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Abstract. Maintenance of assets and equipment in power plants is essential for their safety and is required to help the plant stay
active. In this paper, the specimens manufactured from the pipe of X10CrMoVNb9-1 (P91) power engineering steel in the
as-received state and after operating for 80 000 h at internal pressure of 8.4 MPa and temperature of 540°C were subjected to
tests using electronic speckle pattern interferometry (ESPI) under static loading up to 2.5 kN. Such a procedure enables
assessment of strain and stress distribution maps to compare the material integrity in the as-received state and after exploitation
in its elastic range. The conducted measurements showed no effect of long time operation on the mechanical response of P91
steel under the power installations conditions since the field strain distributions for each type of specimen were found to be

similar.
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1. INTRODUCTION

With the increasing demands of the power industry, the high
efficiency of equipment and working machines have become a
dominant issue that engineers are trying to improve. During the
last decades, the operating parameters of power plant elements
significantly differ from their counterparts used in the past. At
the beginning of the 20th century, the operating temperature
was 370°C, while the internal pressure was close to 4 MPa. In
recent years, supercritical parameters increase significantly to
620°C and 30 MPa, accordingly. In addition, ambitious plans
to minimize the impact of power plants on the environment by
reduction of CO- have been observed. Industry engineer groups
together with scientists are constantly working on new
construction materials, that could be used responsibly under
extreme operating conditions. P91 (X10CrMoVNb91) [1], and
P92 (X10CrWMoVND9-2) steels [2], and others like P22
(10CrM09-10) [3], VM 12 (X12CrCoWVNb12-2-2) [4] can be
distinguished among these materials. As compared to earlier
steels used in the power plant sector, these materials are
characterized by higher mechanical parameters and greater
temperature resistance. In order to use the P-type steels properly
and to provide the longest possible time of exploitation, a
detailed analysis of material behaviour under complex loadings
and high temperature should be performed. Structural
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components made of steel could be subjected to various kinds
of loadings: static tension/torsion, cyclic fatigue, high
temperature creep or dynamic loading [5]. High-cyclic fatigue
is treated as loading that determines the durability and safety of
power plant components working under complex mechanical
and high temperature conditions. Therefore, a number of
procedures and methods for the quantitative description of the
damage degree associated with the impact of mechanical cyclic
loads are being developed and applied to enable monitoring of
the damage development and its dynamics [6]. Authors
investigated damage development under uniaxial loading based
on the registration and analysis of material response changes in
the form of strain, cyclic excitation due to stress control. The
research program included a selection of specimen geometry
and its fastening that prevents buckling during a large number
of symmetrical cycles while maintaining constant stress
amplitude, as well as registration and analysis of deformation
changes in an individual loading cycle. The behaviour of power
engineering steels subjected to high cycle fatigue, (i.e. with a
stress amplitude below the yield strength of the material) can be
divided in terms of damage development mechanisms into two
basic categories. The first one is screening generated by the
local deformations around microstructural defects in form of
pores or metallic inclusions. The second mechanism called
cyclic plasticity is associated with dislocation slips at the level
of local sub grains and grains. In both cases, the strain changes
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measured for the entire specimen volume are the sum of local
strain components developing around defects in the case of
ratcheting or locally developing slips for the cyclic plasticity.
Cyclic loading triggers various mechanisms of damage
initiation and its further development. In the first group of
construction materials, the development of fatigue damage
develops around various defects arising in manufacturing
processes such as casting or thermal treatment. In the second
group of metallic materials, plastic flow takes the role as the
dominant deformation mechanism that results from the
nucleation process, dislocation movement and the activation of
slip systems. The entire process of stable damage development
develops in accordance with the rules of cyclic plasticity. It
should be noticed, that fatigue properties of the power
engineering steels are determined at room temperature. Because
these materials are mainly working at high temperature, it is
necessary to provide sufficient data that would be able to enable
a full description of the P91 steel behaviour under aggressive
environments including high temperature and internal pressure.
It should be highlighted, that in the Polish power plants industry
sector, most of the working components made of power
engineering steels suffer from a high temperature wear and tear
exploitation [6]. Such steels are subjected to excessive working
under high temperature conditions, and thus, their performance
should be monitored in order to avoid serious consequences. In
order to avoid damage problems due to the long term, high
temperature exposure, the proper monitoring of material
behaviour should be performed in every specific period of time.
Such early diagnosis of abnormal states of machinery parts
enables industrial plants to avoid heavy economic losses
involved with the replacement of damaged machines [7]. The
mechanical properties of materials, used for specific
installations in the power plant sector, are determined only on
the basis of single-threaded data collected during standard
uniaxial tensile tests. However, such tests provide only limited
knowledge on material behaviour since the data from the test is
derived from strain gauge only. Such limitations could be
solved by using full-field optical methods, namely electronic
speckle pattern interferometry (ESPI) and digital image
correlation (DIC) [8]. DIC was found as an effective tool to
ensure the reliability of pressure vessels during service.
Although, DIC could be used to monitor full-scale components,
it has a significantly lower resolution than ESPI [8]. ESPI is the
optical technique in which the stress/strain distribution maps
can be determined during fatigue testing for a relatively large
area of the specimen. ESPI technique is based on the
holographic interferometry in which the laser beam distracts
from the optically rough surface. Because it is capable to detect
cracks in actual and residual stress fields [9], this technique has
been widely used to monitor deformation on metallic specimens
including steel [8] and aluminium [9] as well as AA2124/SiC
metal matrix composites [10] or nickel based superalloys [11].
Hence, it has been found as a promising tool in stress
distribution maps determination for P91 steel specimens tested
in different states and in their elastic range. Such maps enable
to investigate the effect of long time operation under the power
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installations conditions on the field strain distributions for each
type of specimen.

Therefore, this paper aims to describe in detail the behaviour of
P91 power plant steel in its elastic range for four different states
of material in order to compare their strain/stress distribution
maps obtained by means of the ESPI technique. The optical,
full-field measurements will provide detailed knowledge on the
strain and stress distribution for the as-received and exploited
specimens, and thus, an influence of a long time degradation on
the material integrity will be assessed.

2. MATERIALS AND METHODS

P91 power engineering steel was studied throughout this
research. The material of the pipe was certified to confirm the
chemical composition presented in Table 1. The hardness of the
as-received material was equal to 250HV10. The material was
supplied in the form of two pipes with the following
dimensions: inner and outer diameter of 78 mm and 90 mm,
respectively, and wall thickness of 12 mm. The first one came
from a steam pipeline element operated for 80 000 hours at an
internal pressure of 8.4 MPa and a temperature of 540°C. The
second one was cut off from a new pipeline. The total number
of 16 specimens were designed and subsequently produced in
the shape and dimensions suitable for the full filed ESPI
measurements (Fig. 1). A single specimen from each kind of
material was used to perform a standard tensile test in order to
evaluate a set of the mechanical properties required to prepare
a loading program for the subsequent optical measurements. In
the next step, two specimens of the material in the as-received
state were annealed at a temperature of 200°C for 10 hours in
order to reduce the residual stress components. Subsequently,
they were subjected to fatigue tests at the stress amplitude of
370 MPa, and then, stopped at the stage of dynamic growth for
the average global strain (measured with an extensometer) in
order to introduce a significant degree of damage with a
tendency to localization. The specimens manufactured from the
exploited pipe were also subjected to annealing (200°C for
10 hours) to reduce the residual stress. The detailed list of all
specimens used for ESPI measurements was presented in
Table 2. Standard uniaxial tensile and fatigue tests were
performed on the MTS 858 testing machine. Uniaxial tensile
tests were carried out at a strain rate equal to 2x107%s . The
fatigue tests were force controlled with zero mean value and a
constant stress amplitude of 370 MPa with a frequency of
20 Hz. The ESPI measurements were performed by using the
Dantec Dynamics Q100 ESPI system. The microstructural
observations and chemical composition analysis were
performed using a Jeol JOL6360 LA scanning electron
microscope (Jeol, Musashino, Akishima, Tokyo Japan) with an
energy dispersive spectroscopy (EDS) attachment (Oxford
Instruments, Oxford, United Kingdom).

TABLE 1. Chemical composition of P91 steel.

Element Wt [%] C Si Mn P S Cr
P91 0.10 0.26 | 048 | 0.01 | 0.01 8.43

Mo Ni Al Nb \Y N Fe

0.90 0.14 0.01 | 0.07 | 0.22 | 0.04 Bal.
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TABLE 2. Specimens used for ESPI measurements

Lp | Notation State of material Heat treatment
1 NP91 1 as-received -
2 NP91 2 as-received -
as-received, annealed, after
3 | NP91_1H . 200°C, 10 h
fatigue
as-received, annealed, after
4 | NP91_2H . 200°C, 10 h
fatigue
80 000 h exploitation at internal
5 EP91_1 -
- pressure of 8.4 MPa at 540°C
80 000 h exploitation at internal
6 EP91_2 -
- pressure of 8.4 MPa at 540°C
80 000 h exploitation at internal
7 | EP91_1H pressure of 8.4 MPa at 540°C, 200°C, 10 h
annealed
80 000 h exploitation at internal
8 | EP91 2H pressure of 8.4 MPa at 540°C, 200°C,10h
annealed
150
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Fig.1. Experimental details: (a) engineering drawing of specimen for
fatigue tests; (b) experimental setup showing position of the ESPI
apparatus; (c) general view of the tested specimens.

3. THEORETICAL BACKGROUND OF ESPI METHOD

The theoretical background of ESPI methodology is based on
the speckle effect. Such an effect occurred during laser beam
distraction from the optically rough surface. As a result of
radiation scattering on the specimen surface, secondary wave
interference occurs. It leads to the formation of characteristic
speckle images.

The speckle position and intensity changes during linear and
angular displacements of the object are recorded during optical
measurement. The fringes can be obtained by the comparison
of the speckle structures of the undeformed material with that
one after deformation. It should be mentioned, that during
speckle displacement measurements on the specimen surface,
the stored frame of the reference structure is continuously

subtracted or added from the dataset obtained at the subsequent
measurement.

The experimental procedure was presented in Fig. 2. Firstly,
during the ESPI measurement, the interference results from the
specimen surface are recorded as speckled images using the
CCD camera. Subsequently, through the subtraction process of
obtained speckle interferograms (before and after loaded up to
a particular load value), correlation fringes are generated.
Mentioned phenomena enabled to obtain a phase map that
present the distribution of displacement and average strain
components in each direction separately. Finally, the field stress
and strain phase maps are determined as a result of
mathematical operations with the fixed boundary conditions
(measurement area dimensions) and the material parameters
(elastic modulus and Poisson ratio).

|

W []cop | =

(
UI I

Fig.2. The experimental procedure of ESPI measurement: recording
of interference results from the specimen surface (I) as speckled
images using the CCD camera (Il) and converter (lll); generation of
correlation fringes through the subtraction process of obtained speckle
interferograms (IV); determination of a phase map presenting the
distribution of displacement and average strain components in each
direction separately (V) and the field stress and strain phase maps
(V).

converter

In order to obtain strain and stress distribution maps for the
plane strain state (1-4) or plane stress state (5-8) the following
relationships are used:
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4. RESULTS AND DISCUSSION

A. Microstructural characterization and mechanical
properties.

The microstructure of P91 steel specimens in as-received and
the post-operational state consists of needle shaped tempered
martensite with carbide secretions (Fig.3). The P91 steel in as-
received condition was characterized by higher homogeneity in
structure and smaller grain size in comparison to the coarse
structure of post-operational material.
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after 80 000 h of exploitation (b).

Selected mechanical properties of P91 steel in the as-received
state and after exploitation were determined based on standard
tensile tests (Fig.4). In order to obtain reliable results, three
specimens were tested accordingly. The average values of
parameters determined from these tests are presented in
Table 3.

TABLE 3. Mechanical properties of P91 steel in the as-received state,
after 80 000h of exploitation and according to the Polish Standards

Rm [MPa] Re [MPa] A [%]
As-received 903 (£7) 661 (£5) 23 (x0.2)
80 000h exploitation 662 (£6) 497 (£5) 24.5 (+0.2)
PN: 10216-2:2004 630-830 >450 17-19
1000
£ 800
=
— 600
8
= 400
L
E 200 ——as-received material
0 ——80000h exploitation
0.0 0.1 0.2 0.3
True strain

Fig.4. Tensile characteristics of P91 steel.

B. Strain fields mapping.

Assessments of the field stress components distributions were
based on the strain field measurements using ESPI camera. The
specimen loading program was carried out in five steps from
0to 2.5 kN. The loading step of 500 N corresponded to the
maximum force, which enabled to maintain a stability of the
interference fringes during optical measurements. The total
strain was measured using an MTS longitudinal extensometer
with a gauge length of 30 mm. The strain maps of all measured

specimens in the loading direction were presented in Fig.5. The
exploited specimens exhibit a similar character of the
deformation development as the as-received ones in the same,
specific loading range from 0 to 2.5 kN. The homogeneous
strain distribution over the entire surface of the gauge part of
the specimen was observed. The variations of measured values
do not exceed 0.035%. The results obtained from ESPI were
also presented in a form of strain profiles along the symmetry
axis (Fig. 6). It should be noticed, that relatively low strain
values were observed near the grips in which the specimens
were clamped. A relatively uniform strain distribution ranging
from 0.20 to 0.25x10° was observed for all specimens in the
central area found between 5 and 25 mm of the gauge length.

o
2

0224

0246

0268

0.280

0312

NP91_1

NP91_1H NP91_1FOH NP91_1H

Fig.5. Distribution of strain fields for the as-received specimen (a);
annealed as-received specimen after fatigue (b); exploited specimen
(c) and annealed exploited specimen (d).

The NP91_1 specimen represented P91 steel in the as-received
state, without any loading history. The strain distribution on the
specimen surface was homogeneous, without visible strain
accumulation and damage initiation (NP91_1). ESPI
measurements for specimen NP91_1H, representing the
annealed material (P91 steel) after fatigue, exhibited a similar
level of average strain as that for the as-received material
observed, however with some smaller variation of values
(NP91_1H). The maximum difference in the strain values for
the as-received specimens was approx. 0.061%, while for the
annealed state this value reached only 0.018%. Specimens of
P91 steel after a long time operation, subjected to annealing at
the temperature of 200°C, exhibited the lowest strain level in
the range of up to 0.08% (NP91_1FOH and NP91_1H).

Such results were comparable with the deformation degree of
the as-received specimens after annealing. Figure 7 presents a
summary of the ESP1 measurements obtained for all specimens.
It is worth to mention, that the strain values captured from the
extensometer measurements were slightly higher for almost all
specimens tested. This could be explained by a slightly smaller
gauge area for the ESPlI measurements. The ESPI
measurements covered the area marked by a frame, which was
within the area limited by the extensometer gauge length in
order to keep a good accuracy. Both measurement techniques,
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applied during the loading up to 2.5 kN gave a strain level of
approx. 0.7 % for all specimens in question. Such result leads
to the conclusion, that the long-time operation did not change
the mechanical response of P91 steel in its elastic range in
comparison to the material without prior loading history. The
strain distribution maps are similar without any clear
heterogeneities on the specimen surface. The optical
measurements did not reveal any areas of a potential crack.
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Fig.6. Strain profiles across the gauge length.
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Fig.7.Comparison of the strain
extensometer and ESPI method.

response measured by the

C. Stress fields mapping.

Based on the strain maps, the stress maps were determined for
all types of specimens. The results indicate the homogeneity of
the stress distribution along the tensile direction in the range of
the applied force equal to 2.5 kN for all specimens. The
distribution of the stress values for individual specimens is
shown in Fig. 8. Although, the strain maps for all specimens
exhibited homogenous distribution of about 0.7%, the stress
maps are different for each condition Such effect can be
attributed to a relatively uniform stress increase over the entire
measuring area. The as-received specimen was characterized by
an uniform stress distribution of about 155 MPa observed on its
surface (NP91_1). It should be highlighted, that the heat

www.czasopisma.pan.pl P N www journals.pan.pl

treatment process performed on the as-received specimen
enabled a reduction of the stress distribution to about 140 MPa
(NP91_1H). A similar reduction was also observed for the
exploited specimen, in which the stress of approx. 165 MPa was
found as slightly lower and equal to 155 MPa (NP91_1FOH
and NP91_1H). The effect of long time exploitation on the
stress distribution of P91 steel was observed thanks to the ESPI
method. The P91 steel operated for 80 000 hours at internal
pressure of 8.4 MPa and temperature of 540°C exhibited a
significant stress increase over the entire gauge. The results
presented in form of stress distribution maps were also
presented as stress profiles in the symmetry axis of each
specimen (Fig. 9). The as-received specimens marked as
NP91 1 and NP91 1H were characterized by a relatively
uniform stress distribution of 145-152 MPa in the central part
of the gauge length. The variations of stress distribution were
observed for specimens obtained from the exploited pipe,
where the stress fluctuations are considerable. It should be
highlighted, that the differences in both, strain and stress
distribution for all specimens near the specimen clamping area
are related to errors resulted from edge effects, that are
commonly observed during ESPlI measurements. The
accumulation of stress on the specimen edges is one of many
reasons why ESPI is used to investigate damage accumulation
near holes [12] and notches [13].

ESPI method was also used to compare the Young's modulus
measurements of different states of material to those obtained
from an extensometer. As it was observed in Fig. 10, the
extensometer-based calculations of elastic modulus always
provided its higher value. This is probably caused by the size of
the gauge area on which the extensometer is recording major
strain changes.

1983
§ 1904
1825
1746
166.7
: 158.8
150.9
143.0

1351

NP91_1

NP91_1H NP91_1FOH NP91_1H

Fig.8. Distribution of stress fields for the as-received specimen (a);
annealed as-received specimen after fatigue (b); exploited specimen
(c) and annealed exploited specimen (d).

The results obtained from such extensometer gauge provide
average strain values from limited strain gauge. On the other
hand, ESPI can monitor the specimen surface and further obtain
displacement maps during its loading. It should be mentioned,
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that ESPI was reported as an effective tool for both, Young’s
modulus and Poisson’s ratio evaluation. Michtchenko [14] used
the ESPI method to compare the calculated and experimentally
captured values of strain. The differences observed for
aluminium, copper and brass measurements were within 5%.
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Fig.9. Stress profiles across the gauge length.
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Fig.10. Comparison of the Young's modulus determined using data
captured by the extensometer and ESPI method.

In the Polish power plant sector, most of the structural
components made of energetic steel gradually lose their initial
mechanical properties due to high temperature exposure and
subsequent wear leading to degradation of the material during
exploitation [5]. In order to avoid the issues related to damage
caused by prolonged high temperature operation, the material
behaviour should be carefully monitored over certain periods of
time. The combination of destructive mechanical tests and non-
destructive ESPI technique will allow to further expand the
knowledge on predicting structural components’ damage
development in their critical wear state. It should be noted, that
the mechanical properties of materials used in specific power
plant installations are determined based on the unit data
collected during standard uniaxial tensile tests only. This
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method provides only limited data by which material behaviour
can be described and predicted inaccurately. The proposed
methodology is therefore very important for the safe operation
of transmission systems, machinery and equipment operating at
high temperatures and complex stress conditions, with
particular emphasis on pre-critical situations. The listed
structural elements made of power steel can be subjected to
various types of loads: static compression / tension, cyclic
loads, creeping load at high temperature or dynamic load.
Therefore, a number of procedures and methods are being
developed to monitor the damage development and its
dynamics. Unfortunately, the available data from the literature
review do not allow to fully understand the mechanisms of
damage and degradation of power engineering steels subjected
to high temperatures and complex stress. The methodology
presented in this work could serve as an effective indicator of
the damage since the strain and stress distribution maps for each
condition of the material could be compared to the as-received
state and therefore, the failure of the material could be avoided.

5. CONCLUSIONS

The main concluding remarks were presented below:

1) The ESPI methodology for full-field stress distribution
measurements enables to assess the homogeneity of the strain
and stress distributions of the tested material as a function of the
loading applied.

2) Such method provided detailed information of the area
tested, and thus, was found to be more effective than the
conventional extensometer technique in terms of material
integrity monitoring.

3) The ESPI measurements exhibited a lack of any visible
effects on the strain distribution maps related to a long time
loading of specimens operation under power installations
conditions for specimens loaded up to 2.5 kN, i.e. forces
corresponding to real conditions in power plants. It was
concluded, that the ESPI technique could be effectively used to
monitor the degradation degree in power engineering steels.
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