subjected to the greatest plastic deformation during the pipe manufacturing process (compressed and
stretched sides of the bends). The critical parameter among the normalized mechanical properties of bending metal
is the tensile strength, which is the first to reach a critical level when extrapolating the obtained data. While
maintaining the rate of change in the mechanical properties of the metal at the level of the second 100,000 h of
operation for post-project operation, the projected residual resource of metal bends of feedwater pipelines and "hot"

steam is ~590,000 and ~380,000 h, respectively.

INTRODUCTION

During the design and construction of nuclear power
plants, it is envisaged to use materials that, considering
aging and potential degradation mechanisms, ensure the
operability of equipment and pipelines in all modes of
project operation [1]. During NPP operation, safety is
ensured by maintenance, which includes a set of
operations to monitor and maintain the operability of

structures, systems (elements) [2]. A set of control
operations is carried out to determine the current state of
the equipment and pipeline metal, to confirm the
compliance of its properties with the project
standardized values, to record changes in physical and
mechanical properties (structure) during operation [3].
Monitoring of the current state of the metal, detection
and fixation of metal defects is usually carried out
during shutdowns of power units for scheduled
preventive repairs according to the standard programs
for operational monitoring of the condition of the base
metal, welded joints and surfacing of equipment and
pipelines of nuclear power plants from the WWER-
1000 reactor “TIM-T.0.03.061-21" [4].

At present, the majority of Ukrainian NPPs have
switched from project operation (PO) to long-term post-
project operation (PPO), which is due to economic
feasibility. During the transition from PE to DSE, the
unconditional priority of safety over production and
economic activities was considered, which led to
changes in the methodology of operational control.
Monitoring of the current state of the metal is carried
out in accordance with the standard program for
periodic monitoring of mechanical properties of
pipelines metal of NPPs with WWER-1000 reactors
“TPKM-10-01" [5]. The purpose of control according to

the standard program is detection and recording of
changes in the mechanical properties and structure of
pipeline metal at intervals of at least every 200,000 h of
operation, in particular, on completion of PO [3]. This
current testing is carried out by destructive (laboratory)
and non-destructive methods. The results of this control
are compared with the results of the previous control,
the rate of change in properties (aging rates) is
calculated, and the residual life forecasts are
determined. The main problem in the study of pipeline
metal aging according to periodic control data is the
absence of significant changes in the standard properties
of the metal during operation. The “natural” variation of
the mechanical properties of the metal, even in its
original state, is so significant that it is difficult to catch
their changes during operation. To determine these
changes, it is necessary to study the dynamics of
changes in the mechanical properties of the metal during
the operation of pipelines. When using destructive
methods, this is ensured by sequential sampling of metal
microsamples for research in laboratory conditions from
the controlled section of the pipeline [6]. Microsampling
does not affect the operation of the pipeline. The use of
this technique made it possible to identify the non-
monotonic course of changes in the properties of the
base metal of the main circulation pipelines of the PNPP
[7] power units during the PO. Feedwater and “hot”
steam pipelines of WWER-1000 reactor units usually do
not have such residual metal. As a result, the method of
non-destructive  determination of the mechanical
properties of a metal based on hardness measurement
data has become the most widespread one [8]. Planned
cuttings of metal from these pipelines do not allow to
determine the dynamics of changes in mechanical
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properties during operation, since it is impossible to link
the data of individual cuttings with each other. The
article is devoted to the determination of changes in the
physical and mechanical properties of the metal bends
of feedwater pipelines and the “hot” steam of power
unit No.2 of PNPP for the second 100,000 h of

operation according to hardness control data.

MATERIALS AND METHODS

The feedwater pipelines of the WWER-1000 reactor
units are made of steel 20 in accordance with “TV 14-3-
460-89” and are designed to supply chemically purified,
heated and deaerated water to the second circuit of
steam generators. The diameter of the feedwater
pipelines is 426 mm, the wall thickness is 24 mm. The
pipelines are operated at 230 °C, working pressure —
120 kgf/cm?.

The “hot” steam pipelines of the WWER-1000
reactor units are made of 15I'C (15GS) steel in
accordance with “TY 108-11-194-77” and 161'C (16GS)
steel in accordance with “TY 3-923-75”, designed for
the transport of saturated steam from steam generators
to the turbine. The diameter of the “hot” steam pipelines
is 630 mm, the wall thickness is 24 mm. The pipelines
are operated at 294 °C and a working pressure of
80 kgf/cm®.The design service life of the pipelines is
30 years (~200,000 h).

The hardness of the pipeline metal is controlled at
room temperature, the normative values of the
mechanical properties of the metal of the pipelines at
20°C are given in Table 1 [9].

Table 1
Standard values of mechanical properties of the base
metal of pipelines at 20 °C [9]
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Feedwater 20 41 22 | 21 40
“Hot” steam 15IC 50 28 | 16 | 40
16I"C 46 25| 21 | 42

Hardness is not a normalized property of a metal,
normalized mechanical properties are calculated
according to the corresponding correlation between
mechanical properties and hardness [9]:
for steel 20 — R, = 16.47+ 0.2266 HB + 0.00021 HB?;

Rpo2 = - 4.28 +0.238 HB + 0.00022 HB?;
A=49.0-0.131 HB,
Z=137.0-0.525 HB;

for steels 15T°C and 16I'C - R,,= 0,35HB;
Rpoz2 = 0,545 HB-47,1;
A=49-0.131 HB;
Z=137.0-0.525 HB.

The paper uses the results of periodic monitoring of
the mechanical properties of the metal properties of the
pipelines of power unit No.2 of the PNPP after

~100,000 and ~200,000 operating hours in 2004 and
2017, respectively. Non-destructive testing was carried
out in accordance with “PJ 0 0027-94” [10]. The
hardness (HB) of the metal was checked in 4
diametrically opposite places of the pipelines by the
resonance-impedance method (UCI-method).

In non-destructive testing, the focus is on bend
inspection because bends are the most dangerous
elements in the piping system [11-13].

RESULTS AND DISCUSSION

The hardness of the metal of the inspected feedwater
pipeline (steel 20) of the power unit varies in the range
from 133 to 208 HB, and the hardness of the metal of
the “hot” steam pipeline (steels 15I"C and 16I'C) — in
the range from 143 to 220 HB. Calculations according
to the corresponding correlation ratios [11] show that
the mechanical properties of the metal meet the
normalized requirements. In particular, the tensile
strength (Rm) of the feedwater pipeline metal after
200.000 operating hours varies in the range from 48.9 to
62.7 kgf/mm?, yield strength (Rpo.) — from 29.5 to
50.5 kgf/mm?, elongation (A) — from 26.3 to 33.1 %,
relative narrowing (Z) — from 47.2 to 66.8 %. Non-
destructive testing has shown that the comparison of the
average values of the mechanical properties of metals
does not allow to single out the contribution due to the
aging processes during the operation of pipelines. The
variation in the initial state of the mechanical properties
of the metal of the above pipelines outweighs the
contributions to changes in the properties caused by
aging processes. As a result, in the future, when
analyzing the results of non-destructive testing, the
properties of the metal of only the same pipeline
inspection zones after ~100,000 and ~200,000 operating
hours were compared, considering the area
(compressed, neutral or tensioned) of the bend.

Hardness of metal (steel 20) of the corresponding
sections of the feedwater pipeline after ~100,000 and
~200,000 operating hours are shown in Figs. 1-3.
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Fig. 1. Metal hardness of compressed bend zones of PNPP

Unit 2 feedwater pipeline

Hardness of metal (steel 15I'C and 16I'C) of
individual bends of the pipeline of “hot” steam after
~100,000 and ~200,000 operating hours are shown in
Figs. 4-6.
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Fig. 2. Metal hardness of neutral zones of bends of the
feedwater pipeline of PNPP Unit 2
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Fig. 3. Metal hardness of the tensile bend zones of the
feed water pipeline of PNPP Unit 2
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Fig. 4. Metal hardness of compressed zones of bends of
the “hot” steam pipeline of PNPP Unit 2

Figs. 1-6 show that the changes in the mechanical
properties of the bending metal during the next
100,000 h of operation of these pipelines have
multidirectional dynamics. This is mostly due to the
dependence of the rate of aging processes on the initial
characteristics of the metal (in particular, for example,
the grain size) from which the pipeline elements are
made [7].

The general direction of changes in the mechanical
properties of metal bending during the operation of
pipelines is given in Table 2.

150 !
100  Period of operation, thousand hours 200

~——&— Control section 9-1, 15I'C
~— Control section 9-3, 15I'C
¥~ Control section 9-5, 15I'C

~——l— Control section 9-2, 16I'C
=== Control section 9-4, 15I'C
e===@=== Control section 9-6, 15I'C

Fig. 5. Metal hardness of the neutral zones of the bends
of the “sharp ” steam pipeline of PNPP Unit 2

205

m
0 195
7]
2 185
c
o
S 175 =
T
165 %

100 Period of operation, thousand hours 200

~—&— Control section 9-1, 15I'C ~——— Control section 9-2, 16I'C

= Control section 9-3, 15I'C e Control section 9-4, 15I'C

~#—— Control section 9-5, 15I'C =& Control section 9-6, 15I'C
Control section 9-8, 16I'C

Fig. 6. Metal hardness in tensile bending zones of the
“hot”” steam pipeline of PNPP Unit 2

Table 2
The average change in the mechanical properties
of the metal bends of feedwater pipelines
and the “hot” steam of PNPP Unit 2 for the
second 100,000 h of operation
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Compressed | -3.2 | -46 |38 | 9.8
Feedwater ™ol | 16 | 24 | 1.7 | 41
Tensioned -3.7 | -53|4.6| 125
“Hot" Compressed | -3.7 | -7.1 |36 | 87
Neutral -08 |-15]|06| 14

steam -

Tensioned 31 | 58129 7.1

The general trend of changes in the mechanical
properties of the metal bends of the above pipelines is a
decrease in strength during operation in the second
100,000 h of operation. Moreover, the highest rate of
changes in mechanical properties is observed in the
metal of compressed and tensioned bending areas (in
areas where the metal was subjected to the greatest
plastic deformation in the process of bending
manufacturing).

Even though during the inspection, the mechanical
properties of the bending metal meet the standardized
requirements, the revealed effect of reducing the
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strength of the metal during the operation of pipelines
requires the determination of the predicted residual life.
It should be noted that in the development of the
projected residual resource of metal, not the average
results of metal control are considered, but those that,
when forecasting, ensure the achievement of one of the
normalized properties of a critical level in the shortest
possible service life. The forecast made by extrapolating
the values of the mechanical properties of bending metal
after 100,000 and 200,000 h of pipeline operation is
presented in Figs. 7 and 8.
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Fig. 7. Boundary of the metal strength in compressed
bending zones of the feedwater pipeline of PNPP Unit 2
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Fig. 8. Tensile strength of the metal of the compressed
bending zones of the “hot” steam pipeline
of PNPP Unit

Considering the non-monotonic change in the
mechanical properties of the metal during the operation
of pipelines [7], this forecast is short-term, valid for the
period until the next regular inspection of pipelines. For
the given pipelines, the critical normalized property of
the metal is the tensile strength, the critical zone of
bends is compressed. The projected residual life of
pipelines significantly exceeds the time before the next
inspection.

CONCLUSIONS

1. An analysis of the results of periodic testing of
metal hardness of bends in the pipelines of PNPP Unit 2
after ~100,000 and ~200,000 h of operation was carried
out.

2. It is shown that during the operation of feed water
and “hot” steam pipelines during the second 100,000 h

of operation, metal aging is observed, which is
manifested in a partial, at least in their surface layers,
uneven decrease in metal strength. Presumably, this is
due to the migration of part of the carbon to the grain
boundaries, which requires the study of pipeline metal
samples after long-term operation by direct methods.

3. It is shown that the increased rate of aging of the
metal of pipeline bends is observed in areas where the
metal in the process of pipe manufacturing was
subjected to the greatest plastic deformation
(compressed and tensioned sides of the bends).

4. The critical parameter among the normalized
mechanical properties of bending metal is the tensile
strength, which is the first to reach a critical level when
extrapolating the obtained data. If the rate of changes in
the mechanical properties of the metal is maintained at
the level of the next 100.000 hours of operation for non-
design operation, the predicted residual life of the metal
bends of feed water pipelines and ‘“hot” steam is
~590,000 and ~380,000 h, respectively 2.
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BU3HAYEHHS 3MIH MEXAHIYHUX BJIACTUBOCTEN METAJIY 3rHUHIB
TPYBOIIPOBO/IIB )KUBUJIBHOI BOJU TA «I'OCTPOI» IIAPU APYT'OI'O EHEPT OBJIOKY
ITAEC 3A APYT 100 Tuc. rooun EKCIIJIYATALIL

C.B. I'oscenko

[lpoBeneno aHami3 pe3yiabTaTiB IEPIOJUYHOIO KOHTPOJIO TBEPAOCTI MeTaly 3THHIB TpyOOIPOBOMIB
eneproonoky Ne2 BIT TTADC micns ~100 ta ~200 TnC. rox ekcruryatanii. [lokasaHo, mo mpu excruryararii
TpyOOIIPOBO/IB XUBHUIIBHOI BOIHU Ta «TOCTPOi» Mapu BIPOJOoBXK Apyrux 100 THC. roja eKcIuTyaTalii CriocTepiraeTbest
CTapiHHS METaITy, SIKE MPOSBISIETHCS Y YaCTKOBOMY, IPUHANMHI iX IIOBEPXHEBUX IIapiB, HEPIBHOMIPHOMY 3HIKCHHI
MIITHOCTI MeTaury. [liBHIieHa MBUKICT CTaApiHHSA METATy 3THHIB TPyOOIIPOBOIIB CITIOCTEPIracThCs Ha AUISTHKAX, 1€
MeTall y IMpoIeci BUTOTOBJICHHS TPYO MiAmaBaBcs HAHOUMBININ IIacTUYHIN Medopmamii (CTUCHEHI Ta pO3TATHYTI
CTOPOHM 3THHIB). KpUTHYHNM mapaMeTpoM cepes HOPMOBAHMX MEXaHIYHHX BIACTHBOCTEH METaly 3THHIB € MeXa
MIITHOCTI, sIKa TIEPIIOI0 TPU SKCTPAIIONALIi 3700yTHX JaHUX JOCsATae KpUTHIHOTO piBHA. [Ipu 30epexeHHI TeMIliB
3MiH MEXaHIYHHUX BIACTHBOCTEH Meramy Ha piBHI apyrux 100 Tuc. roj ekciulyaranii Ha I03alpPOEKTHY
eKCILTyaTalilo MPOTHO30BaHMi 3aJIMIIKOBUI pecypc MeTally 3rHHIB TPpyOOIIPOBOAIB )KUBUIILHOT BOJU Ta «TOCTPOI»
napu ckianae ~590 ta ~380 Trc. ron BIAMOBIAHO.
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