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Abstract

The lifetime of dry steam pipes in fossil fuelled power plants in the Central European
region, especially in Hungary, is expected to be about 30 years. Besides gauge changes followed
by metric controlling methods, the microstructure of the steel materials is also deteriorating
due to operation at about 540°C and at about 165 bar. High resolution X-ray line profile
analysis reveals that large grain-to-grain, second-order residual internal stresses develop during
the service period that finally, closer to the end of the expected life period of the materials,
decrease strongly. The evolution of grain-to-grain internal stresses is explained on the basis of
elastic anisotropy of steel, whereas the decrease of these internal stresses is attributed to the
deterioration of the grain boundary structure by precipitate coarsening and void formation
during operation of the dry steam pipes at 540°C and 165 bar.

Key words: lifetime of dry-steam pipe steel, intergranular stresses, second-order stresses,
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1. Introduction

Power generation in Hungary is performed up to
60-65 % in fossil fuelled 20 to 25 years old power
plants. One of the key components of these power
plant types is the dry-steam pipe system connecting
the steam boiler to the steam turbine. In the ma-
jor part of the Hungarian fossil fuelled power plants,
the dry-steam pipes are prepared from the 12H1IMF
type low-alloy creep resistant steel, which has mainly
been fabricated in the former Soviet Union. The key
components of these power plants, including the dry-
-steam pipe systems, were usually designed for 30
years. Safety and reliability measures, however, re-
quire continuous inspection and examination of the
critical components of power plants. The most com-
mon follow up methods are either mechanical invest-
igations for checking gauges and sizes of the differ-
ent components [1], or metallographic procedures for
the characterization of the state of the materials [2—
4]. The main reason of deterioration of the dry-steam
pipe system is creep [1-4]. Accordingly, any method
that can be used to characterize the microstructure of

the materials can be considered as relevant for follow
up and/or checking of remnant lifetime of dry-steam
pipe system in a power plant. In the present work the
method of high-resolution X-ray line profile analysis is
used to characterize the microstructure of dry-steam
pipe materials during long-term service in terms of the
evolution of intergranular II. order residual internal
stresses.

2. Experimental

Low alloy high-strength and high creep-resistant
steel specimens were investigated. One specimen was
prepared from the as-received state of the dry-steam
pipe: initial-state (ISt). Two further specimens were
taken from the tube materials after 154.530h and
220.384h in service, respectively. The specimens are
denoted as: ISt, 154.530 h and 220.384 h, respectively.
In each state of the materials two specimens were pre-
pared: one from the inner and one from the outer
surface region of the tube, where the tube was of
38 mm wall thickness and 325 mm of outer diameter.
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Table 1. Constitution of the dry-steam-pipe steel materials

C Si Mn Cr Mo \Y% Cu P max. S Fe
(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
0.08-0.15 0.17-0.37 0.40-0.70 0.90-1.20 0.25-0.35 0.15-0.30 0.20 0.025 0.025  balance to 100 %

The chemical composition of the specimens is given in
Table 1. The initial state was prepared by normaliz-
ing from 950-980°C and tempered at 720-750°C, and
cooled in air. The operation conditions were at 540°C
and at a pressure of 165 bar. The 10 x 10 x 2 mm? size
specimens were cut from the pipe materials by careful
forging under cooling liquid. For the sake of removing
any damaged surface layer, the specimens were mech-
anically polished and finally electropolished.

X-ray diffraction patterns were measured by two
different X-ray diffractometers: (i) once by a Philips
X'Pert powder diffractometer using Cu Ko radiation
and pirolithic graphite secondary monochromator,
and (ii) once by a special high resolution double crys-
tal diffractomer [5, 6] using Co Koy radiation. In latter
the fine-focus cobalt anode was operated at 35 kV and
30 mA. The symmetrical (220) reflection of a plane Ge
monochromator was used to eliminate the Kas com-
ponent of Co radiation. The cross section of the beam
impinging the specimen was about 0.2 x 2 mm?. Dif-
fraction patterns were measured with imaging plates
(IP) 220 mm long and 100 mm wide, placed in IP hold-
ers curved to 200 mm radius. Two-curved IPs covered
the 20 angular range between 40 and 160°, allowing
the measurement of the first 5 reflections from 110 to
310 of the steel specimens. In the case of the Philips
X’Pert diffractometer the instrumental pattern was
measured by using a NIST SRM-660a LaBg peak pro-
file standard material.

3. Results and discussion

3.1. Qualitative features of the diffraction
patterns obtained by the high resolution
X-ray diffractometer

Typical grey scale IP readouts for the 154.530 h
dry-steam pipe material are shown in Fig. 1 in the
large angle region, i.e. from 95 to 168° in 2. For
the sake of comparison the IP readout of a fine grain
plastically deformed steel specimen (FGSS) is also
shown in Fig. 1b. The IP readouts of the 310 Debye-
-Scherrer lines corresponding to the ISt, 154.530h,
220.384h and FGSS specimens are shown in Fig. 2.
Figures 1 and 2 indicate the following qualitative fea-
tures: (1) The Debye-Scherrer lines corresponding to
the dry-steam pipe materials are spotty, whereas the
one corresponding to the FGSS specimen is smooth.
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Fig. 1. Grey scale imaging plate (IP) readouts for the
154.530 h dry-steam pipe material (a) and a fine grain
plastically deformed steel specimen (b). The IPs corres-
pond to the large angle section of the diffraction patterns
from 95 to 168° in 26, with the Debye-Scherrer ring sec-
tions of the 310, 220 and 211 reflections, respectively. The
IP in (b) is for the purpose of reference where diffraction
spots of individual grains are not visible because of the
fine grain size of the specimen.

(2) The spottiness is best observed in the patterns
of the 310 lines, shown separately in Fig. 2. (3) The
spots are somewhat diffuse for the ISt specimen, they
become widely scattered for the 154.530h specimen
and seem to relax in the case of the 220.384 h speci-
men. (4) The spottiness indicates that the grains in
the dry-steam pipe materials are large and that there
are considerable intergranular, second-order residual
internal stresses in the materials. (5) The qualitative
inspection of Fig. 2 suggests that the intergranular
residual internal stresses are largest in the 154.530 h
specimen.

3.2. Diffraction patterns obtained by the 0-20
and the high resolution X-ray diffractometers

The 60-20 diffraction pattern measured in the
X'Pert (Philips) diffractometer is shown in Fig. 3a.
The inset is the enlarged part of the spectrum in the
large angle region. The figure shows that the diffrac-
tion profile is extremely narrow. The line profiles of
the 110 reflection of the 220.384 h specimen and the
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Fig. 2. IP readouts of the 310 Debye-Scherrer lines corresponding to the ISt (a), 154.530 h (b), 220.384 h (c) and a fine
grain steel specimen (d).
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Fig. 3. Diffraction patterns measured in X’Pert (Philips) 6-20 diffractometer. (a) Diffraction pattern corresponding to the

220.384 h inner-surface specimen. (b) Comparison of the 110 reflection of the 220.384 h inner-surface specimen with the

210 reflection profile of the LaBg NIST SRM-660a standard specimen. (¢) Comparison of the 310 reflection of the 220.384 h

inner-surface specimen with the 500 reflection profile of the LaBs NIST SRM-660a standard specimen. (d) Diffraction

pattern of the 220.384 h inner-surface specimen measured in the high resolution double crystal diffractometer with Co
Kaq radiation.

210 reflection of the NIST SRM-660a LaBg stand-
ard material are shown together in Fig. 3b. The fig-
ure shows that Kaj-as splitting is clearer for the
220.384 h specimen than for the LaBg standard ma-
terial. This means that, at least in this angular range,
the standard material has larger line broadening than
the 220.384h specimen. For this reason, quantitat-
ive line profile analysis cannot be carried out on the

X'Pert #-26 diffraction patterns, at least not by using
the NIST SRM-660a LaBg standard material for the
instrumental effect. In the large angle range the situ-
ation is different. The line profiles of the 312 and the
500 reflections of the 220.384h and LaBg specimens
are shown in Fig. 3c. The figure shows that in this an-
gular range the line profiles of the steel specimen are
slightly broader than those of the standard materials.
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Fig. 4. Williamson-Hall plots of the measured FWHM
(in nm ! scales) corresponding to the diffraction pat-
terns measured in X’Pert (Philips) 6-20 diffractometer,
220.384 h inner-surface specimen (black dots), LaBg NIST
SRM-660a standard (open down triangles). FWHM val-
ues corresponding to the diffraction patterns measured in
high-resolution double crystal diffractometer with Co Koy
radiation (open circles). FWHM values corresponding to
calculated Gaussian instrumental profiles for the high res-
olution double crystal diffractometer patterns (open up tri-
angles), for details see the text.

A typical diffraction pattern measured in the special
high resolution double crystal diffractometer is shown
in Fig. 3d. Each peak in this pattern corresponds to
the diffraction profile of one single diffraction spot in
the IP shown in Figs. 1 and 2. More details about
the evaluation of the IP data are given below. Note
that, because of the Co radiation, only 5 reflections
are measured here. For the sake of the qualitative cla-
rification of line broadening effects in the dry-steam
pipe steel materials, Williamson-Hall plots [7] of the
FWHM are shown in Fig. 4. The figure shows that the
FWHM values of the 220.384h (full dots) and LaBg
(open down-triangles) X’Pert data are crossing each
other, in correlation with the qualitative behaviour

shown in Figs. 3a—c. Note that the FWHM values cor-
respond always to the Ka; components only. In the
same figure the FWHM values measured in the high-
-resolution diffractometer (open circles) are consider-
ably smaller than any values measured in the X'Pert
diffractometer. Since, however, line broadening for the
dry-steam pipe steel materials is so small, the instru-
mental effect in the present case cannot be neglected.
Taking into account (i) the parallel beam geometry,
(ii) the narrow spot size on the specimen, (iii) the pixel
size of the IP, which is 50 pm in the present case, and
(iv) the spread function as 3 pixels on the IP, Gaussian
instrumental profiles have been constructed numeric-
ally. The FWHM values of these instrumental profiles
are also shown as open up-triangles in Fig. 4.

3.3. Intergranular, second-order residual
internal stresses

For the evaluation of the intergranular, second-
-order residual internal stresses, the IP data are nu-
merically divided into narrow, typically 11 parallel
stripes, as shown schematically in Fig. 5. Integration
along the Debye-Scherrer arcs is carried out within
each stripe, providing 6-20 intensity distribution pat-
terns in which the peaks corresponding to individual
grains can well be observed. Four and five typical pat-
terns of the 310 reflections for the ISt, the 154.530 h
and the 220.384 h specimens are shown in Figs. 6a—c,
respectively. The average position of the 310 reflection
in all three states of the specimen is 26,, = 160.95°.
The shifts of peaks or shoulders corresponding to indi-
vidual grains, relative to 20,,, are caused by the grain-
-to-grain, intergranular, second-order residual internal
stresses. The positions of the peaks and/or shoulders
have been evaluated numerically for as many peaks
and shoulders as possible for the three states and for
the inner and outer surface parts of the dry-steam
pipe materials. The histograms of the frequencies of
peak/shoulder positions around 26, for the three dif-
ferent outer surface specimens are shown in Fig. 7. The
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Fig. 5. Schematic drawing of the division of IPs into narrow, typically 11, parallel stripes for the purpose of evaluating
the grain-to-grain residual internal stresses.
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Fig. 6. Typical patterns of the 310 reflections correspond-

ing to individual grains in the specimens, for the ISt (a),

the 154.530 h (b) and the 220.384 h (c) specimens, respect-
ively.

solid curves in the figures are fitted Gaussian curves
to the measured histograms. The widths (or the vari-
ance) of these fitted Gaussian curves are considered
as the measure of the intergranular, second-order re-
sidual internal stresses: Ao pmess. The instrumental ef-
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Fig. 7. Typical histograms of the frequencies of peak or

shoulder positions around the average positions of the 310

diffraction peaks, 20,y, for the three different outer surface

ISt (a), the 154.530 h (b) and the 220.384 h (c) specimens,
respectively.

fect causing an uncertainty in the residual stress meas-
urements is: Acouncert = +£50 MPa. This is taken into
account by subtracting an offset of Acofset = 2 X
Ao uncert = 100 MPa from the measured, Ao pmeas, av-
erage stress values. The differences between the meas-
ured and offset values are considered as the true in-
tergranular, second-order residual internal stresses:
Ao = AGmeas — A0 ofiset, prevailing in the dry-steam
pipe materials after unloading and cooling to room
temperature. These values are plotted in Fig. 8 as a
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Fig. 8. The true intergranular, grain-to-grain, second-order

residual internal stresses: Ao, prevailing in the dry-steam

pipe materials after unloading and cooling to room tem-

perature as a function of service period. The connecting
lines are only to guide the eye.

function of service periods for the inner and outer sur-
faces of the dry-steam pipe materials.

3.4. The origin of intergranular, second-order
residual internal stresses

As stated in the introduction, the initial state
of the materials was prepared by normalizing from
950-980°C and tempering at 720-750°C, and slow
cooling in air to room temperature. The purpose of
this treatment is to anneal out all kinds of internal
stresses from the materials. The X-ray data presen-
ted in Figs. 4a and 8 show an evidence that the ISt
of the materials, within experimental error, is exceed-
ingly strain or stress free. After 154.530h in service,
however, large grain-to-grain, second order residual
internal stresses develop, as is clearly evidenced by
Figs. 2, 4b and 8, respectively. The evolution of these
second order stresses, Aoy, is explained as follows.
The present steel has a strong elastic anisotropy. The
elastic constants are: ¢;; = 231.4, ¢1o = 134.6 and
caa = 116.4 GPa [8], from which the Zener constant
ist Az = 2c¢44/(c11 — c12) = 2.51. The largest and
smallest Young’s moduli are: Eyy; = 132.4 GPa and
Ei111 = 283.3 GPa [9], respectively. Under service con-
ditions at 540°C at a pressure of 165 bar the opera-
tional tearing stresses are o = 70 MPa. Elastic an-
isotropy, especially the large difference in the values
of Young’s modulus render the materials to follow
Masing’s behaviour [9]. The grain orientation is sor-
ted by the direction of the tearing stress, or. Grains
oriented with [001] or [111] parallel (or close to paral-
lel) with o, respond as soft or hard grains, respect-
ively. The stress-strain response of the two types of
grains is shown schematically in Fig. 9. The heavy
solid and dashed lines are the stress-strain responses
of the hard and soft oriented grains with Ey1; and Eyoy

Fig. 9. Schematic stress strain response of two types of
grains with large and small Young’s moduli, Fi11 and
Eoo1, respectively. The heavy solid and dashed lines are
the stress-strain response of these two types of grains. ¢t
is the total strain, whereas ¢ is the residual strain after
unloading, i.e. the strain corresponding to stress equilib-
rium after unloading and cooling. Acgo1 and Aoi11 are the
schematic forward and backward residual internal stresses
remaining and acting between the two grain types after
unloading and cooling.

Young’s moduli, respectively. Since the deformation
process in the present case is elastic plus creep below
the yield stress oy, the o-¢ response is shown below
oy. For simplicity it is assumed that the two grain
types are strained in parallel up to eot. The more ex-
act treatment would need the self-consistent elastic-
-plastic descriptions, that, however, would provide the
same qualitative conclusions. After cooling and un-
loading the remaining strain, €9 is determined by
stress equilibrium between the forward, Aocgg, and
backward, Aoc111, grain-to-grain, second-order resid-
ual internal stresses. In the simple model presented
here it is assumed that the two different grain types
yield approximately at the same stress. This is most
probably true since the present material, at least in
its initial state, is a strain and stress free precipita-
tion hardened creep resistant steel.

The decrease of Aoy from 154.530h to 220.384 h
of service is explained in the following way. For the
formation of Aoy it is assumed that during cooling
and unloading the two different, hard and soft types
of grains, strain each other without any grain bound-
ary sliding between them. This mechanism presumes
that the grain boundaries are strong sites in the mater-
ials holding adjacent grains firmly together. In the last
state, i.e. after 220.384 h in service, however, the ma-
terial reaches close to the end of the stationary creep
state. There is TEM evidence for precipitate coarsen-
ing at the grain boundaries, which is most probably
accompanied by some void formation, also along the
grain boundaries. Two typical TEM micrographs cor-
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Fig. 10. Typical TEM micrographs showing the grain boundary structure in the ISt (a) and the 220.384 h (b) specimens,
respectively.

responding to the states after 154.530 h and 220.384 h
of service are shown in Figs. 10a and 10b, respect-
ively. These two processes, i.e. precipitation coarsen-
ing along the grain boundaries and void formation
also mainly along grain boundaries, are a consequence
of creep deterioration, which destroys grain boundary
adherence. Deterioration of grain boundary structure
allows for grain boundary sliding or slip, which relaxes
the magnitude of Aoy, as shown in Figs. 6¢ and 8. Ex-
actly the same argument can be used to understand
the relatively large difference between the Aoy values
after 154.530h in service in the inner and outer sur-
face regions of the steam pipe, i.e. Ao v = 45 MPa
and Aorr,out = 110 MPa, respectively. The deterior-
ation of grain boundary adherence in the present case
is most probably a diffusion controlled creep process.
The outer surface region of the pipe operates at a lower
temperature than the inner surface. As a consequence,
the inner surface is somewhat ahead of the outer sur-
face, as far as the creep process is concerned. After
220.384 h service, both the inner and outer surfaces
are close to the end of the stationary creep life of the
materials. In this latter case, grain boundary adher-
ence has deteriorated to such an extent that only a
reduced amount of Ao remains in the pipe materials
after cooling and unloading.

4. Conclusions

Dry steam pipe steel materials operating in fossil
power plants are exceedingly strain free in the ini-
tial state. After about 150.000h in service, which is
of about 2/3 of the expected lifetime, large grain-
-to-grain second-order residual internal stresses are
built up in the material. These internal stresses de-
velop as a consequence of elastic anisotropy of iron
and the Masing behaviour of polycrystalline materials.

The internal stresses are evolving at the temperature
and under the stress acting during service, however,
they can be observed and measured after unloading
and cooling to ambient temperatures. Closer to the
end of the expected lifetime of the materials, after
about 220.000 h in service, the grain-to-grain internal
stresses are strongly reduced. Reduction of these in-
ternal stresses is an indication of the deterioration of
grain boundary structures by precipitation coarsening
and void formation along grain boundaries.
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