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Abstract

A severely damaged low carbon steel boiler tuleas the object of this
investigation. Detailedmicrostructural characterizatiowas performed by optical
microscopy, whereas scanning electron microscopy (S&ds applied only in a few
cases. Results show that a variety of microstructures was formed in the material of the
damaged boiler tube during its exploitation. The failure of the tube is the result of very
inhomogeneous overheating. The side of the bdailee toward fire ) was exposed to
high overheating temperature, which in some locations was well above the A
transformation temperaturelhe side toward boiler BL) was subjected to lower
temperaturesi,e. in the region mostly between;And A temperatures. Variations in
temperatures and cooling rates, which resulted in microstructural inhomogeneity, are the
main cause for the formation and multiplication of stresses leading to the rupture of the
tube.
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Introduction

The boiler tubes, designed to be exploited for a long period, operate in complex
conditions involving high temperature, pressamnelcorrosive environment. @& or more
of these mechanisms are responsible for microstructural changes causing failure of the
tubes. The failure of the tubes occurs when the effective straregtithe load-bearing
capacity of the tubes, falls below a critical level determinedonyponent geometry and
strength of the material [1]. Avoidance of such failure is of great importance since the
failure results in a shortage of electric power and loss of industrial production.

Boilers and other types of stegmower plant equipment are gabt to a wide
variety of failures involvingone or more of several mechanisfgs Overheating is one
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of the main causes of the failure of boiler tubes. Approximately 39% of boiler tube
failures are related toverheatind3]. Fatigue and corrosion fatigarelisted as the next
common cause of failure. Hydrogen damage of boiler tubes is caused by a corrosive
reaction between steam or cooling water and steel:

3Fe + 4HO = FesO4 + 8H 1

The precipitation of molecular hydrogen (or methane), accordingldtion:
4H" + FesC = 3Fe +CHs 2

occurs along grain boundaries, causing decarburization [4]. Tubes that have
undergone this type of damage show a characteri
portion of the tube was detached [5].

This investigation aine to perform the microstructural characterization of the
ruptured boiler tube. The idea was to provide results and discussion, which might serve
not only as of the basis for creating a clearer picture of the causes involved in failures of
the boilertubesbut also in preventing these failures.

Material and methods

Brand DIN 15Mo3(seamless tubes fagerviceat elevated temperaturedus
Standard, steel mark C.B.5.022orresponds most closely to the low carbon steel
structure. According to thepectrophotoretric analysisthe chemical composition (in
wt.%) of the boiler tube was as follow&12C, 0.38Si, 0.90Mn, 0.05B,014S, 0.04Cr,
0.02Ni, 0.45Mo.

The method ofoptical microso py (opti cal mi)wasosedoo pe fARei cher !
microstructural examinationdMetallographicpreparation was carried out using the
standard procedurd,e. grinding and polishing. Microstructuraxaminationswere
performedonbothpolished samples (without previous etchirag)d samples etched after
previouspolishing.A 1% solutionofni t r i ¢ aci d i wasusédoretthmd ( ANiIi tal o)
Scanning electron itroscope (SEM JEDL JSM 5800L was usedo a very limited
extent.Vickers macrohardnesseasurements were performecs i ng t he A Car | Franck
hardnesgester withanappliedload of 5 kg an@0 s dwelling time.

Results and discussion

Visual inspection
The tube has suffered significant damgigig. 1). This type of damage is known
asa fiwindowo fracture.
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Fig. 1 Damaged boilertube howi ng a fiwi ndowo fracture.
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By observing the crossection of the tuhdt can easily be seen that half of the
crosssectionof thetubesegment facing the firghereinafter referred to & was thinner
than the parfacing thewall of the boiler (mar&dasBL). The measured thickness of the
tubewalls at different crossectioral areass shown inFigure 2.
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Fig. 2. The thicknessf the tube walls at different cresgctional areas.

The results of these measurements show that the wall of sddinner than that
of sideBL . Erosion and corrosion are mechanisms that can cause thinning and subsequent
rupture. Overheating may or may not occur in tubes thinned by erosion and coBhsion

The outer and inner walls of the tube are covered with oxide layers. The oxide
layers of the inner wall df andBL sides are partially scaled and fell off from the wall
as opposetb thecompactcoating on the outer wall of the tube.

The fractured the walls are flat, with sharp edges, and also covered with oxides.
SideF is slightly swollenin adirectionto the fracture.

Method of sampling and marking for microstructural investigation

The methodof cutting and marking aamples for microstructurakaminationis
shown schematatly in Figure3a.Also, aschematic presentation of thesssectionof
segmeni with markedsections of individual sampléspresented ifigure 3b.Sections
from 1-4A (toward fireF) and5-7A (toward boilerBL) indicate thelocationson the
crosssection of the segment thaereexaminedusing an optical microscope.
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Fig. 3. a. Method of sampling and marking for microstructural examinations
b. schematic presentation afcrosssectionof segmen# with markedsections:section
la(nonetched oxide layer); sectio®a and6a (etched oxide layer).

Metallographic characterization of segmekin nonretched condition

The sample corresponding to sectiba(in Fig. 3b) was only polished (Fig. 4).
Oxide layerontheouter am inner partof the sideF are clearly visible. The thickness of
the oxide layer ofthe outersurface is much higheagproximately200 um) than that of
theinnerpart of the tube (leskan 30 um). This thinning is ascribed to scaling and falling
off the oxide due to erosion by cooling water. Inclusions may be seen in the space between

the outer and inner walls of the tube.
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Fig. 4 Noretched sample. Oxide layers of sectl@nsideF; (marked inFig 3b); a.
Outer wall; b. interior part; c. inner wall.



M. J o veaal oOpticdl Microscopy as &imple Methd for Analysis &Boiler é 305

Observation of oxide layer after etching

Oxide layers afteetchingof F andBL sides (section8a and6a in Fig. 3b) are
illustrated in Figure 5dl.

Following the visual inspectiagrdents and holes may be seanthe inner wall of
bothF andBL sides (Fig. 5b, c). These defeafypeared as@nsequence of the scaling
and dropping of oxide debrié portion of the innerwall of sideF hasa sporadic saw
like shape, which is seen iRigure H. It wasdifficult to detectthe presencef oxideon
this section of the wallhichindicatesthat the oxide layer has been remofgdrosion
As a result otorrosion,an oxide strip ofvidth between 30 and0 nm is detatied from
the surface aheinnerwall of sideBL (Fig. 5¢) The outer wa#i of both sdesarecovered
with an oxide layer and itshicknessvariesbetween5 and 25mm (sideBL) and 10 to
40mm (sideF). The oxide layer of theuterwall of sideBL (Fig. 5d is more compact
and uniform than theorresponding oxide layef side F (Fig. 5a). Comparing oxide
thickness and morphology from different sections of the tube walls (Figs. 4 and 5) it
follows that oxide layers are nonhomogeneous varyingpéwide range of thickness.
These results also indicate that siéeing exposed to a higher temperature, was more
prone to oxidation and corrosion processes.
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Fig. 5. Etched samples. Oxide layers of sectiBasand6a(marked in Fig. 3b); OUT
and IN denote outer and inner wallslofindBL sides.
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Microstructural investigation of segmeft

Figure @af) illustrates microstructural characteristics of didef thesegmenf.
Rather heterogeneous structure may be ge#rese micrographs.
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Fig. 6 Microstructures of different sections of skilef segmen#. a. and b. section
1A;c. section2A; d. and e. sectioBBA; f. sectiondA; (see Fig. 3b). Bhainite; ID-
idiomorphicferrite; AF-acicular ferrite; ring denotes a previous austenitic grain; GBA
grain boundary allotriomorphic ferrite; BBbundles of bainitic laths; Ferrite; P-
pearlite; IWFintragranular Widmanstatten ferrite; BWBlock of Widmanstatten
ferrite.
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Acicular ferrite and bainite prevail ifrigure 6a, although idiomorphic ferrite is
also visible. Bundle of bainitic laths, formedthin the previous austenitic grains [6], is
present in thecentralpart of section1A (Fig. 6b). In additionallotriomorphicgrain
boundary ferrite als@ppeas in the microstructure, although the presence of a small
amount of martensite cannot be excluded. A wmjlar microstructure exists in section
2A (Fig. 6¢).

These resultshowthat a portion of sidé was at high temperaturee. in the
singlephase austenitig)(region (above temperatureg)Alt is possible that at the moment
of tube rupture this part of side (sectionslA and2A) was exposedo atemperature
higher than 870C (see positioma in Fe-C phase diagram, Fig. 7), and the rapid cooling
by the cooling water produced the bainitic transformation. This structure is also present
at room temperature.
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Fig. 7 Schematic presentation of expected microstructural features after cooling from
different temperatures.

Microstructures of sectiorA and4A differ from those of section$A and?2A.
Actually, the microstructure of secti@®f, except polygonal ferrite grains and pearlite,
contains block# which ferrite has aharacteristienorphology(Fig. 6d, €). This type of
ferrite, known as intragranular Widmanstatten ferrite, is mostly formed within previous
austenitic grains and appears in distinctive blocks][7Tl8@is structure suggests that the
sample from sectior3 was cooledwith the relatively high rate from a temperature
corresponding to the twphase ferrite §) + austenite d region, above the A
transformation temperature (positibrin FeC phase diagram, Fig. 7). In thisgion the
primaryferrite begins talevelop inside the austenite grains. When the rupture of the tube
occurred, water flooded the ruptured area and ferrite in some austenite grains quickly



308 Metall. Mater. Eng Vol 25 (4) 2019 p. 301-313

grew into some preferred orientations inside the grain forming laths and plates of
Widmanstatten ferté that tend to be aligned along the same direction within one grain
[9]. Below A; temperature, the remaining austenite transforms anfime and rather
mesy pearlite, and Widmanstatten block reaches its final morphology. Note that almost
in each ferritggrain, at least one inclusion is visible. These inclusions serve as nucleation
centers (seeds) fahe formationof proeutectoidacicular ferrite in the region above the
Astransformation temperature [10]. The location of stdeorresponding to sectioif,

is distinguished by completely different structure (Fig. 6f). A very-rened ¢10um)
ferritic-pearlitic structure may be seen. It may be supposed that a part df side
exposedo atemperaturén thehigh two-phase ferritiepearlitic region (ge positiorcin

Fig. 7), and then waspoled at aigherrate, so the fingrained structure was obtained.

In general, the entire range of microstructures of $ideestifiesto different
temperatures and cooling rates at which individual sections of the tube were subjected. It
should be emphasized that a variety of microstructures were formed in sections where
mutual distances were less than one or two centimeters.

The average drdness of sidé is 185HV. The microhardness measurements
would certainly reveal the difference in hardness between sections with different
microstructural features.

A mixture of different microstructural features is typical for the whole eross
section ofsideBL (Fig. 8ad).
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Fig. 8 Microstructures of different sections of sile. a. and b. sectioBA; c and d
section7A (see Fig. 3b).
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Islands of Widmanstétten blocks in the ferritic matrix appear in seb#o(Fig.
8a). However, a rather different stture consisting of coarse ferrite and a constituent
which might be the remnant of previous massive Widmanstétten block may hie teen
same section. Platelets of small ferrite grains are formed inside this massive block (Fig.
8b). It is not always eadp distinguishthese plateletBom intragranular Widmanstatten
ferrite or idiomorphic ferrit@tanoptical microscopy leveA very fine mixture of ferrite
and pearlite in sectionA (Fig. 8c) is similar tahe microstructureof sideF (sectiondA,
Fig. 8f). Coarse ferrite grains grow at the expense of pearlite (Fig. 8d).

The average hardness of siB& is 165HV. Lower hardness artkveloped
microstructures demonstrate that the whole Bldevas exposed to lower temperatures
than the most locations ofct®n F.

Simulation of presumed temperature regime

In order toestimate approximatehe temperaturat which F andBL sideswere
exposedthe samples (semsegmentswereannealedat 700,800, 900and 980°C. The
temperature range from 900 to 9%D (the singlephase austenitiegion) waschosen to
simulate temperatures at whicht was assumedside F was exposed whereasthe
temperature o700 °C corresponded to presumed temperafoirsideBL . The
annealingtime was lhand air-cooling wasperformed.It was consideredthat theair-
cooling rateof smallsized sample approximatelycorrelatedto therate at which the
boiler tubewas cooled when the cooling water penetdabeto its rupture It was also
assumedhat the temperatura coolingwater wasabout50 °C.

Figures 9a and b shothe microstructure after annealing at 980 and°G00
respectively. The bainitic structure of different forms is mostly present at these
temperatures. After cooling from 98Dbainitic bundles are visie in Figure 9a, b. These
structures are very similar to those of sectibAsand2A Figure 6(ac), sideF. Taking
into account possible difference in cooling rates between the massive tube and the small
testsample, it is difficult to determine whetheawrtion of sideF was exposed just to 900
or 98CC, but similarity between simulated and examined structures cannot be denied.
The microstructure of the sample annealed at®@0fbntainsWidmanstéatten blocks
polygonal ferrite grains and pearlite (F). This structure, strongly resembling that of
sideF, sectiorBA (Fig. 6d, e), is assumed to originate from the-phase ferriteaustenite
region, possibly near 800. Polygonal smalgyrained ferrite and pearlite (Fig. 9d)
indicate that this structurégrmed during annealing at 70Q, was cooled & somewhat
different rate than sectiofA, sideF (Fig. 6f) andsectionsbA and7A, sideBL (Fig. 8a,

b).
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In any case, the results of previously described investigation and simulation proved
a significantoverheating of some parts of segmandf the boiler tube.
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Fig. 9. Microstructures after annealing and atooling. a, b, c, d are related to
annealing temperatures at 980, 900, 800 and TWQespectively. GByrain boundary
idiomorphicferrite.

Microstructural investigation of segmet
Microstructures of different sections of segmBrare shown in Figure 10(@).
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Fig. 10 Microstructure of different sections of segnt&rd. Side- (sectionl); b. and
c. sideBL (section2); d. sideBL (section3); (seeFig.3a); ring denotes a previous
austenitic grain; WSTRVidmanstéatten saw teeth ferrite.

The microstructurds mostly composed of acicular ferrite and idiomorphic ferrite.
Widmanstéatten sauseeth ferritesideplateg11], nucleated diretly at grain boundary
allotriomorphs could also be noticed inside the ring (Fig. 10a, secfipside F). This
structure is typical for a relatively high cooling rate from approximately°®00
Microstructire related to the opposite side of the tube is quite different and consists of
large ferrite grains with some pearlaadWidmanstatterlocks (Fig. 10b, c, sectia®
sideBL). This structure, which is probably close to the fracture, might be the effect of
rapid overheating betweemn And As temperature and subsequent quenching by cooling
water [5], whereas the elongated shape of ferrite grains is the consequence of deformation
occurred during fracturélthough theferritic structure is somewhat depleted pearlite,
it does not imply that the process of decarburization might be agtieamicrostructure
of section3 is alsoto some extentdepleted on pearlitéFig. 10d, sectior8, sideBL)
indicating that a similar cooling rate was active in sectasd 3. These results show
that a part of the segmet (sectionl) sideF, was exposetb ahighertemperature than
section® and3, sideBL.

Summarizing a detailed microstructural investigatiorsegmentsA andB it is
obvious that the material of the boiler tube was very inhomogeneous and that a variety of
microstructuresvereformed during exploitatioriVariations inheatingtemperatureand
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cooling ratesresuling in diversemicrostructuralfeatures,are the min cause for the
formation and multiplication of stresses leading to the rupture of the tube.

SEM investigation of segmedt

The objectiveof the SEM application was to investigate the basic fracture
characteristics, and alsdracturemechanism. Sincéné oxide layer covered not only the
walls of thetube but the fractureitself, it was almost impossible to determine the
structural details of the fracture.

However, only a fewnicrofractographsveresuccessfullyobtained and showed a
pronounced brittle ficture of the boiler tube, irrespectiokethe segment locatio(ig.
1lad).

Fig. 11 SEMmicrofractographsof segmen€. a and b sectiofi; ¢c and d sectior2.

Conclusions
Optical microscopy was used for a comprehensive microstruchaedcterization
of the damaged boiler tube from the fAKolubaraod

the research was to obtain not only data that should serve as the basic information on the
parameters involved idamagebut also in preventing suchwanted events.

The results of this investigation show that a variety of microstrucivessformed
in the material of the damaged boiler tube during its exploitation. Different
microstructural features were detected at distances less than two centimeters.

The side of the boiler tube toward fired) was exposed to severe overheating. In
some local areas overheating was well above theaAsformationemperatureTheside



