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Abstract

Super-heater tubes are subjected to alternate heating and cooling in power plants causing them to crack and eventually fail. This phe-
nomenon is referred to as “thermal fatigue.” In this paper, a laboratory simulation for reproducing the thermal fatigue phenomenon is
developed to determine the number of cycles necessary before failure occurs in super-heater tubes. The temperature and strain distribu-
tions along the specimen were computed theoretically using ANSY'S software for the applied temperature condition. The thermal fatigue
test was conducted for both base and shielded metal arc (SMA) welded tubes separately and both passed in the non-destructive tests.
These tubes were subjected to thermal cycles from 800°C (accelerated temperature) to room temperature. Oxy-acetylene heating setup
was utilized as a heating source, and a water bath was utilized for quenching purposes. The tests were carried out until open cracks were
identified. Surface cracks were identified in the base and weld tubes after 90 and 60 cycles respectively. This study reveals that heating

and cooling cause thermal fatigue, initiate cracks in the tubes.

Keywords: Thermal fatigue; T-92 tube; Transverse and Circumferential cracks; Failure analysis

1. Introduction

T-92 tubes are widely used in combined—cycle steam sys-
tems due to their greater increased temperature strength and
creep behavior as compared to other ferritic alloy steel tubes.
T-92 tubes show resistance to thermal fatigue superior to aus-
tenitic stainless steels. Thermal fatigue occurs in components
subjected to alternating heating and cooling. Under thermal
fatigue, crack can initiate, propagate, and eventually cause
failure. The reason for the cracking is due to the temperature
change in the material that induces thermal expansion (or con-
traction). If surrounding material or external constraints hinder
this expansion, thermal stress occurs. These cyclic thermal
stresses cause fatigue similar to that of mechanical stresses.
This type of failure usually occurs in power industries where
turbulent mixing of fluids causes quick thermal transients in
boiler heat exchanger tubes [1].

These headers experience the effects of creep under normal
operating conditions. In addition to material degradation re-
sulting from creep, high-temperature headers can also experi-
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ence thermal and mechanical fatigue. In a boiler unit, header
expansion may result in fatigue cracks at support attachments,
moment restraints, superheater and reheater tubes, as well as
header tubes to stub welds [2]. Failures have been reported in
critical boiler header components subjected to thermal fatigue
load applied in pressure vessels [3, 4]. The aforementioned
literature clearly illustrate that failures may occur in tubes due
to thermal fatigue. It is important to study the effect of thermal
fatigue on tubes. Experiments on thermal fatigue of austenitic
and duplex stainless steels subjected to cyclic thermal tran-
sients in the temperature range of 20-600°C have been per-
formed. Experiments have been conducted by rapidly heating
the specimens using high-frequency induction coils and then
cooling by water spray [5]. Experimental setups have been
developed to conduct thermal fatigue using furnace and
quenching rig on a plain carbon steel plate. Complex non-
linear stress distributions and environmental effects occurring
during thermal have also been studied [6, 7]. T11 heat ex-
changer used in ammonia plants subjected to thermal fatigue
from 850°C to room temperature (25°C) have also been stud-
ied. The temperature 850°C was selected because these tubes
were exposed to the process gas temperature of 960°C. Ex-
periments have been conducted to confirm site failure results
[8, 9]. Brown developed a hybrid method using finite element
method to analyze the creep-fatigue life of boiler components
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Table 1. Chemical composition of ASTM A 213 GRADE T-92 material, filler wire and electrode [Vailant et al. [20]].

) Elements (wt %)
Materials
C Mn P S Si Cr Mo v W Nb B N Al Ni
ASTM A 213
GRADE T-92 0.09 | 0.50 | 0.020 | 0.010 | 0.50 9.20 0.40 0.20 1.90 0.06 0.004 0.050 | 0.040 | 0.40
GTAW filler wire | 0.10 1.0 0.020 | 0.020| 0.2 9 0.5 0.06 1.7 0.06 30-40 ppm | 0.055 - 0.45
SMAW Electrode | 0.09 | 1.1 0.013 | 0.007 | 0.30 9 0.5 0.25 1.7 0.07 30-40 ppm | 0.05 - 0.45

Fig. 2. Specimen after edge prepar- Fig.3. Specimen after tack welding.
ation.

[10]. The recent experience in the condition assessment of
boiler header components used in fossil-fired power plants is
discussed in [11, 12]. Tokiyoshi et al has carried out thermal
fatigue test on perforated plate [13]. Kerezsi et al developed a
test method for analyzing the initiation and growth of cracks
in pressure vessels and piping equipment [14]. Thermal fa-
tigue tests using laboratory procedure-induction coil and
quenching rig for reproducing high temperature cracks found
in coal fired boiler tubes have also been conducted [15, 16].

Previous studies have indicated that thermal fatigue is an
important phenomenon for the development of crack in pres-
sure vessel components, particularly in super-heater tubes.
Studies have been carried out on thermal fatigue failure of
boiler headers applying finite element model. However, simu-
lating thermal fatigue behavior using the laboratory setup,
while available, also have some constraints (dimensions and
other conditions).

The objective of this paper is to study the effects of thermal
fatigue on base and weld tubes, and determine the numbers of
cycles necessary before failure occurs. In this work, a labora-
tory simulation reproducing thermal fatigue phenomenon was
developed, and thermal fatigue tests were conducted on base
and weld tubes, separately. The temperature and strain distri-
butions along the specimen were computed theoretically using
ANSYS software for the applied temperature condition. The
tubes were subjected to thermal cycles from 800°C to room
temperature. The tests were carried out until open cracks were
identified. The cause of the failure was thoroughly investi-

Fig. 4. Weld specimen before subjected to thermal fatigue.

gated in this paper.

2. Experimental work

2.1 Specimen preparation

Two defect free ASTM A 213 grade T-92 tubes of 300 mm
length, 48 mm outer diameter and 10 mm thickness were
taken for this experimental study. One of the tubes was taken
as base tube, as shown in Fig. 1.

Another tube was sectioned into two equal halves 150 mm
in length, and the edges prepared for butt joining. The joint
designs were selected as a single “V” joint. The edge prepara-
tion angle was 30° and the root face was 1 mm as shown in Fig.
2. The joint fit up was tacked with manual metal arc welding
(MMAW) as shown in Fig. 3.

The tack-welded tube was pre-heated to 220°C using the
tungsten inert gas (TIG) arc heating method. The root was gas
tungsten arc (GTA) welded with CM91G filler wire at 85
amperes current and voltage of 17 V. The first and the second
fill passes were welded with stick electrodes of 2.5 and 3.2
mm in diameter at 90-115 amperes, while the remaining three
passes were welded using the SMAW process with thermanit
MTS 616 electrodes of 125-135 amperes current. The neces-
sary pre-heating was conducted at temperature of 220°C for
109 s. After completion, the welding radiographic examina-
tion was conducted to ensure the quality of welds. The results
were found to be within the acceptable range as per the ASME
pressure vessel code requirements. The welded tube is shown
in Fig. 4.

The chemical composition and mechanical properties of the
T-92 tube, filler wire and electrode are given in Tables 1 and 2,
respectively.

2.2. Experimental setup

An apparatus was built to conduct the thermal fatigue tests.
The test setup employed in this study consisted of the follow-
ing main physical components:
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Table 2. Mechanical properties of ASTM A 213 GRADE T-92 mate-
rial, filler wire and electrode [Vailant et al. [20]].

Ultimate tensile 0.2%Yield % of
Materials strength, UTS strength, YS Elono ation
[MPa] [MPal 8
ASTM A 213
GRADE T-92 620 440 20
GTAW filler wire 580 420 17
SMAW Electrode 760 420 20

m
Specimen holding system |
; ——

ik
Mefspecimen mounting frame

Fig. 5. Experimental setup.

1. The Oxy-acetylene heating set up

2. The specimen-mounting frame

3. The specimen-holding system

4. The quenching rig, and

5. The temperature-measuring laser sensor.

This set-up simulated the exact conditions of the heat ex-
changer tubes subjected to thermal fatigue. The specimen was
locally heated up using the Oxy-acetylene torch from the outer
surface of the tube. The peak temperature can be immediately
attained through this process. The experimental set up is
shown in Fig. 5.

2.3. Experimental procedure

The specimens were prepared as discussed above. Heat was
applied from the outer surface of tube, which is the actual
condition of a heat exchanger tube on pressure vessels ex-
posed to thermal fatigue. The flame was applied to the heating
zone manually, starting from one point of the heating zone and
ending at the same point. The heat was uniformly distributed
from the outer surface tube to the inner surface, as shown in
Fig. 6. After one cycle, the temperature of specimen was
measured using laser thermometer to check whether the tem-
perature had reached the 800°C. The time to attain 800°C was
7 min. The flame was then switched off. The hot specimen
was lifted with the help of a specimen-holding system and
immersed into the quenching rig. When the temperature of the
specimen had reached the room temperature, the specimen
was removed from the quenching rig. The above process con-
stituted one thermal fatigue cycle. A thermal cycle, which

Fig. 7. Axis symmetric tube model using ANSYS.

included both the heating and cooling cycles, took 10 min to
complete. The experiments were conducted until open cracks
could be identified. The specimens were removed from the
specimen-mounting frame using a power hacksaw; the speci-
mens were subjected to Non destructive tests (NDT) tests and
sectioned for metallographic study.

3. Finite element model

In this work, the tube is considered as an axis symmetric
problem and the one-eighth portion of the tube was modeled
for the analysis. The models were created using geometric
primitives, which are fully developed lines, areas, and volume,
as per the tube dimensions shown in Fig 7. The solid model
was meshed to obtain the finite element model. Direct genera-
tion method is convenient for small and simple models, and
provides complete control over the geometry and numbering
of every node and every element. In this work, direct genera-
tion technique was adopted, and thermo-mechanical analysis
was carried out [18, 19]. The tube was modeled using solid 70
and 45 elements for the thermal and structural analysis, re-
spectively. The element sizes were made finer in the heated
zone, since the temperature gradient was very high (stress
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Table 3. Temperature dependent properties of T-92 material [Vailant et
al. [20]].

Temperature | Coefficient of linear Sp ::it;;?;at co?lgzrcrtrf/li
C) expansion (<10°0) | /Eg % . v
20 11.18 420.384 36.556
100 11.452 432.04 36.26
200 11.792 453.81 35.89
300 12.132 483.58 35.52
400 12.472 521.35 35.15
500 12.812 567.12 34.78
600 13.152 620.89 3441
700 13.492 682.66 34.04
800 13.832 752.43 33.67

Fig. 8. Meshed model using ANSYS.

concentration). Coarser elements were used away from the
heated zone. Four elements were used along the depth direc-
tion. Twenty-five divisions were made along the tube direc-
tion, while eight divisions were made for the transverse direc-
tion, as shown in Fig. 8. The material properties of T-92 tube
are given in Table 3. The simulation work was carried out
during ANSYS 10.0, and results were compared with the ex-
perimental results.

4. Results and discussion

The experiments were carried out until open cracks could be
identified. Surface cracks were identified in the base and weld
tubes after 90 and 60 cycles, respectively

4.1. Comparison of FEM results with experimental resulfs.

Temperature and strain plots were used for finding the tem-
perature and strain distribution on the heated tube. For the
three-dimensional modeling, very fine mesh was chosen in
order to achieve good results. The temperature distribution
plot is shown in Fig. 9. A comparison of the experimental and
analyzed results showed that the tube was normal before heat-
ing; after the thermal fatigue process, the tube’s heated zone
showed bulging in both conditions, as shown in Figs. 9 and 11,
respectively. In this study, we arrested the linear expansion of
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Fig. 9. Temperature contour plot on tube while heating at 800° C in the
center.

Fig. 10. Strain contour plot on tube after heating at 800° C in the cen-
ter.

the tube by applying constrained condition to avoid the possi-
bility of linear expansion during thermal fatigue. Thus, both
tubes were shown to be bulged in the experimental and FEM
analysis.

This indicates that the developed model showed similar
characteristics with the experimental model. The strain distri-
bution plot is shown in Fig. 10.

The simulated strain result showed a maximum value of
1.2x107 along the tube surface.

4.2. Visual inspection in failed tubes

The failed base and weld tubes were visually inspected and
the developed crack in the tubes measured and presented be-
low.

4.2.1 Visual inspection in failed base tube

The macrograph of the failed base tube is shown in Fig. 11.
Fig. 11 illustrates that a number of surface cracks were ob-
served in the base tube subjected to thermal fatigue after 90
cycles.

The cracks shown in Fig. 11 were measured and identified.
A 5 mm long longitudinal crack and a transverse crack of 9
mm were visually identified in the failed base tube at the
heated zone. The tube is bulged in the heating zone, which can
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Fig. 11.Visual inspection of failed base specimen after subjected to
thermal fatigue.

Fig. 12. Visual inspection of failed weld specimen after subjected to
thermal fatigue.

Fig. 13. Liquid penetrant examination of failed base specimen.

be clearly seen in Fig. 11. The failed tube was then subjected
to liquid penetrant test to identify small surface cracks.

4.2.2 Visual inspection in failed weld tube

The macrograph of the failed weld tube is shown in Fig. 12,
which shows that numerous surface cracks were observed in
the base tube subjected to thermal fatigue after 60 cycles.

As shown in Fig. 12, a transverse crack 65 mm long was
visually identified in the failed weld tube at the heated zone.
The failed tube was then subjected to liquid penetrate test to
identify small surface cracks.

4.3 Liquid penetrate test

To identify the small surface cracks on the failed tubes, the
base and weld tubes were subjected to the liquid penetrate test.

4.3.1 Liquid penetrate test on the failed base tube

The macrograph of the failed base specimen subjected to
liquid penetrate test is shown in Fig. 13, which clearly shows
that a number of longitudinal cracks in the heated zone. Sev-
eral small transverse cracks could also be identified from the
longitudinal crack.

4.3.2 Liquid penetrant test on failed weld tube

Fig. 14 shows the macrograph of the failed weld specimen
subjected to liquid penetrate test. The Fig. clearly shows that
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Fig. 15. Sectioned view of the failed base and weld tubes.

numerous transverse cracks had developed in the heated zone,
which traveled throughout the circumference of the weld.
Small longitudinal cracks were also seen from the transverse
crack, which had been invisible in the visual examination.

The failed tubes were then sectioned and subjected to metal-
lographic study.

4.4 Specimen preparation for metallographic study

The sectioned views of the failed base and weld tubes are
shown in Fig. 15(a and b). The failed tubes were sectioned in
two halves in the longitudinal direction, and one of the halves
was further divided into two sections. The projected portion
from the two sides of the heating zone in the tube was also
removed so that only the heated zone was taken for metal-
lographic study. Specimens for the metallographic examina-
tions were prepared by polishing successively in 220, 320, 400,
600, 800 emery grits, followed by a disc polishing cloth. The
specimens were etched with 4% Nital solution. The specimens
were then subjected to microscopic and scanning electron
microscopy (SEM).

4.5 Macro study

Before being subjected to micro-analysis, the polished sam-
ples were subjected to macro study. Macro photographs of the
outer surface of the failed tubes were taken to obtain a closer
view of the cracks in the surface, while the photographs of the
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(©)

Fig. 16. Magnified view of the surface crack obtained in the failed base
tube.

(b

Fig. 17. Magnified view of the surface crack obtained in the failed
weld tube.

microstructure in the cross-section of the failed tube on the
thickness side were taken to study the depth of penetration of
the crack.

4.5.1 Macro study on the failed base tube

Fig. 16(a) shows a magnified view of the surface crack ob-
served in the failed base tube subjected to thermal fatigue. It
clearly illustrates that numerous longitudinal cracks developed
in the heated zone, while numerous small transverse cracks
also developed from the longitudinal crack. Fig. 16(b) shows a
magnified view of the single longitudinal crack obtained in the
failed base tube.

4.5.2 Macro study on the failed weld tube

Fig. 17(a) shows the magnified view of the surface crack
observed in the failed weld tube subjected to thermal fatigue.
It clearly shows that numerous transverse cracks developed in
the heated zone, and that small longitudinal cracks also devel-
oped in the transverse crack. Fig. 17(b) shows the magnified
view of the surface crack observed in the failed weld tube.

4.6 Optical microscopy

The samples were prepared according to ASME standards.
The polished and etched samples were examined under optical
microscopy and SEM. The microstructures were taken on
different locations of the tubes in the defect and defect-free
surfaces.

4.6.1 Study on the failed base tube

The metallographic samples prepared from the failed base
tube were studied by optical microscope in both the defect and
defect-free regions.

Fig. 18. Microstructure of base in defect-free region.

(b)

(e) ®
Fig. 19. Cracks identified in the failed base tube.

4.6.1.1 Study on the defect firee surfaces on the failed base tube

The microstructures of defect-free surfaces of the failed
base tube are shown in Fig. 18.

Fig. 18 shows the optical microstructure of T-92 failed base
tube taken in the defect-free surface. The microstructure of T-
92 failed base tube showed a larger grain size. The dark-
colored grains seen in the microstructure are tempered mart-
ensite. The tempered martensite provides the alloy high-creep
strength by precipitation hardening. Formed carbides and
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Fig. 20. Microstructure of base and weld region in defect free areas.
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(e)
Fig. 21. Cracks identified in the failed weld tube.

carbo-nitrides were found on the grain boundaries. The higher
degree of hardness was due to the tempered martensite and
carbides.

4.6.1.2 Study of the defect surfaces on the failed base tube

The defect surfaces in the T-92 base tube were identified
through optical microscope, as presented in Figs. 19(a-f). The
figures clearly illustrate a large number of cracks in the failed
base tube. The cracks developed from the heating surface
(outer surface) of the tube and traveled towards the inner sur-
face. Oxide-filled blunt-tipped parallel cracks were also ob-
served, which appear to have similar characteristics as the
thermal fatigue failure. Decarburization of the grains nearer to
the crack edges was also observed. Cracks observed in the
failed base tube closely resembled the cracks observed in the
failed tubes [8].

4.6.2 Study on the failed weld tube

The metallographic samples prepared from the failed weld
tube were studied thoroughly using the optical microscope on
both the defect and defect free regions.

Outer smface

Inner smface

Fig. 23. Cracking along the grain boundaries.

4.6.2.1 Study on the defect firee surfaces on the weld tube

The microstructures of defect free surfaces of the failed
weld tube are shown in Fig. 20(a and b).

The microstructures of the base and weld surfaces taken
from the defect-free portion of the welded tube are shown in
Fig. 20(a and b). The grains were coarser than the base metal
because the cooling rate of the heat affected zone [HAZ] in
welding was much higher than that during the manufacture of
the metal. The high cooling rate resulted in irregularly shaped
grains and decreased strength since the amount of carbides
formed was less due to low rate of precipitation. The micro-
structure showed irregular grains and the formation of marten-
site due to high cooling rate. Since the grains were coarser,
they have a higher tendency towards cracking.

4.6.2.2 Study on the defect surfaces on the weld tube

The defect surfaces in the T-92 weld tube were identified
through optical microscope, as presented in Fig. 21. The fig-
ures clearly illustrate a large number of cracks present in the
failed weld tube. The cracks developed from the heating sur-
face (outer surface) of the tube and propagated towards the
inner surface. Oxide-filled blunt-tipped parallel cracks were
also observed, which appear to have similar characteristics as
with that of thermal fatigue failure. Decarburization of the
grains nearer to the crack edges was also observed. The cracks
observed in the weld tube closely resembled the cracks ob-
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Fig. 24. Unaffected weld tube structure.

Inner smface

e

Outer smface
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Fig. 26. Cracking along the grain boundaries.

served in the failed tubes, as reported in the ASM handbook
[16].

4.7 SEM study

The cracks observed in the optical microscope were sub-
jected to the SEM study to analyze the failures in detail. SEM
analyses were carried out on the defect surfaces of the base
and weld tubes.

4.7.1 Defect surface on failed base tube

The cracks observed in the SEM examination of the failed
base tube are shown in Fig. 22(a and b). Figs. 22(a and b)
show that the cracks developed from the outer surface of the

crack :
Heating zone ~ Base
\}l v

1 ?.J 3

» Se
4% 6

Fig. 27. Hardness locations taken in the failed base tube.

Crack Heating zone  Rgee

2

Fig. 28. Hardness locations taken in the failed weld tube.

Weld

tube and propagated towards the inner surface. Similarly, the
cracks traveled in the circumference of tube-heated region.
When they were compared to the cracks obtained in the failed
weld tube, the width and depth of the cracks were less. This is
clearly shown in Figs. 22(a and b). Crack formation was ob-
served inside the cracked surface at higher magnification.
Upon further magnification of the cracked surface, grain
boundary cracks were clearly seen, as shown in Fig. 22. Figs.
22(a and b) clearly identify that the position of the crack width
was initially high, which then moved towards the inner sur-
face. The crack growth rate increased due to the temperature
difference and rate of cooling, which are the reasons for the
development of the cracks.

4.7.2 Defect surface on failed weld tube

Fig. 24 shows the microstructure taken in the unaffected re-
gion of the failed weld tube. The defects present in the failed
weld tube are shown in Figs. 25(a and b). Figs. 25(a and b)
clearly show that the cracks developed from the outer surface
of the tube, which then traveled towards the inner surface.
Similarly, it traveled in the circumference of tube’s heated
region. When compared to the base cracks, the cracks ob-
tained in the weld were larger. Crack formation was observed
inside the cracked surface at higher magnification. Upon fur-
ther magnification, grain boundary cracks were clearly seen,
as shown in Fig. 25. Figures 26 (a and b) show the position of
the crack width was initially high; the crack growth rate in-
creased as it moved towards the inner surface due to the tem-
perature difference and rate of cooling.

Upon evaluating the micro study and SEM results, it is ap-
parent that the cracks developed from the heating surface
(outer surface) of the tube and traveled towards the inner sur-
face, which eventually caused the failure of the tube. The
cracks that occurred in the tube were due to the long exposure
to service temperature. Grain boundary cracks were also ob-
served inside the crack at higher magnification. The cracks
obtained in the tube specimen were the typical thermal fatigue
crack, which resembled the failures reported in the tubes sub-
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Table 4. Hardness taken in the base tube.

Position Base Heating zone | Near the crack

Before being subjected

to thermal fatigue 252,260

After failure occurs 280,272 473,478 503,493

Table 5. Hardness taken in the weld tube.

Heating | Near the

Weld | Haz
zone crack

Position Base

Before being subjected to

. 252,260(266,258| 240,236
thermal fatigue

After failure occurs

270,284 1405,429(292,297 | 405,429 | 483,486

Table 6. Comparison of number of cycles to failure for base and
welded tubes.

Materials Base tube| Welded tube Difference
oy 120 80 40
Agg(\;i ?;113 85 53 32
P 9 60 30

jected to thermal fatigue [16].

4.8 Hardness

Hardness measurements were taken on the base and welded
tube materials before being subjected to thermal fatigue. After
failure occurred, hardness was determined according to the
Vickers hardness test. The hardness location taken in the base
and welded tube specimens are shown in Figs. 27 and 28. The
load applied was 10 kg. The hardness values taken from the

base and welded tube materials are tabulated in Tables 4 and 5.

Table 3 and 4 illustrate that the hardness value was much
higher nearer the crack zone. Due to the higher hardness, the
cracks initiated due to the thermal fatigue were propagated
towards the circumferential areas and through the thickness of
the tube. The hardness values of the weld nearer to the crack
zone were closer to the heating zone. Due to repeated heating
and cooling, the grains became finer, and the hardness values
were increased when compared to the base material.

4.9 Comparison of number of cycles to failure occurs in T-
23, T-91, and T-92 base and welded tubes

Thermal fatigue tests were similarly carried out on the T-23,
T-91, and T-92 base and welded tubes until failure occurred.
Table 6 provides the number of cycles until failure in base and
welded tubes.

Table 6 shows that base tubes can withstand more cycles
when compared to weld tubes when subjected to thermal fa-
tigue. An average difference of 35 cycles was obtained for all
grade tubes. The reason for the failure of the welded tube was
due to the lesser number of cycles, which shows that weld is
the weakest area in a joint for the development of the crack.

5. Conclusion

The following conclusions can be drawn from this research
work.

The effects of thermal fatigue on ASTM A 213 GRADE T-
92 base and weld tubes have been studied effectively.

While the thermal cycling surface cracks can be identified
in the base and weld tubes after 90 and 60 cycles, respectively,
the base tube can withstand 30 cycles more when compared to
the welded tubes subjected to thermal fatigue.

While thermal cycling T-23 tubes cracks can be identified
after 120 cycles, T-23 is more suitable for high-temperature
applications when compared to T91 and T92 tubes.

FEM has been simulated as per the designed matrix. The
temperature and strain contours for the heated tubes have been
obtained to study the effect of thermal fatigue. A comparison
between the simulated temperature contour and the failed
thermal fatigue tubes yield a bulging of the tube in the heated
zone. The simulated strain result shows a maximum value of
1.2x107 along the tube surface.

Through visual examination, a 5 mm long longitudinal
crack can be visually identified in the failed base tube at the
heated zone. The tube is bulged in the heating zone, which can
be clearly seen. A transverse crack 65 mm long can be visu-
ally identified in the failed weld tube at the heated zone. This
illustrates that longitudinal cracks develop in the base tube
during thermal fatigue, and that transverse cracks occur in the
welded tube.

Liquid penetrant test showed that apart from longitudinal
cracks, small transverse cracks also occur in the failed base
tube. Similarly, in the welded tube, apart from the transverse
crack, small longitudinal cracks also occur.

Cracks can be observed from the macro and the micro ex-
aminations. These defects are seen both in the failed base and
in the welded tube specimens. The cracks develop from the
outer surface of the tube and travel towards the inner surface
of the tube.

In the SEM examination of the cracks, grain boundary
cracks can be observed inside the crack at higher magnifica-
tion.

The hardness test showed that at the point nearer to crack
the hardness value is much higher. Due to the higher hardness,
cracks that develop through the thermal fatigue process are
propagated toward the circumferential areas and through the
thickness of the tube. The hardness value of the weld nearer to
the crack zone is closer to the heating zone. Due to repeated
heating and cooling, the grains become finer and the hardness
values are increased when compared to the base material.

The development of these cracks is due to the temperature
variation from high temperature to room temperature during
the plant operation during the start up and shut down.
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