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Abstract

Carbon Steel SA 178 grade C is a common material used for boiler tubes. A boiler is a crucial unit
in the energy industry, meanwhile its services life can be degraded after long term operation. If it
malfunctions, the processing operations must be halted, resulting in financial losses for the company.
The aim of this study is to examines the effect of microstructural evolution especially transformation
of lamellar pearlite into spheroidized pearlite on the service life degradation of boiler tubes.
Understanding these changes is essential for preventing catastrophic system failures. The
methodology of this study involves the use of Small-Angle X-ray Scattering (SAXS), supported by
metallographic analysis, Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray
Spectroscopy (EDX), and mechanical testing. The SAXS results indicate that the microstructure of SA-
178, initially consisting of lamellar ferrite and pearlite, gradually transforms into spheroidized
pearlite. These microstructural changes lead to reductions in tensile strength from 523 MPa for 0%
spheroidization to 335 MPa for 100% spheroidization, and hardness from 175HV to 89 HV, ultimately
decreasing the service life of the boiler tube.

Keywords: boiler; tube; spheroidized; pearlite; neutron

1. Introduction

Majority of Indonesian oil and gas industries equipment had been operated for around 20 and
30 years. This operational duration is already nearing the manufacturer’s recommended lifetime,
specifically on the equipment that are running continuously for 24 hours throughout the years at
elevated temperature, along with the static load. With the aforementioned condition, the oil and gas
industry is demanded to accurately assess the current remaining life time and the integrity of this
equipment to prevent catastrophic failure that could cause damage and fatality. Inmediate damage
example could be seen as simple as production stop, but the effect of indirect damage is as crucial as
the immediate damage because it could affect the national economic condition by causing fuel
shortage and electricity blackouts across the region [1] [2]. Other minor effects of the damage are loss
of consumer trust for the affiliated companies in the oil and gas industry. Industrial equipment that
are operated in elevated temperature while simultaneously carrying static load will always be
undergoing gradual microstructural evolution overtime, which decrease the mechanical properties.
Boiler is one of the equipment in energy facilities that carries static load in elevated temperature. The
decrease of mechanical properties will consequently reduce the remaining operational life time of the
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equipment, so that preventive maintenance should be done to avoid catastrophic damage by correctly
assessing the equipment’s actual remaining life time [3] [4]. During maintenance of power plant
boiler components, the remaining life of steel materials is commonly estimated through a
combination of non-destructive testing (NDT) and hardness testing. Hardness reflects not only the
material’s resistance to deformation but also the extent of long-term degradation. Therefore, the
remaining service life of the material can be estimated from changes in hardness data when the
operating temperature and pressure are known. However, microstructural inhomogeneity in
different regions of the material may lead to anomalous hardness values. To accurately characterize
material degradation, both hardness measurements and microstructural observations should be
considered. Zhao Q. et.al [5] provide crucial insights into the microstructural evolution of
spheroidized pearlite, thereby contributing to a better understanding of its mechanical properties
and potential applications in various industrial fields. The spheroidizing process aims to transform
carbide particles in steel from irregular, elongated lamellar morphologies into a rounded (spheroidal)
form. This transformation significantly alters the carbide particle size and distribution, thereby
enhancing the material’'s ductility and mechanical strength. Therefore, research about mechanism
of service life degradation on SA 178 boiler tubes caused by microstructure evolution is needed. A
complete and integrated study should be done to obtain comprehensive data to prevent damage and
remaining operational life is known so that a quick decision can be made to avoid losses [5].

2. Materials and Methods

2.1. Materials

Material that selected in this research is medium carbon steel which normally used as boiler pipe
and it is standardized by AISI SA 178 grade C. This material has composition as listed in Table 1.
Hardness of untreated SA 178 is 175 HV, while its tensile strength is about 325 MPa and yield strength
is about 180 MPa. Material of this research is in the form of round bar to make it easier for tensile
test specimen to be machined and heat treated [6].

Table 1. Chemical Composition of AISI SA 178 grade C.

Element

(Wi%) C Mn P S Fe
Standard 0.35Max.  0.80 Max.  0.035Max. 0.035Max. Bal,
specification
Test result 0.184 0.452 0.0138 0.0051 Bal.

2.2. Methods

The methodology of this study involves the use of Small-Angle X-ray Scattering (SAXS),
supported by metallographic analysis, Scanning Electron Microscopy (SEM), Energy Dispersive X-
ray Spectroscopy (EDX), and mechanical testing. To obtain spheroidized pearlite at different
percentages the specimens are heat treated at various temperature and various holding times. The
heat-treated specimens are then evaluated their microstructure, particle size distribution, and
percentage of spheroidized pearlite [7]. The parameters of heat treatment are listed in Table.2

Table 2. Temperature and time parameters for heat treatment to obtain spheroidized pearlite.

Heating

Holding Time (hours)
Temperature
650°C 4 6 30 50 72
750°C 3 6 30 50 -
Cooling All of specimens are slow cooled (furnace cooling)
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The scanning electron microscopy (SEM) was applied to investigate the microstructure change
and to measure the spheroidization ratio (SR) of the specimens. To measure the spheroidization
ratio, the SEM micrographs were analyzed by image analysis program (Image J). This program was
used to obtain the local information in the area and the aspect ratio of the cementite particles. Refer
to Ho Seon Joo et al. the spheroidized cementite particles were considered to be an elliptical shape
with an aspect ratio represented by the ratio of the major to minor axes. the cementite was considered
to be spheroidized up to the aspect ratio of 5:1. The cementite area was used to calculate the
spheroidization ratio (SR), the equation (1) is used for experimental measurements.

Spheroidization ratio (%) = % x 100 (1)

Where Vt and Vs are the cementite area of the total and spheroidized cementite area,
respectively. However, the calculation of circularity of the cementite using formula in equation (2).

Circularity = % X 41 ()

Where Asis the spheroidized cementite area and Psis perimeter of cementite particle. The result
is then used as a basic step for testing of mechanical properties as well as neutron scattering. A
neutron diffractometer using the neutron diffraction method is used for the characterization of crystal
structure, texture, and residual stress. The texture neutron diffractometer (DN2) is installed in the
experimental hall of the reactor (XHR) on beam tube S5. DN2 is set to a neutron wavelength of
1.2799 angstroms, using a Helium monitor detector and a BF main detector. Material characterization
is conducted at a reactor power of 5 MW using the preset count (PRSC) method. Since the reactor
operates only at 5 MW, it is somewhat challenging to perform texture characterization to obtain a
complete pole figure, as a minimum power of 15 MW is required. For texture characterization, the
sample is placed on an Euler cradle located on the sample table. The sample is then tilted and rotated
alternately within a specific angular range. Tilting is performed within the angle range of 0° < x <90°,
while rotation is carried out within the angle range of 0°< ¢ <360°. Moreover, to study the evolution
of lamellar pearlite become spheroidized pearlite is implementing Small-Angle X-ray Scattering
(SAXS). Mechanical properties tests consist of hot tensile test and hardness test. Another
examination to explore pearlite spheroidization is conducted by optical metallography and scanning
electron microscope examination as well as Energy Dispersive X-Ray Spectrometer (EDX) to examine
the particle composition.

3. Results and Analysis

The results from all tests and examinations provide valuable information that can guide to
further discussion.

3.1. Chemical Composition

Chemical composition test result indicated that the specimen composition is in accordance
with AISI SA178 grade C specification, there is no impurities elements which are found in the
specimens. Detail of chemical composition test can be seen in Table 1. The carbon content is
lower (0.18%) than the standard maximum of 0.35%, which means the amount of cementite in the
pearlite is lower than the standard specification.

3.2. Metallography examination result

Microstructure of samples either un-heat treated or after heat treated at a particular time and
temperatures were examined by optical microscopy. The results are presented starting from Figure
1 to Figure 3. From Figure 1, it is clearly seen that for specimen that has not been heat treated the
microstructure of SA 178 material consists of a mixture of ferrite and lamellar pearlite. However,
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after several hours holding time in high temperature during heat treatment the lamellar pearlite
becomes spheroidized [8,9,10] (Figure 2 and 3).

Figure 1. Microstructure of specimen that has not been heat treated consists of a mixture of ferrite and lamellar

pearlite.
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Figure 2. Microstructure of specimen that has been heat treated at 750°C for 30 hours. The lamellar pearlite

mostly converted to spheroidized pearlite.
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Figure 3. Microstructure of specimen that has been heat treated at 650°C for 72 hours. The lamellar pearlite

completely converted to spheroidized pearlite.
3.3. Scanning Electron Microscopy (SEM) examination result

Examination of samples microstructure by SEM either for un-heat treated and for heat treated
in particular temperature and holding time can be seen in Figure 4 to 5. From these Figures it
confirms that initially pearlite has lamellar cementite (Figure 4). After heat treatment, the lamellar
pearlite is transformed to spheroidize pearlite, that means the cementite become spheroidized (Figure
5).

Figure 4. Microstructure of specimen that has not been heat treated shows clearly that pearlite is in the form of

lamellar structure.

@) (b)

Figure 5. (a) SEM result of specimen that has been heat treated at 750°C for 30 hours. Most of the lamellar pearlite
are converted to spheroidized pearlite; (b) SEM of specimen that has been heat treated at 650°C for 72 hours. The
lamellar pearlite completely converted to spheroidized pearlite.

3.4. Energy Dispersive X-ray Spectrometer (EDX) Test

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To identify the kind of particles which were formed after heat treatment, Energy Dispersive X-
ray (EDX) Spectrometer examination was conducted on samples that had been heated for specific
durations and temperatures, as shown in Figure 6 and Table 3. The test results show that the spectrum
observed in spheroidized pearlite is dominated by Fe and C, confirming that the particles consist of
Fe;C. This indicates that the spheroidized particles originate from the transformation of lamellar
Fe;C, which was initially alternating with ferrite in the pearlite structure. There is no other spectra
appeared in the EDX analysis at that particle
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Figure 6. (a) EDX test location on particle that formed after heat treatment; (b) Spectrum of EDX test on particle

which is suspected as spheroidized cementite.

Table 3. EDX result on particle that formed after heat treatment.

Element (wt%)
Fe 67,55 + 1,40
C 32,45 +0,39

From Figure 6 and Table 3 indicated that the dominant element is Fe and C it confirms that the
particle is spheroidized cementite (FesC) resulted from pearlite spheroidization after heat treatment.

3.5. Spheroidization ratio taken by image analysis program.

The result of spheroidization ratio taken by image analysis program is presented in Figure 7 and
8. From this figure it is clearly seen that majority of the lamellar pearlite which consist of alternating
between ferrite and cementite (carbide) has been broken become small size carbide.
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Figure 7. The distribution of carbide quantity (per um?) vs. carbide area (um?) for specimens subjected to heat

treatment with varying spheroidization ratios (%).
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Figure 8. The distribution of carbide quantity (per um?) vs carbide area (um?) for specimens subjected to heat

treatment with varying spheroidized pearlite percentages (%).

By implemented image analysis, the distribution and percentage of spheroidized pearlite for
each specimen can be obtained. Therefore, correlation between heat treatment parameters and
percentage of spheroidized pearlite can be observed. It is clearly seen from Figure 2, Figure 3 and
Figure 9 that increasing holding time during heat treatment the number of lamellar pearlite
transformed to spheroidized pearlite is increasing [11] [12]. The effect of annealing time on
percentage of spheroidized pearlite can be seen in Figure 9.
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Figure 9. Percentage of spheroidized pearlite against annealing time. .

From this figure it is clearly seen that the longer time to be exposed in the heat treatment furnace
the greater percentage of spheroidized pearlite can be obtained.

3.6. Texture Characterization of Spheroidized Pearlite Using Neutron Diffraction Method

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Neutron diffraction is a powerful technique for characterizing the texture of spheroidized
pearlite, offering detailed insights into the crystallographic orientation distribution of the material.
In this study, a texture neutron diffractometer (DN2) was used, installed in the experimental hall of
the reactor (XHR) on beam tube S5. The instrument was operated at a neutron wavelength of 1.2799
angstroms, utilizing a helium (He) monitor detector and a boron trifluoride (BFs) main detector [13]
[14].

The spheroidized pearlite sample was placed on an Euler cradle mounted on the sample table.
The texture measurement process involved tilting (x) the sample within an angular range of 0° < x <
90° and rotating (¢) it within 0° < ¢ < 360°. Data collection was carried out at a reactor power of 5
MW using the preset count (PRSC) method. However, due to the reactor’s operational limitation of 5
MW, obtaining a complete pole figure is challenging, as a minimum power of 15 MW is required for
comprehensive texture characterization [15,16] [17].

This analysis provides crucial information on the microstructural evolution of spheroidized
pearlite, aiding in the understanding of its mechanical properties and potential applications in
various industrial fields [18]. The spheroidizing process aims to transform carbide particles in steel
from an irregular, elongated lamellar shape into a rounded (spheroid) form. Thus, spheroidized steel
can be considered a modification of the steel’s microstructure through a heat treatment process
(annealing). This transformation significantly affects the particle size of the material, enhancing its
ductility and machinability. From the crystal structure analysis, the spheroidized pearlite sample
exhibits a body-centered cubic (BCC) crystal structure with a lattice parameter of 2.8665 angstroms
[19] [20]. In facts ferrite itself has a BCC structure, but the overall crystallographic characteristics of
lamellar pearlite can be complex due to interlamellar interfaces and stress states. The determination
of the BCC structure of the spheroidized sample through neutron diffraction and other
characterizations indicates that the spheroidization process is a microstructural transformation rather
than a fundamental change in the crystal structure.

Inspection using high resolution powder diffractometer (HRPD) where the beam used is
neutrons. The difference from the low resolutions powder diffractometer (LRPD) is related to the
angular spacing of the measurements, where the HRPD has a smaller spacing compared to the LRPD.
As a result, HRPD provides better data accuracy because overlapping peaks can be separated. The
HRPD results indicate that the difference in the percentage of spheroidized pearlite affects the
appearance of the FesC spectrum peak at the 2-theta angle [21,22,17]. The higher the percentage of
spheroidized pearlite, the further the spectrum peak shifts to the right, appearing at a larger 2-theta
angle (Figure 10).
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Figure 10. HRPD Characterization of Spheroidized pearlite using neutron beam.
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Additionally, the percentage of spheroidized pearlite also influences the intensity of the Fe;C
spectrum, where a higher percentage of spheroidized pearlite results in lower spectrum intensity.
This occurs because the atomic configuration in the lamellar form of Fe;C differs from the
configuration in the spheroidal form [23, 24] [24].

3.7. X-Ray Diffractometer

The XRD examination was conducted on all test specimens that had undergone heat treatment
at each percentage of pearlite spheroidization obtained, and the results of the test are shown in

Figure 11.
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Figure 11. (a) The results of X-Ray Diffractometer (XRD) analysis with observations on one of the spectrum
angles, 20, in the range of 40-50. (b) The magnification of Figure 11 (a) shows a shift in the spectrum peak.

The results of the test specimen examination using an X-Ray Diffractometer (Figure 11) indicate
peak shifts, peak broadening, intensity reduction, and the appearance of new peaks. These changes
occur because pearlite spheroidization affects the atomic spacing in each structure, transitioning from
a lamellar to a spheroidized form, which in turn influences the X-Ray Diffractometer spectrum
configuration [25]. The alteration in atomic spacing within the bulk material may lead to a decline in
mechanical properties, as dislocation movement within the material becomes easier under external
forces, ultimately resulting in a decrease in tensile strength [26,27].

4. Discussion

4.1. Microstructure Evolution

Microstructure of samples after heat treated at a particular time and temperatures were
examined by optical and scanning electron microscopy (SEM). From Figure 2, Figure 3 and Figure
5 it is clearly seen that spheroidization of pearlite is highly affected by annealing time and
temperature. The longer time to be exposed in the heat treatment furnace the greater percentage of
spheroidized pearlite can be obtained (Figure 9). This mean that the longer boiler tubes exposed on
high temperature during operation the higher percentage of spheroidized pearlite is formed. From
experimental result indicated that time of exposure is more dominant than increasing temperature
from 650°C to 750°C (Figure 2 and 3). From Figure 7 and 8 indicated that the distribution of
spheroidized particle sizes between 0 and 6 hours of annealing indicates that the largest group of
spheroidized particles is below 0.225 um?. These results suggest that the increase in spheroidized
particles is due to the fragmentation of lamellar cementite, which occurs at the initial stage of
annealing to reduce surface energy [11] [12]. As a result of this process, the fractured cementite
rapidly transforms into a spherical shape. Specifically, the area fraction of spheroidized cementite
with a size of 0.425 um? is higher at an 80% spheroidized pearlite percentage. There is little change in
both annealing processes at spheroidized pearlite percentages between 40% and 50%, where, during
spheroidization, the newly formed particles develop at the same rate as the coarsening of the pre-

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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existing particles [13] [14]. The observed distribution at 100% spheroidization shows that
spheroidized cementite particles of 0.325 um? exhibit a greater increase compared to newly formed
spheroidized particles (0.025 um?). This occurs because, with longer annealing time, the
spheroidized particles tend to cluster (agglomerate), resulting in larger spheroidized particles [8].
However, at 100% spheroidization, the spheroidized particles remain below a size of 0.35 um?2. From
Figures 7 and 8 show that approximately 131 carbide particles per um? undergo spheroidization,
indicating that pearlite fragmentation occurs under these conditions. Additionally, the number of
carbide particles decreases to 31 particles/mm? after 72 hours of heat treatment at 700°C. Pearlite

fragmentation continues up to 50 hours during heat treatment at 650°C in the spheroidization process
[15,16].

4.2. Small Angel X-ray Scattering Analysis (SAXS).

Small Angle X-ray Scattering (SAXS) is a widely used technique for analyzing microstructural
changes in materials, especially those related to morphological transformations caused by thermal
treatment. Research involving quantitative analysis of the spheroidization process in the pearlite
system using small-angle scattering techniques with neutrons as the probe has also been conducted.
In this study, the spheroidization of cementite in pearlite was analyzed using the SAXS technique for
steel with a low carbon content of about 0.32%. The carbon steel was then heat-treated at a
temperature of 700 °C through an annealing process with varying durations of 0, 3, 4, 6, 20, 50, and
72 hours. The X-ray scattering data from the measurements log 1(q) vs log q(A-1) can be seen in
Figure 12.

Annealed at 700°C
in varied of time
~o— 0 hour
~o— 3 hours
~&— 4 hours
=&~ 6 hours
~o~ 20 hours
~e— 50 hours
e~ 72 hours

10

Log(l

10’

Figure 12. SAXS scattering patterns of 0.32% carbon steel after annealing at 700 °C for durations of 0, 3, 4, 5, 20,
50, and 72 hours

To simply observe the effect of heat treatment on low-carbon steel, especially in relation to
morphological changes during spheroidization, one can examine the changes in scattering intensity
as a function of annealing time. In this case, in Figure 13, the SAXS characterization results can be
seen for annealing durations of 3, 4, 50, and 72 hours.
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Figure 13. SAXS scattering patterns from the heat-treated low-carbon steel at 700 °C for annealing durations of
3, 4,50, and 72 hours.

In Figure 13, it is clearly shown that the SAXS scattering patterns exhibit a shift of the scattering
peak position toward smaller q values as the annealing time increases. Considering the relationship
d =4m sin(0) / A; for small-angle scattering this can be approximated as d = 27 / q, this indicates that
atomic diffusion into the core not only enlarges (coarsens) the particles but also increases their spatial
separation. This is consistent with SEM observations, which show that with increasing annealing
time, particle clustering becomes evident. The decrease in intensity with increasing annealing time
is very likely related to the reduction in phase contrast due to accelerated atomic diffusion during
heat treatment. In other words, the shift of the peak toward lower q values and the decrease in
intensity are caused by microstructural reorganization within the low-carbon steel system. A more
quantitative analysis has been carried out using the measured data processed with the SAS View
software version 6.0.

4.3. Quantitative Analysis of SAXS Data.

Quantitative analysis of the SAXS data was carried out using the SASView software version 6.0.
A PANalytical diffractometer was used for the SAXS measurements, employing X-ray scattering with
a Cu-Ka target at room temperature. Prior to the measurements, the sample surface was polished
using 1000-grit sandpaper. Based on the SEM observations, the microstructural deformation
process of the heat-treated low-carbon steel shows a transition from a lamellar system to a
spheroidized system, depending on the annealing duration. The microstructural changes were
analyzed using the small-angle X-ray scattering method. In this study, the SAXS data analysis was
performed using an Ellipsoid model approach. Considering that, in the low-carbon steel system, it is
highly possible for an ellipsoidal ferrite structure to form, surrounded by an Fe;C shell, the SAXS
analysis in this research employed the “ellipsoid-core model” (Figure 14)[28].
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(a) (b) X_polar_shell x Thick_shell

X_core x Requat_core
; Requat_core

[ Thick_shell Thick_shell

Figure 14. The geometric parameters of this model shows (a) a cut through at the circular equator, and (b)

a cross section through the poles, of a prolate ellipsoid.

Based on the analysis of the fitting results shown in Figure 15, it can be seen that in the initial
condition, before the annealing process, the material has a very long major axis, which is consistent
with the microstructure being in the form of thin lamellar layers. However, after the heat treatment,
the major axis of the ellipsoid decreases drastically and then tends to stabilize during further
annealing. The change in the length of the major axis with increasing annealing time is very likely
related to the microstructural transformation process from a lamellar form toward the formation of
spheroidized particles. This is supported by the results of the analysis of the shell thickness, which
tends to increase as the annealing time increases, as shown in Figure 16.
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Figure 15. The change in the length of the major axis with increasing annealing time.
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in shell thickness corresponding to the increase in annealing time.

Based on the changes in the length of the major axis and the shell thickness, it can be inferred
that the microstructural transformation process from a lamellar system to a spheroidized system has
already begun during the initial stages of heat treatment at 700 °C and continues throughout the
subsequent annealing process. The microstructural changes corresponding to the variations in the

SAXS intensity patterns shown in Figure 13 can be confirmed by the changes in the shell volume in
relation to the heating duration, as presented in Figure 17.
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4.4. Mechanical Properties Evolution

4.4.1. Hardness Value Evolution

Hardness test has been conducted on specimens for spheroidized pearlite at different
percentage and presented in Table 4 and Figure 18. It is clearly seen from this table and figure that

hardness value is decreased

as the percentage of spheroidized pearlite increase. This phenomenon

can be explained that by increasing annealing time all of internal stress and grain damaged caused
by previous mechanical treatment or machining have been recrystallized and recovered. Moreover,
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some of pile up dislocations caused by cold working or other cold deformation are annihilated with
longer annealing time therefore hardness value is decreased.

Table 4 Vickers Hardness Test Result.

Spheridized
1 4 1
Pearlite (%) 0 0 0 50 60 80 00
Hardness
175 149 142 95 93 89 88
Value (HV)

100

50

Hardness Value (HV)

% Pearlite Spheroidization

Figure 18. Effect of percentage spheroidized pearlite on hardness value.

4.4.2. Strength at Elevated Temperature.

To evaluate the mechanical properties changes of spheroidized pearlite specimens of SA 178
steel at elevated temperature, the tensile test was conducted at the boiler's operational temperature
of 275°C. The test results indicate that as the percentage of spheroidized pearlite increases, the tensile
strength decreases (Figure 19).
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Figure 19. Effect of percentage spheroidized pearlite on tensile strength.

This occurs because, under tensile loading, dislocations move more easily in the spheroidized
pearlite microstructure compared to the lamellar structure [29]. The lamellar pearlite structure
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presents greater obstacles to dislocation movement, whereas the spheroidized structure allows for
easier dislocation motion, leading to a reduction in tensile strength [29]. The effect of annealing time
on the mechanical properties of SA 178 shows that by increasing annealing time, the tensile strength
obtained is decreasing (Figure 20).
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Figure 20. Effect of annealing time on tensile strength of SA 178 materials.

This phenomenon occurs due to several factors, including the increasing percentage of
spheroidized pearlite and the reduction of obstacles from deformed grains that have undergone
recrystallization. These two factors facilitate dislocation movement under mechanical loading,
leading to a decrease in tensile strength at the same time increasing elongation (Figure 21). The
lamellar pearlite structure presents greater obstacles to dislocation movement, whereas the
spheroidized structure allows for easier dislocation motion, resulting in improved ductility of the
metal [30,31].
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Figure 21. Effect of pearlite spheroidization on elongation of SA 178 materials.

Annealing time significantly affects the elongation properties of the material, as a longer
annealing duration means more thermal energy is applied to the test specimen. This is not only
facilitates the transformation of lamellar pearlite into a spheroidized structure but also promotes
recrystallization and the rearrangement of atoms into a more ordered configuration. As a result,
resistance to dislocation movement decreases, making the material more capable of flowing in the
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direction of the applied tensile load [32,33]. Consequently, elongation increases with longer annealing
time. The spheroidization ratio, calculated as the proportion of spheroidized pearlite area to the
total area, indicates that a higher spheroidization ratio corresponds to lower tensile strength. This
occurs because the greater the amount of lamellar pearlite that undergoes spheroidization within a
given area, the easier it becomes for dislocations to move under tensile loading compared to the
lamellar pearlite structure (Figure 22).
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Figure 22. Effect of Spheroidization Ratio (%) on ultimate tensile strength (MPa).

5. Conclusions

Based on the results of all tests and examinations and deep analysis for SA 178 boiler material,
it can be concluded that:

* Number of spheroidized pearlite is increasing with additional time of exposure at elevated
temperature

* Higher percentage of pearlite to be spheroidized the tensile strength and hardness of boiler tube
material decreases

=  With decreasing of tensile strength and hardness, meaning its ability to withstand operational
loads is also reduced.

Therefore, if the operating temperature of boiler remains constant between 250°C and 350°C, the
remaining service life of the boiler tubes can be estimated by monitoring the percentage of
spheroidized pearlite.
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