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Cracking of Welded Structures in Power Engineering

Systems

Abstract: An increase in demand for electric power necessitates the revamping
and construction of systems characterised by increasingly high efficiency. The
construction of power units exposed to supercritical and ultra-supercritical pa-
rameters requires the use of new technologies and materials. The study presents
two examples concerned with the cracking of boiler systems related to the use
of a new hybrid welding technology and the use of a new material, i.e. Alloy 59.
It was ascertained that the use of state-of-the-art technologies and materials is
justified, yet requires the analysis and verification of designs assumptions and

operating conditions.

Keywords: power generation systems, membrane walls, hybrid welding,

Alloysg

DOI: 10.17729/ebis.2018.5/22

Introduction

The ever-developing civilisation entailing the
development of economy increases demand
for electric energy. Presently, to secure their
development (or even existence), economies
need reliable systems enabling the generation
and transfer of energy [1,2]. Growing demand
for electric energy combined with EU regula-
tions concerning the increased thermal efficien-
cy of power units and the reduced emission of
noxious gases into the atmosphere necessitate
the revamping of the power generating indus-
try. One of the methods making it possible to
meet the aforesaid challenges is an increase in
steam parameters and, consequently, in ther-
mal efficiency. However, the obtainment of net
efficiency exceeding 50% requires the use of
new technologies and materials characterised

by higher high-temperature creep resistance
and heat resistance than those used previous-
ly [3, 4].

The use of new manufacturing technologies
and new materials requires not only the devel-
opment of a related welding procedure qual-
ification but also allowing for changes in the
boiler structure. Failure to adapt the structure
of the boiler and its operating conditions to
the new technology and materials could lead
to serious failures during the construction of
the boiler or the operation of the entire system.

The article presents exemplary problems re-
lated to the stress corrosion-triggered cracking
of tight wall tubes as well as reasons for the ir-
reversible damage to protective layer of the flue
gas desulphurisation (FGD) scrubber (in the
flue gas wet desulphurisation system).
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Identification of reasons for the
cracking of gas-tight walls

Tight (gas-tight) walls, also referred to as mem-
brane walls, are used in state-of-the-art wa-
ter-tube boilers, providing the boiler with
tightness on the flue gas side and increasing
its general efficiency. The making of tight walls
involves the joining of such elements as flat bar-
tube-flat bar-etc. (approximately 12 tubes), to
panels being approximately 25 metres in length.
Usually, membrane wall panels are joined using
the submerged arc welding process [5].

The Energoinstal company, when join-
ing individual elements of a panel, uses one
of the most technologically advanced weld-
ing methods, i.e. Laser + MAG hybrid weld-
ing [4, 5]. Advantages resulting from the use
of the above-named technology include not
only an increased welding rate (exceeding 4
m/min) but also the significant extension of
production potential. The new welding tech-
nology is characterised by a very narrow heat
affected zone (below 1 mm), enabling the re-
duction of the tube wall thickness and leaving
a minimum 2 mm of a material not subject-
ed to heat treatment (Fig. 1a). The use of the
above-named technology makes it possible to
reduce the weight of boiler gas-tight walls by
30%. Another advantage of the hybrid welding
technology is the possibility of joining elements
having various wall thicknesses, e.g. a tube hav-
ing a wall thickness of 3 mm and an 8 mm thick

flat bar (Fig. 1b). When using a conventional
welding method, e.g. submerged arc welding,
the making of the aforesaid joint satisfying the
requirements of related technical regulations
(e.g. PN EN ISO 12952, VGB -R 501 H) is diffi-
cult because of the HAZ width and the possible
burn-through of the tube. Another advantage
of the new welding method includes the possi-
bility of welding tight wall panels characterised
by a very low scale, i.e. the width of the flat bar
not exceeding 20 mm (Fig. 1c) [5].

The Energoinstal SA company made gas-
tight walls of a water-tube boiler having an as-
sumed thermal power of 115 MW. According
to related documentation, the above-named
walls were composed of tubes having a diam-
eter of 76.1 mm and a wall thickness of 4 mm
made of steel P265GH TC1 and a 6 mm thick
flat bar made of steel P265 (two-sided welded
joints were characterised by full penetration).
The welding of the tube with the flat bar was
performed using a hybrid (Laser+MAG) weld-
ing method, qualified and approved by a related
notified body. During the start-up and the ini-
tial operation of the boiler, the tube surface (of
the walls) revealed the presence of cracks. The
analysis concerning the reasons for the forma-
tion of the cracks was performed by the Insti-
tute of Materials Engineering at the Faculty of
Materials Engineering of the Silesian University
of Technology (Instytut Inzynierii Materialowej
Politechniki Slaskiej, Wydzial Inzynierii Ma-
terialowej i Metalurgii). The tests in-
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volved specimens cut out of damaged
fragments of the tight wall (Fig. 2).
Structural tests involved the prepa-
ration of metallographic specimens
subjected to etching in 5% Nital for 10
seconds. The initial observations of the
structure were performed using a stere-
oscopic microscope (SM) and magnifi-
cation of up to sox. Exemplary results

buas of the observations are presented in Fig-

Fig. 1. New possibilities in the welding of tight wall panels using

the Laser + MAG hybrid method [5]
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ure 3a. Observations involving magni-
fication of up to 500x were performed
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using a light microscope (LM) and

the bright field technique (Fig. 3b).
The metallographic tests were sup-
plemented by observations involv-
ing the use of a scanning electron
microscope (SEM) and the second-
ary electron technique SE (magni-
fication restricted within the range
of 50x to 1000x (Fig. 3 c-d).

The tests along with the analy-
sis of their results revealed that the
two-sided welded joint of a gas-
tight wall (tube-flat bar) made
using the MAG + Laser hybrid
welding method was proper, free
from welding imperfections and
satisfied the requirements of qual-
ity level B according to EN ISO
13919 (Fig. 2).

The joint structure was typical of
hybrid welding. The joint was com-
posed of three characteristic zones,
i.e. the base material having the fer-
ritic-pearlitic structure character-
ised by the band-like morphology,
ferritic-bainitic heat affected zone
characterised by morphology con-
sistent with the welding thermal cy-
cle (HAZ width below 1 mm) and
the weld having the ferritic-bainit-
ic structure in the columnar arrangement of pri-
mary austenite grains (Fig. 2).

The macro and microstructural tests of the
joint did not reveal the presence of welding im-
perfections such as cracks, incomplete fusions
or other forms of discontinuity in the joint area.
The detected cracks of the tube were located
outside the zone of structural transformations
triggered by the hybrid welding process (ap-
proximately 3.2 mm away from the end of the
weld and 2.3 mm away from the end of the heat
affected zone), in the zone of the material con-
taining the granular ferritic-pearlitic structure
and were not connected with the welding of the
tube-flat bar joint (Fig. 3a,b).
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Fig. 2. Specimen sampling area

Fig. 3. Structure of the tube-flat bar joint in the area of the detected crack
a) crack areas with corrosion pits and the crack on the side exposed to
flue gas (SM), b) crack in the material of the tube exposed to flue gas
(LM), c) crack on the surface of the tube with corrosion products and
corrosion pits (SEM), d) crack initiated on the surface with the visible

small scrap-induced cracks (SEM)

The crack was triggered by stress corrosion,
i.e. the process in which an element is dam-
aged beyond repair as a result of the simulta-
neous effect of static tensile stresses and the
corrosive atmosphere. Usually, a crack is ini-
tiated in corrosion pits on the tube surface on
the side exposed to flue gas and propagates
along grain boundaries in the form of the pri-
mary crack and scrap-induced cracks (Fig. 3c,
d). The above-presented manner of cracking
is characteristic of stress corrosion affecting
ferritic-pearlitic steels. Usually, the process of
corrosion is very fast, with cracks propagating
perpendicularly to the axis of tensile stress-
es [10].
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Cracking of the layer protecting the
FGD scrubber

Materials used when making the plating of FGD
scrubbers are selected in relation to corrosive
factors, operating conditions, system structure
and general economic aspects. Typically, steels
used in the above-named process include aus-
tenitic steels (3137LMN, 9o4L) and duplex steels
(e.g. 2205, 2507) as well as (less frequently) nick-
el superalloys (e.g. Inconel 625, Alloy C-276,
Alloy 59), used in the most severe conditions
(Fig. 4) [6, 7]. The interaction of chlorides, ac-
ids, temperature and a flue gas desulphurisation
technology are decisive for the aggressiveness
of corrosive media (e.g. fluid in the
sprinkler and in the absorber or ~ #
purified gas condensate). —
In the flue gas wet desulphur-
isation system, the passes were
plated with 2 mm thick sheets E
made of Alloy 59 (nickel alloy). "
The plates having dimensions of
3000 mm X 1000 mm were bond- i
ed with the base (steel S235) us- E
ing a 1.5 mm high TIG girth fillet -
weld (argon-shielded TIG weld-
ing performed using a tungsten
electrode). The sheets were addi-
tionally tacked using uniformly
arranged (in two rows) plug welds.
A covering sheet was welded onto
each joint in order to separate
welds bonding the sheets of the
pass housing made of steel S235
and the sheets of the plating made
of Alloy 59 (because of the in-
creased content of iron in the weld
following the stirring of the mate-
rials being joined). The assumed
temperature of flue gas in pass-
es amounted to 170°C. The hori-
zontal surface of the passes plated
with the sheets made of Alloy 59
was cyclically sprinkled with wa-
ter to remove desulphurisation

rezhos
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product deposits (Ca(SO4)e2H20, CaSOg4,
CaCO3 and Ca(OH)2). The periodic check of
the system revealed numerous cracks both in
the girth and plug fillet welds (Fig. 5a).

The metallographic tests of the test welded
joints were performed using metallographic
specimens subjected to electrolytic etching in
Lucas reagent. Macrostructural observations
were conducted using a stereoscopic micro-
scope and a magnification of up to 50x (Fig.
5b,c). The microstructural tests were performed
using a scanning electron microscope (SEM)
and the electron backscatter diffraction tech-
nique (Fig. 5d).
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Fig. 4. Materials recommended for the making of the plating of scrubber
flue gas passes in relation to the work environment [8]

Fig. 5. Cracks on the surface of the protective layer made of Alloy 59: a)
longitudinal crack of the girth weld, b) macrostructure of the damaged
joint (SM), c) fatigue crack in the sheet-base joint area, d) low-cycle fa-
tigue crack initiated on the notch in the weld
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The visual tests of the damaged joint revealed
that the crack was located in the weld axis (Fig.
sa). The location of the crack and its rectilinear
trajectory indicated that the crack was induced
by low-cycle fatigue triggered by stresses and
strains of the joint during its operation (Fig. 5b).
The protective sheet made of Alloy 59 was heat-
ed by flue gas to a temperature restricted within
the range of 170°C to 190°C and, next, cooled by
water from the sprinkler several times per hour.
The stiffening of the plating structure by means
of longitudinal girth joints (2 mm thick sheet
made of Alloy 59 and 8 mm plate made of steel
S235JR), Alloy 59+Alloy 59 lap joints and plug
welds led to cyclic stresses and strains of the
entire plating and, consequently, to the crack-
ing of the welded joints (Fig. 5c). The fatigue
nature of the cracks is demonstrated by their
specific trajectory (characterised by changing
directions) (Fig. 5d).

As a result of the formation of the fatigue
cracks in the welds of protective sheets, water,
desulphurisation products and flue gas entered

Fig. 6. Corrosion of the elements of the flue gas pass of the FGD scrub-
ber: a) corrosion pits in the heat affected zone of the weld, b) products of
corrosion and flue gas desulphurisation under the protective sheets and

covers made of Alloy 59
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beneath the sheets. The stirring of the materi-
al in the welds bonding the sheets made of Al-
loy 59 and steel S235]R led to their decreased
corrosion resistance. In addition to low-cycle
fatigue, factors quickening damage (beyond re-
pair) to the plating on the pass floor included
surface pitting corrosion (Fig. 6a) and uniform
corrosion (Fig. 6b).

The metallographic tests were supplement-
ed by the microanalysis of the chemical com-
position performed using a Hitachi S3400N
scanning electron microscope (SEM) provid-
ed with the system enabling the performance
of the EDS-based microanalysis of the chemical
composition. Exemplary linear distributions of
elements in the joint are presented in Figure 7.

The analysis of the linear distribution of pri-
mary alloying elements (Fe, Ni, Cr) confirmed
the stirring of Alloy 59 and steel S235JR in the
welded joint, resulting in the decreased corro-
sion resistance of the joint in comparison with
that of Alloy 59 alone (Fig. 7).

Summary

Important components in the
boiler-related part of state-of-
the-art power units include tubu-
lar elements of heat exchangers
(primarily superheaters), thick-
walled live steam pipes, finned
tubes and membrane tight walls
[9]. The construction of state-
of-the-art power unit structures
characterised by an efficiency of
above 50% involves the use of in-

novative fabrication technologies
as well as materials characterised
by high-temperature creep re-
sistance and heat resistance. The
use of the above-named technol-
ogies or new materials should be

S S e G (] |j:|-|_1r‘i’|‘

preceded by the precise analysis of
design and structural assumptions.

Fig. 7. Results of the linear microanalysis of the chemical composition
(AL Si, Cr, Fe, Ni and Mo) of the joint made of Alloy 59 and steel S235JR
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The study of cases presented in the
article unequivocally indicates that
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it is not possible to implement changes in the
manufacturing process or materials without
the thorough analysis of the entire power unit
structure and changes in operating conditions
triggered by technological and material-relat-
ed changes.

The analysis of the cracking of membrane walls
welded using a new hybrid technology (Laser +
MAG) revealed that detected cracks in the tube
were located outside the zone of hybrid weld-
ing-induced structural changes, in the zone of
granular ferritic-pearlitic structure and were
not related to the welding of the tube-flat-bar
joint (Fig. 3a, b). The crack was triggered by
stress corrosion.

The rupture of the welded joints of the plates
protecting the flue gas passes of the scrubber
made of new Alloy 59 occurred as a result of
low-cycle fatigue triggered by the stiffening of
the plating of the flue gas pass by the longi-
tudinal joints of Alloy 59 and steel S235]JR as
well as of lap joints and plug joints, which, in
the conditions of the cyclic cooling of the plat-
ing by the sprinkler resulted in the generation
of stresses and strains. At the first stage of the
process, the rupture resulted from the longitu-
dinal cracking of Alloy 59+Alloy 59 welds in-
duced by low cyclic stresses and thermal strains
(Fig. 5a, d). The above-named cracks were re-
sponsible for the depressurisation of the pass
plating allowing aggressive media, containing
sulphur, HCL and HF entered underneath the
strips (Fig. sb, ¢), leading to the faster (corro-
sion-triggered) damage to the welds joining Al-
loy 59 with steel S235]JR at the second stage of
the process (Fig. 6a, b).

The analysis of the above-presented cases
demonstrated that in terms of welded struc-
tures it was necessary to take into consideration
all aspects of the system, i.e. not only techno-
logical or material-related but also structural
ones. In the elements subjected to the tests, the
primary reason for cracking was not the appli-
cation of the new technology or the use of the
new material, but the implementation of the
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aforesaid innovations without previous anal-
ysis and changes in design design/structural
assumptions.
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