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These corroded samples were then cut across the cross-section and mounted to study the
cross-sectional details by EPMA.

The shielded metal arc and tungsten inert gas welding were found to have no porosity
or very less porosity as a result of sound weld. The microhardness plots have indicated
reduction in hardness values from weld metal to HAZ in case of SMAW weldment in T11
steel whereas the HAZ have the more hardness in other welded steel. The tensile strength and
percentage elongation was measured

Oxidation and hot corrosion products analysed in the scale are mostly oxides of the
elements present in the weld and base materials for the'samples corroded in all the two
environments of this study. The presence of continuous Cr,Os layer at the substrate-scale
interface is predominantly revealed in most of the cases. Iron oxide (Fe,Os) was the main
phase in the scale.

The results obtained for welded steel, corrosion resistance during oxidation in air and
molten salt at 900 °C had followed the overall trend in following order:

T11> GrAl1> T22

The internal oxidation and cracks in the oxide scale of weldment in steels has been
observed for the studies performed in air and molten salt environment at elevated
temperature. These cracks were found to be minute in case of studies conducted on different
regions of weldment i.e. weld metal and HAZ in the given environment.

The oxide protrusions from the beneath have been observed mainly through the cracks
during studies conducted in air and molten salt environments. These protrusions were
identified to be of iron oxide in case of all the weldments. The cracking of scale and oxide
protrusions from beneath has been observed to be maximum in unwelded T22 steel and the
minimum in case of unwelded T11 steel. Among the unwelded steels comparatively
maximum resistance to oxidation was indicated by T22 steel and minimum by GrAl steel
during oxidation in air at 900°C.

In case of studies under molten salt, the XRD diffractograms and EDAX analysis
have indicated the phases formed identical to those formed during oxidation in air in almost
all the corroded weldments. |

Among the different regions of SMAW and TIG weldments in different grade of
steels the base metal and HAZ showed the more oxidation as compared to weld metal, but
this trend has changed in case of welded T11 steel in molten salt environment where the weld

metal indicates more oxidation as compared to the base metal and HAZ.
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PREFACE

The entire work carried out for this investigation has been presented into eight
.chapters.
Chapter-1 contains the introductory remarks about hot corrosion problem in

weldments faced by the various industries and especially in coal fired boilers.

Chapter-2 begins with exhaustive survey of literature regarding various aspects and
mechanisms of hot corrosion. Critical review of the existing studies and detailed behaviour of
weldments to counteract the hot corrosion degradation have been made. After reviewing the
available literature the problem has been formulated.

Chapter-3 deals with the experimental procedure which includes the procedure to
obtain the weldments, their characterisation, the hot corrosion studies and the analysis of final
corrosion products in systematic way.

Chapter-4 includes the findings and discussions of the study regarding the
characterisation of weldments. ‘

Chapter-5 contains the data regarding the cyclic oxidation studies performed on
weldments, its different regions and unwelded steels in éir at 900°C. It also includes the
critical discussion of results in view of the existing literature.

Chapter-6 includes the findings regarding the behaviour of weldments, its different
region and unwelded steels for cyclic hot corrosion in molten salt (Na2804-60%V205) at
900°C along with discussion of results.

Chapter-7 includes the comprehensive discussions of the results with respect to the
existing literature.

Chapter-8 compiles the salient conclusions of the present study regarding the-
characterisation, oxidation, hot corrosion behaviour of weldments, its different regions and

unwelded steels in all the two given environments.
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Optical microstructure of SMAW weldment in T11steel (a)
Weld Metal, 200X (b) Weld Metal, 100X (c) HAZ Coarse
Grain, 200X (d) HAZ Coarse Grain, 100X.

Optical microstructure of SMAW weldment in T22 steel (a)
Weld Metal, 200X (b)Weld Metal, 100X (c) HAZ Coarse
Grain, 200X (d) HAZ Coarse Grain, 100X.

Optical microstructure of TIG weldment in GrAl steel (a)
Weld Metal, 200X (b) Weld Metal, 100X (c) HAZ Coarse
Grain, 200X (d) HAZ Coarse Grain, 100X.

Optical microstructure of TIG weldment in T11 steel (a)
Weld Metal, 200X (b) Weld Metal, 100X (c) HAZ Coarse
Grain, 200X (d) HAZ Coarse Grain, 100X.

Optical microstructures of TIG weldment in T22 steel (a)
Weld Metal, 200X (b) Weld Metal, 100X (c) HAZ Coarse
Grain, 100X (d) HAZ Fine Grain, 100X.

 Macrographs of unwelded steels subjected to cyclic

oxidation in air at 900 °C for 50 cycles (a) GrAl, (b) T11
and (c) T22.

Weight gain plot for unwelded steels exposed to air at
900°C for 50 cycles.

Weight gain square (mg2/0m4) plot for unwelded steels
exposed to air at 900°C for 50 cycles.

X-ray diffraction profiles for GrAl, T11 and T22 boiler
steels subjected to cyclic oxidation in air at 900°C for 50
cycles. '

SEM backscattered image of the cross-section of unwelded
steels after cyclic oxidation in air at 900°C for 50 cycles (a)
GrAl, 200X (b) T11, 200X (c) T22, 50X.

SEM micrographs showing surface scale morphology and
EDAX analysis for unwelded boiler steels oxidized in air at
900 °C for 50 cycles (a) GrAl, 1000X (b) T11, 1000X (c)
T22, 200X.
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Fig. 5.7

Fig. 5.8

Fig. 5.9
Fig. 5.10

Fig. 5.11

Fig. 5.12

Fig. 5.13

Fig. 5.14
Fig. 5.15

Fig. 5.16

Fig. 5.17

Macrographs of the corroded SMAW weldments of (a)
GrAl, (b) Tlland (c) T22 steels subjected to cycle
oxidation in air at 900 °C for 50 cycles

Weight gain plot for unwelded and SMAW weldment of
different steels exposed to air at 900 °C for 50 cycles.

Weight gain square (mg®/cm®) plot for unwelded and

SMAW weldment of different steels exposed to air at 900
°C for 50 cycles.

X- ray diffraction profiles for corroded SMAW weldment
in GrAl, T11 and T22 boiler steels subjected to cycle
oxidation in air at 900 °C for 50 cycles.

SEM back scattered image of cross section for SMAW
weldment in (a) GrAl(weld),150X (b) GrA1(HAZ), 150X
(c) Tli(weld), SO0X (d) T11 (HAZ), 50X (e) T22(weld),
60X (f) T22 (HAZ), 60X steels after cyclic oxidation in air
at 900 °C for 50 cycles.

SEM micrographs showing surface scale morphology and
EDAX analysis for SMAW weldment of different steels in
air at 900 °C for 50 cycles (a) GrAl(weld, 1000X (b)
GrAl (HAZ), 3000X (c) T11 (weld), 1000X (d) T11
(HAZ), 1000X (e) T22 (weld), 1000 X (f) T22 (HAZ),
3000X.

Macrographs of TIG weldment in (a) GrAl, (b) T11and (c)
T22 steels subjected to cycle oxidation in air at 900 °C for
50 cycles.

Weight gain plot for unwelded and TIG weldment of the
different steels exposed to air at 900 °C for 50 cycles.
Weight gain square (mg?cm®) plot for TIG Weldment of
the different steels exposed to air at 900 °C for 50 cycles.
X-ray diffraction profiles for corroded TIG weldment in
GrAl, T11 and T22 boiler steels subjected to cyclic
oxidation in air at 900 °C for 50 cycles.

SEM back scattered image of cross section for TIG
weldment steels after cyclic oxidation in air at 900 °C for
50 cycles (a) GrAl (weld), 200X (b) GrAl (HAZ), 200X
(c) T1l(weld), 150X and (d) T11 (HAZ), 150X (e) T22
(weld), 150X (f) T22 (HAZ), 150X.
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5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

Surface morphology and EDAX analysis for TIG weldment
of the different steels oxidized in air at 900 °C for 50 cycles
(a) GrA1l (weld), 1000X (b) GrAl (HAZ), 1000X (c) T11
(weld), 1000X (d) T11 (HAZ), 1000K (e) T22 (weld),
1000X (f) T22 (HAZ), and 1000 X.

Macrographs of different regions of SMAW weldments in
GrA1 steel subjected to cyclic oxidation in air at 900 °C for
50 cycles (a) Base Metal, (b) Weld Metal and (c) HAZ.
Weight gain plot for different regions of SMAW weldment
in GrAl steel exposed to air at 900 °C for 50 cycles.
Weight gain square (mg®/cm®*) plot for different regions of
SMAW weldment in GrA1l steel exposed to air at 900 °C
for 50 cycles.

X-ray diffraction profiles for different regions of SMAW
weldment in GrAl steel exposed to air at 900 °C for 50
cycles.

SEM back scattered image of the cross section of different
regions of SMAW weldment in GrA1 steel exposed to air
at 900 °C for 50 cycles (a) Weld Metal, 200X (b) HAZ,
200X. |

Surface morphology and EDAX analysis for different
regions of SMAW weldment in GrAl steel exposed to air
at 900 °C for 50 cycles (a) Weld Metal, 1000X and (b)
HAZ, 1000X.

Macrographs of different regions of SMAW weldments in
Tli steel subjected to cyclic oxidation in air at 900 °C for
50 cycles (a) Base Metal, (b) Weld Metal and (c) HAZ. "
Weight gain plot for different regions of SMAW weldment
in T11 steel exposed to air at 900 °C for 50 cycles.

Weight gain square (mg*/cm®) plot for different regions of
SMAW weldment in T11 steel exposed to air at 900 °C for
50 cycles. ,

X-ray diffraction profiles for different regions of SMAW
weldment in T11 steel exposed to air at 900 °C for 50

cycles.
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5.39

SEM back scattered image of the cross section of different

~ regions of SMAW weldment in T11 steel exposed to air at

900 °C for 50 cycles (a) Weld Metal, 200X (b) HAZ, 250X.
Surface morphology and EDAX analysis of the scale on
different regions of SMAW weldment in T11 steel exposed
to air at 900 °C for 50 cycles (a) Weld Metal, 1000X and
(b) HAZ, 1000X.

Macrographs of different regions of SMAW weldment in
T22 steel subjected to cyclic oxidation in air at 900 °C for
50 cycles (a) Base Metal, (b) Weld Metal and (c) HAZ.
Weight gain plot for different regions of SMAW weldment
in T22 steel exposed to air at 900 °C for 50 cycles.

Weight gain square (mg2/cm4) plot for different regions of
SMAW weldment in T22 steel exposed to air at 900 °C for
50 cycles. |

X-ray diffraction profiles for different regions of SMAW
weldment in T22 steel exposed to air at 900 °C for 50
cyclgs.

SEM back scattered image of the cross section of different
regions of SMAW weldment in T22 steel exposed to air at
900 °C for 50 cycles (a) Weld Metal, 200X (b) HAZ, 200X.
SEM micrographs showing surface morphology and EDAX
analysis for different regions of SMAW weldment in T22
steel exposed to air at 900°C for 50 cycles (a) Weld Metal,
1000X and (b) HAZ, 1000X.

Macrographs of different regions of TIG weldments in
GrALl steel subjected to cyclic oxidation in air at 900 °C for
50 cycles (a) Base Metal, (b) Weld Metal and (c) HAZ.
Weight gain plot for different regions of TIG weldment in
GrA1l steel exposed to air at 900 °C for 50 cycles.

Weight gain square (mg*/cm®) plot for different regions of
TIG weldment in GrAlsteel exposed to air at 900 °C for 50

cycles.
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5.44

5.45

5.46

5.47

5.48

5.49

5.50

X-ray diffraction profiles for different regions of TIG
weldment in GrAl steel exposed to air at 900 °C for 50
cycles.

SEM back scattered image of the cross section of different
regions of TIG weldment in GrAl steel exposed to air at
900 °C for 50 cycles (a) Weld Metal, 150X (b) HAZ, 150X.
SEM micrographs showing the surface morphology and
EDAX analysis for different regions of TIG weldment in
GrAl steel eXposed to air at 900 °C for 50 cycles (a) Weld
Metal, 1000X and (b) HAZ, 1000X.

Macrographs of different regions of TIG weldments in T11
steel subjected to cyclic oxidation in air at 900 °C for 50
cycles (a) Base Metal, (b) Weld Metal and (c) HAZ.

Weight gairi plot for different regions of TIG weldrhent in
T11 steel exposed to air at 900 °C for 50 cycles.

Weight gain square (mgz/cm4) plot for different regions of
TIG weldment in T11 steel exposed to air at 900 °C for 50
cycles.

X-ray diffraction profiles for different regions of TIG
weldment in T11 steel exposed to air at 900 °C for 50
cycles. | |
SEM back scattered image of cross section of the different

regions of TIG weldment in T11 steel exposed to air at 900

~ °C for 50 cycles (a) Weld Metal, 60X (b) HAZ, 150X.

SEM micrographs showing surface morphology and EDAX
analysis for different regions of TIG weldment in T11 steel
exposed to air at 900 °C for 50 cycles (a) Weld Metal,
1000X and (b) HAZ, 1000X.

Macrographs of different regions of TIG weldments in T22
steel subjected to cyclic oxidation in air at 900 °C for 50
cycles (a) Base Metal, (b) Weld Metal and (c) HAZ.
Weight gain plot for different regions of TIG weldment in
T22 steel exposed to air at 900 °C for 50 cycles.
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.5.52

5.53

5.54
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6.2
6.3
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6.5

6.6

6.7

Weight gain square (mg”/cm®) plot for different regions of
TIG weldment in T22 steel exposéd to air at 900 °C for 50
cycles.

X-ray diffraction profiles for different regions of TIG
weldment in T22 steel exposed to air at 900 °C for 50
cycles.

SEM back scattered image of cross section of different
regions of TIG weldment in T22 steel exposed to air at 900
°C for 50 cycles (a) Weld Metal, 150X (b) HAZ, 200X.
SEM micrographs showing surface morphology and EDAX
analysis for different regions of TIG weldment in T22 steel
exposed to air at 900 °C for 50 cycles (a) Weld Metal,
1000X and (b) HAZ, 1000X.

Macrographs of unwelded steels subjected to cyclic hot

corrosion in Na;S04-60%V,05 at 900 OC for 50 cycles (a)A

GrAl, (b) T11 and (c) T22.

Weight gain plot for unwelded steels exposed to Na;SOs-
60%V,05 at 900°C for 50 cycles.

Weight gain square (mg%/cm®) plot for unwelded steels
exposed to Na;S04-60%V,0s5 at 900°C for 50 cycles.

X-ray diffraction profiles for unwelded GrAl, T11 and T22
boiler steels subjected to cyclic oxidation in Na;SO4 -60%
V1,05 at 900°C for 50 cycles. |

SEM back scattered image for the cross-section of
unwelded steels after cyclic hot corrosion in NaySOgs-
60%V,0s at 900°C for 50 cycles (a) GrAl, 100 X and (b)
T11, 60 X.

SEM micrographs showing surface scale morphology and
EDAX analysis for boiler steels oxidized in NaySOjs-
60%V,0s at 900°C for 50 cycles (a) GrAl, 2000X (b) T11,
2500X.

BSEI and X-ray mapping of the cross-section of GrAl
boiler steel subjected to cyclic oxidation in Na;SO4 - 60%
V,0s5 at 900°C for 50 cycles at 200X.
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Fig. 6.8

Fig. 6.9

Fig. 6.10

Fig. 6.11

Fig. 6.12

Fig. 6.13

Fig. 6.14

Fig. 6.15

Fig. 6.16

BSEI and X-ray mapping of the cross-section of T11 boiler
steel subjected to cyclic oxidation in Na;SOy4 - 60% V,0s5 at
900°C for 50 cycles at 200X.

Macrographs of SMAW weldment steels subjected to
cyclic hot corrosion in Na;S04-60%V,05 at 900°C for 50
cycles (a) GrAl (b) T11 and (c) T22.

Weight gain plot for unwelded and SMAW weldment steels
exposed to  NayS04-60%V,0s at 900°C for 50 cycles.
Weight gain square (mg*/cm®) plot for unwelded and
SMAW weldment steels exposed to Na,SO4 -60%V,0s at
900°C for 50 cycles.

X-ray diffraction profiles for SMAW weldment in GrAl,
T11 and T22 boilers steels exposed to Na;SO4 -60%V,05
at 900°C for 50 cycles.

SEM back scattered image of the cross section of SM¢
weldment steels exposed to Na;SO4 -60%V,0s5 at 900°C for
cycles. (a) GrAl (weld), 150X. (b) GrAl (HAZ), 150X (c) 1
(weld), 150X (d) T11 (HAZ), 150X (e) T22 (weld), 40X () 1
(HAZ, 40X.

SEM micrographs showing surface scale morphology and

- EDAX analysis for SMAW weldment in boiler steels in

Na,; SO4 -60% V,05 at 900°C for 50 cycles (a) GrAl
(weld), 500X (b) GrAl (HAZ), 3000X (c) T11 (weld),
1000X (d) T11 (HAZ), 1000X (e) T22 (weld), 500X (f)
T22 (HAZ), 3000X.

BSEI and X-ray mapping of the cross-section of weld zone
of SMAW weldment in GrAl boiler steel subjected to
cyclic oxidation in NaySO4 - 60% V.05 at 900°C for 50
cycles at 200X. '

BSEI and X-ray mapping of the cross-section of HAZ of

. SMAW weldment in GrAl boiler steel subjected to cyclic

oxidation in Nap;SO4 - 60% V,0s at 900°C for 50 cycles at
200X.
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6.19
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6.21

6.22

6.23

6.24

6.25

BSEI and X-ray mapping of the cross-section of weld zone
of SMAW weldment in T11 boiler steel subjected to cyclic
oxidation in Na;SOy4- 60% V.05 at 900°C for 50 cycles at
200X.

BSEI and X-ray mapping of the cross-section of weld zone
of SMAW weldment in T22 boiler steel subjected to cyclic
oxidation in Na;SO4 - 60% V,05 at 900°C for 50 cycles at
200X.

BSEI and X-ray mapping of the cross-section of HAZ of
SMAW weldment in T22 boiler steel subjected to cyclic
oxidation in NaySO4 - 60% V,05 at 900°C for 50 cycles at
200X.

Macrographs of TIG weldment steels subjected to cyclic
hot corrosion in Na,;SO4 -60%V,05 at 900°C for 50 cycles
(a) GrAl, (b) T11 and (c) T22. ‘
Weight gain plot for unwelded and TIG weldment GrAl,
T11 and T22 boiler steels exposed to Na;SO4 -60%V,05 at
900°C for 50 cycles.

Weight gain square (mg*cm®) plot for unwelded and TIG
weldment in GrAl, T11 and T22 boiler steels exposed to
Na;SO04 -60%V,0s at 900°C for 50 cycles.

X-ray diffraction profiles for TIG weldment in GrAl, T11
and T22 boiler steels exposed to Na,SO; -60%V,0s at
900°C for 50 cycles. | _
SEM back scattered image of the cross section of TIG
weldment in GrAl, T11 and T22 boiler steels exposed to
Na,S0O4 -60%V,0s at 900°C for 50 cycles.(a) GrAl(weld),
60X (b) GrAl1(HAZ), 60X (c) Tll(weld), 60X (d)
T11(HAZ), 70X (e) T22 (weld), 150X (f) T22 (HAZ), 100X.

SEM micrographs showing surface scale morphblogy and -

EDAX analysis for TIG weldment steels in Na,SO4 -
60%V,05 at 900°C for 50 cycles (a) GrAl (weld), 1000X
(b) GrAl (HAZ), 1000X (c) T11 (weld), 1000X (d) T11
(HAZ), 2000X (e) T22 (weld), 1000 X (f) T22 (HAZ), and
3000X.

XXV

167

168

169

172

173

173

174

175

176



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

. Fig.

6.26

6.27

6.28

6.29

6.30

6.31

6.32

6.33

6.34

BSEI and X-ray mapping of the cross-section of weld zone
of TIG weldment in GrAl boiler steel subjected to cyclic
oxidation in Na;SO4 -60%V,0s5 at 900°C for 50 cycles at
200X.

BSEI and X-ray mapping of the cross-section of HAZ of
TIG weldment in GrAl boiler steel subjected to cyclic
oxidation in Na;SO4 -60%V,05 at 900°C for 50 cycles at
200X.

BSEI and X-ray mapping of the cross-section of weld
regions of TIG weldment in T11 boiler steel subjected to
cyclic oxidation in Na;SO4 -60%V,0s5 at 900°C for 50
cycles at 200X.

BSEI and X-ray mapping of the cross-section of HAZ
regions of TIG weldment in T11 boiler steel subjected to
cyclic oxidation in Na;SO4 -60%V;0s at 900°C for 50
cycles at 200X. '

BSEI and X-ray mapping of the cross-section of weld

regions of TIG weldment in T22 boiler steel subjected to |

cyclic oxidation in Na;SO4 -60%V,0s at 900°C for 50
cycles at 200X.

BSEI and X-ray mapping of the cross-section of HAZ
regions of TIG weldment in T22 boiler steel subjected to
cyclic oxidation in Na;SO4 -60%V,0s5 at 900°C for 50
cycles at 200X.

Macrographs of different regions of SMAW weldments in

GrA1l steel subjected to cyclic hot corrosion in Na;SO4 -
60%V,0s5 at 900°C for 50 cycles (a) Base Metal, (b) Weld
Metal and (c) HAZ.

Weight gain plot for different regions of SMAW weldment
in GrAl steels exposed to Na,SO4 -60%V,0s at 900°C for
50 cycles.

Weight gain square (mg*/cm?) plot for different regions of
SMAW weldment in GrAl steel exposed to cyclic hot
corrosion in Na;SQO4 -60%V,0s at 900°C for 50 cycles.
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6.40
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6.42

6.43

6.44

X-ray diffraction profiles for different regions of SMAW
weldment in GrAl steel exposed to cyclic hot corrosion in
NaSO4 -60%V,05 at 900°C for 50 cycles.

SEM back scattered image of the cross section of different
regions of SMAW weldment in GrAl steel exposed to
cyclic hot corrosion in Na;SO4 -60%V,05 at 900°C for 50
cycles (a) Weld Metal, 200X (b) HAZ, 200X.

Surface morphology and EDAX analysis for different
regions of SMAW weldment in GrAl steel exposed to
Na,SO, -60%V,05 at 900°C for 50 cycles (a) Weld Metal,
1000X and (b) HAZ, 1000X.

BSEI and X-ray mapping of the cross-section of weld metal
of SMAW weldment in GrAl steel subjected to cyclic
oxidation in Na,SO4 -60%V,05 at 900°C for 50 cycles at
200X.

- BSEI and X-ray mapping of the cross-section of HAZ of

SMAW weldment in GrAl steel subjected to cyclic
oxidation in Na;SO4 -60%V,05 at 900°C for 50 cycles at
200X.

Macrographs of different regions of SMAW weldments in
T11 steel subjected to cyclic hot corrosion in Na;SOy4 -
60%V,05 at 900°C for 50 cycles (a) Base Metal, (b) Weld
Metal and (c) HAZ. '

Weight gain plot for different regions of SMAW weldment
in T11 steels exposed to Na2804-60%V205‘at 900°C for
50 cycles.

Weight gain square (mg®/cm®) plot for different regions of
SMAW weldment in T11 steel exposed to cyclic hot
corrosion in NaS04-60%V,05 at 900°C for 50 cycles.
X-ray diffraction profiles for different regions of SMAW
weldment in T11 steel exposed to cyclic hot corrosion in
Na,S04-60%V,0s at 900°C for 50 cycles.

SEM back scattered image of the cross section of different
regions of SMAW weldment in T11 steel exposed to cyclic
hot corrosion in NayS04-60%V,0s at 900°C for 50 cycles
(a) Weld Metal, 200X (b) HAZ, 250X.
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Fig. 6.45

Fig. 6.46

Fig. 6.47

Fig. 6.48

Fig. 6.49

Fig. 6.50

Fig. 6.51

Fig. 6.52

Fig. 6.53

SEM micrographs showing surface morphology and EDAX
analysis for different regions of SMAW weldment in T11
steel exposed to Na;S04-60%V,0s at 900°C for 50 cycles
(a) Weld Metal, 1000X and (b) HAZ, 1000X.

BSEI and X-ray mapping of the cross-section of weld metal
of SMAW weldment in T11 steel subjected to cyclic
oxidation in Na;S04-60%V,0s at 900°C for 50 cycles at
200X.

BSEI and X-ray mapping of the cross-section of HAZ of
SMAW weldment in T11 steel subjected to cyclic oxidation
in Na;S04-60%V,05 at 900 °C for 50 cycles at 200X.
Macrographs of different regions of SMAW weldments in
T22 steel subjected to cyclic hot corrosion in Na,SOy-
60%V,05 at 900°C for 50 cycles (a) Base Metal, (b) Weld
Metal and (¢) HAZ.

Weight gain plot for different regions of SMAW weldment
in T22 steels exposed to Na;S04-60%V,05 at 900°C for 50
cycles. '

Weight gain square (mg%cm*) plot for different regions of
SMAW weldment in T22 steel exposed to cyclic hot
corrosion in Na;S04-60%V,0s at 900°C for 50 cycles.
X-ray diffraction profiles for different regions of SMAW
weldment in T22 steel exposed to cyclic hot corrosion in
Na;S04-60%V,05 at 900°C for 50 cycles.

SEM back scattered image of the cross section of different
regions of SMAW weldment in T22 steel exposed to cyclic
hot corrosion in NayS04-60%V,0s at 900°C for 50 cycles
(a) Weld Metal, 200X (b) HAZ, 200X.

SEM morphology showing surface morphology and EDAX
analysis for different regions of SMAW weldment in T22
steel exposed to cyclic hot corrosion in Na;SO4-60%V;05

at 900°C for 50 cycles (a) weld metal, 1000X (b) HAZ,
1000X.
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6.59
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6.62

BSEI and X-ray mapping of the cross-section of weld metal
of SMAW weldment in T22 steel subjected to cyclic
oxidation in NaS04-60%V,0s at 900°C for 50 cycles at
200X.

BSEI and X-ray mapping of the cross-section of HAZ of
SMAW weldment in T22 steel subjected to cyclic oxidation
in Na;S04-60%V,05 at 900°C for 50 cycles at 200X.
Macrographs of different regions of TIG weldments in
GrAl steel subjected to cyclic hot corrosion in Na;SOy-
60%V,05 at 900°C for 50 cycles (a) Base Metal, (b) Weld
Metal and (c) HAZ. |

Weight gain plot for different regions of TIG weldment in
GrA1 steels exposed to Na;S04-60%V,0s at 900°C for 50
cycles.

Weight gain square (mgz/cm4) plot for different regions of
TIG weldment in GrAl steel exposed to cyclic hot
corrosion in NayS04-60%V,05 at 900°C for 50 cycles.
X-ray diffraction profiles for different regions of TIG
weldment in GrAlsteel exposed to cyclic hot corrosion in
NayS04-60%V,0s at 900°C for 50 cycles. '
SEM back scattered image of the cross section of different
regions of TIG weldment in GrAl steel exposed to cyclic
hot corrosion in Na;S04-60%V,05 at 900°C for 50 cycles
(a) Weld Metal, 140X (b) HAZ, 150X.

SEM micrographs of surface morphology and EDAX
analysis for different regions of TIG weldment in GrAl
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Chapter 1
INTRODUCTION

Corrosion is a natural process that causes the deterioration of metals and alloys by
their interaction with the environments in contact with them. High temperature oxidation,
aqueous (or electrochemical) corrosion and corrosion-erosion are processes that cause
metallic components to suffer metal loss and damage (often) rendering them incapable of
performing the functions for which they are originally designed.

It has been stated that the natural and spontaneous corrosion of metal components
should not be a surprising occurrence, because corrosion is thermodynamically predictable.
Metais are won from their ores with great expenditures of energy and corrosion simply
'reﬂects the natural prdcess of reversion of the metals back to their natural, impure (oxide or
sulfide) states. However, corrosion mechanisms and rates can be influenced strongly by many
environmental and materials factors, including variability in the microstructures of the
metallic components. Microstructural variability arising from thermomechanical processing
methods including welding, at times may significantly accelerate localized corrosion.

Steel is most commonly and widely used metal in structures, machineries, plants and
industrial installations, railways, shipping, atomic reactors, bridges, off-shore industry, etc.
Even in developed countries the loss due to corrosion is quite high to the extent of 3% to 4%
of GDP. In India also, an estimated loss of Rs.36, 000 crores (US § 8 billion) occurs every
year due to corrosion (Baalu, 2005).

Ferritic chromium molybdenum steels are popular engineering alloys for a variety of
moderate température, high pressure applications such as the steam generators/boilers of
fossil-fuel and nuclear powér plants, refining and processing of petroleum, high temperature
high-pressure vessels for thermal reforming and pressure vessels for coal liquefaction. Such
steels possess a good combination of mechanical properties, formability and weldability, and
resistance to high temperature oxidation and other forms of corrosion (Raman, 1998).

The materials used for high temperature applications are subjected to hot corrosion
and high temperature wear. The corrosion is the deterioration of the materials by its
reaction with surrounding and the rate increases with increase in temperature known as hot

corrosion. Hot corrosion is an accelerated oxidation of materials at elevated temperatures,



induced by a thin film of fused salt deposit. In hot corrosion, metals and alloys are
subjected to degradation at much higher rates than in gaseous oxidation, with a porous
nonprotective oxide scale formed at the surface and sulfides in the substrate, Hot corrosion
is a serious problem in power generation equipment in gas turbines for ships and aircrafts
and in other enefgy conversion and chemical process systems. Because of the high
thermodynamic stability of Na,SQy, it is found to be common or dominant component of
the salt deposit (Otero et al, 1992)

Sulphur is a principal impurity in fossil fuels and sodium is introduced into the
combustion air-usually in an aerosol originating from seawater. Some other alkali or alkaline
sulphates may also exist in the deposit, depending upon the impurities contained in the fuel
and in the intake air, these thin liquid sulfate film may be deposited onto the hot hardware
either from the condensation of combustion products of fossil fuels or else from the direct
impingement of liquid droplets from the hot gas stream. The deposits often contain sulphates
or chlorides with metallic constitutes of Na, Ca, Mg, K, or V. The sources for these
contaminants are the fuel and the air necessary for combustion. This type of degradation is
especially severe when the condensed phase is liquid.

High tube metal temperatures allow the oil ash to become molten, causing rapid
corrosion. Molten oil ash deposits are now known to be extremely corrosive agents and are
responsible for causing oil ash corrosion. Corrosion occurs when molten vanadate
compounds dissolve the protective oxide layers, which naturally form on tube surface during
boiler operation. The vanadate compounds are also good oxidation catalysts and allow
oxygen and other gases in the combustion atmosphere to diffuse rapidly to the metal surface
and cause further oxidation. As soon as the metal is oxidized, the cycle starts over again and
high corrosion rates result.

Ultra super critical boilers operated under the condition of a temperature over 600 °c
and steam pressure over 24MPa are expected to have higher heat conversion efficiency.
For the tube materials applied in the boilers operating at higher temperature and in higher
steam pressures, the improvement in strength at elevated temperature is preferable to
avoiding the increasing of wall thickness when using conventional Cr-Mo steel for super
heater or reheater tubes.

Weld corrosion has been a problem since materials were first joined by welding
processes. As new materials are developed for use in corrosive environments, new
incidents of corrosion failure are discovered. For most alloy systems, weld area and stress

associated corrosion phenomena can be reduced to manageable propositions by the



correct matching of parent and consumable and by specifying an appropriate weld
procedure and manufacturing route.

Any welded components can be broadly divided into three different regions the weld
metal, the base metal, and the heat-affected zone (HAZ). The microstructure in these three
regions is caused by the different peak temperature and cooling rates. In fact, as one moves
away from the fusion line toward the base metal, one comes across sharp changes in the
microstructure even within the HAZ due to different heating cycles experienced by the HAZ
at different distances from the fusion line (Raman, 1995).

The welded components of steels suffer deleterious microstructural degradation
during welding. Since most of the in service failures are reported to occur in the HAZ, there
have been extensive research efforts into correlating weld failures with some aspects of HAZ
microstructure. The characteristics of the microstructures through weld zones and the size
and extent of heat affected zones (HAZ) of weldments will depend on, among other factors,
the type of metals being joined whether or not they are heat treatable, and classes of welding
or joining processes used.

There are at least three distinct regions in the cross section: a thick outer layer, a
subscale region consisting of extensive internal oxide précipitates, and a thinner layer that
formed between the external layer and the subscale. The subscale region was populated
with internal oxide precipitates with internal oxidation occurring along the alloy grain
boundaries (Raman, 2000).

The localized corrosion attack occurs at preferred sites of the materials, those sites
being either of microscopic dimensions, such as grain boundaries or of macroscopic size such
as areas with deviating compositions or microstructure as in the case of weldments. Localized
attack indicates the preference of one site to another to undergo corrosion. When two regions
of different compositions or structures are in contact, the one which is more active will
undergo corrosion leading to localized attack.

The objective of this study is to investigate the hot corrosion behaviour of boiler tube
steel weldments in air and molten salt (Na;SO4-60%V,0s) corrosive environment especially
at high temperature. Since it is found that in boiler operating conditions such mixture are

often found to be responsible for tube failures (weldment).



Chapter 2
LITERATURE REVIEW

2.1 FERRITIC Cr-Mo STEEL

Chromium molybdenum steel also referred to as heat resistant low alloy steel, find
frequent application in power generation stations, refining, and chemical industries for
pressure vessels, piping systems, furnace components and rotating equipment. Elevated
operating temperature usually taken to be higher than about 260 OC, frequently required that
weldment be produced of alloy steels because of the inferior hot strength and corrosion
properties of carbon steels. The type of weldments and its specific application dictates
whether hot tensile stréngth, creep or stress rupture can be used as the basis of steel selection.
The high temperature corrosion problem may be complicated by other factors such as stress
corrosion cracking, hydrogen attack etc. The use of alloy steels does not always effectively
control the corrosion of the weldments. Some times reduction of the service temperature/ or
elimination of corrosive element from the operating atmosphere are other means to alleviate
this problem (Indacochea, 1992).

Alloying elements such as chromium, molybdenum, tungsten, etc. afe added to carbon
steel to improve properties such as hardness, strength and toughness. The classic methods of
strengthening low alloy steel are |
¢ solution hardening
o quenching and tempering
e precipitation hardening
» controlled rolling

Molybdenum is an effective strengthener in all cases. The majority of low alloy
steels is quenched and tempered — Q+T. |

The addition of chromium to this alloy provides oxidation resistance and
microstructural stability. Cr forms carbides within the grains that anchor the structure at high
temperatures. Cr additions also significantly increase the hardenability of the alloy, thus as
increases welded strength. Cr in solution acts as a ferrite former in steel (Castro and De
Cadenet, 1975). The substitutional Mo atoms increase the intrinsic matrix strength by solid

solution strengthening. Mo also improves the creep performance of the alloy through forming



Mo,C as a coherent precipitate. Mo in solution also causes an increase in the eutectoid
temperature and austenitic transformation temperature (Olson et al, 1992). .

Sufficient carbon is also needed to form carbides with iron and the above alloying
elements to provide the precipitation streﬁgthening. Carbon increases the strength of the
materials. High level of carbon however decrease weldability and for this reason 0.1-0.2 wt
% carbon 1is considered to be the optimum range in terms of balancing the weld ability (Olson
et al, 1992).v The chemical compositions of sofne boiler tube steels are shown in Table 2.1

along with ASTM code and mechanical properties.

Table 2.1: Chemical composition and mechanical properties of boiler tube steel (ASME

Boiler and pressure vessels code, 1978).

Chemical composition of Boiler Tube Steels Mechanical Properties
ASTM | Composi C Mn Si S P Cr Mo Fe Tensile Yield Elong
code -tion . strength | strength | -ation
(MPa) | (MPa) | %
SA210 | Nominal | 0.27 | 0.93 | 0.1 0.058 | 0.048 | - - Bal. | 414 255 30
GrAl ' A
SA213 | Nominal | 0.15 | 0.3- | 0.5- | 0.03 0.03 1- 0.44- Bal. | 414 207 30
T11 0.6 1 1.5 0.65
SA213 | Nominal | 0.15 | 0.3- | 05 0.03 0.03 1.9- | 0.87- Bal. | 414 172 30
T22 0.6 2.6 1.13

A wide variety of welding and allied processes are available with which to join metals

these have been classified by the American Welding Society (AWS) and are listed in Table 2-2-

Table 2.2: AWS classifications of welding and allied process (Cary, 1979).

Welding processes _ Allied Process
Solid state welding (SSW) Thermal spraying (THSP)
Arc welding (AW) Adhesive bonding
Resistance welding (RW) Oxygen cutting (OC)
Oxyfuel gas welding (OFW) Thermal cutting (TC)
Soldering (S) Arc cutting
Brazing (B) Other cutting .
Other welding |




2.2 WELDABILITY OF Cr-Mo STEEL

Many process variations and discipljnes needed for problem solving are distinguished
for welding and joining of materials like steels. One of them in fusion welding is the intensity
of the heat source to melt the weld that is approximately 100W/cm? for most metals.

The weld thermal cycle generated by the moving heat- source cause physical state
changes, grain growth and metallurgical transformations, and transient thermal stress and
residual stresses and distortions. Physical discontinuities like cracks occur under the transient
thermal condition. Structural transformations occur under the operation of three gradients:
thermal, concentration and stress. A transient thermal model is needed to analyze cracking
_and embritttement problems. Rapid solidification and cooling of the weldment, the minimum
amount of heat input within the allowable welding speed range must be determined. With
modern steels welds of acceptable quality usually can be produced without the need for
preheating, post heating, or special welding techniques. The need for preheating is based not
~ only on carbon content, but also on the combination of other alloying elements along with
various aspects of joint configuration, and section thickness (Lvan, 1995).

The boiler steels can be welded with any of the arc welding processes using suitable
welding procedure. High heat input may, however, cause excessive grain growth and
precipitation of micro alloying elements, both -of which lead to reduced mechanical
properties.

-~ The most important properties when welding which result in
mechanical properties are the grain growth and microstructural transformétions. The grain in
the underbead zone is considerably coarser when compared to the grain size of parent metal.
The extent of grain growth is dependent upon the weld thermal cycle, i.e. its heating rate and
dwell time at high temperature, and upon the steels chemistry.

During the weld thermal cycle, extremely high temperatures are reached within
the HAZ and this can cause the carbide distribution to differ significantly from that of the
original, unaffected base metal. The initial carbides may coarsen, transform to subsequent
carbide species in situ or completely dissolve and be replaced by a dispersion of new
carbides. The manner in which the carbides are affected depends upon factors such as
peak temperature, dwell time and cooling rate. Manual fusion welding, typically shielded
metal arc welding (SMAW), is often employed to make modifications and repairs to

damaged components.



Welding subjects the base metal to intense thermal cycling resulting in a significantly
altered, inhomogeneous microstructure adjacent to the weld deposit. This region is known as
the heat affected zone (HAZ). In the temper bead welding procedure, the mean size,
maximum size and areal fraction of grain boundary carbides within the martensitic temper
bead increased at a much higher rate than within the bainitic conventional weaving heat
affected zone. Tempering up to 4000 hours at the simulated operating temperafure caused the
precipitation and agglomeration of coarse MgC, M23C¢ and M;C3 alloy carbides at the prior
austenite grain boundaries within the temper bead heat affected zone. It would be expected
that this would result in a decrease in the impact toughness. The carbide species distributions
were independent of the welding procedures. In the as-welded condition, the dominant
carbide species was M3C. In situ transformation of fine M,C precipitates had occurred in. a
region near of HAZ as discussed by (Peddle and Pickles, 2001). This is believed to be a
primary cause of Type IV cracking. Subsequent tempering at 538 °C resulted in the
development of M,C, M;Cs, M23C¢ and M¢C. M3C was eventually replaced by M;C; and
M13C¢. M5C3 was found to dissolve as MgC precipitated.

2.3 WELDING PROCESS

2.3.1 Fusion welding

Fusion welding is a process of joining materials by localized melting of the surfaces
to be joined, with or without the addition of a filler metal. The process inevitably generates
zones in which the material composition and characteristics vary, for a fusion weld with a
filler metal. 4

Several techniques have been developed to manipulate an electric discharge arc to
provide localized heating, melting and solidification of material to form a bond between
components. The most commonly used techniques in the fabrication of Cr Mo boiler tube

steel are discussed below.

2.3.1.1 Shielded Metal Arc Welding (SMAW)

The most common types of arc welding is shielded metal arc welding (SMAW),
which is also known as manual metal arc welding (MMAW) or stick welding. Electric
current is used to strike an arc between the base material and consumable electrode rod,
which is made of steel and is covered with a flux that protects the weld area from oxidation
and contamination by producing CO, gas during the welding process. The electrode core

itself acts as filler material, making separate filler unnecessary. This technique is most widely



used for welding of ferritic and Cr-Mo boiler steel (Viswanathan and Gandy, 1999). Fig. 2.1 s
Diagrammatically principle representation of SMAW.

2.3.1.2 Tungsten Inert Gas Welding (TIG)

TIG welding is a commonly used high quality welding process. TIG welding has
become a popular choice of welding processes when high quality, precision welding is
required.

For this purpose the arc is made between the work piece and a fixed electrode (usually
made of tungsten). The filler metal is supplied in the form of a rod introduced in the vicinity
of the arc the shielding is supplied as an inert gas through a nozzle around the electrode.
Principle representation of this process is shown in Fig. 2.2. This process finds use in welding
thin section of Cr-Mo boiler steel or in welding a root before filling by SMAW (Castro and
De Cadenet, 1975; Paulo et al, 2000).

The difference between the techniques are based on how the arc is formed and how
the weld pool is shielded from the atmosphere which in turn influence the amount of heat
applied to the work piece and how effectively the weld pool can be controlled. These
parameters influence cooling rate and inclusion concentration.

The TIG welding operation is a very complex process, which is affected by a number
of parameters, such as transient conduction, buoyancy, electromagnetic and surface tension as
discussed by (Oreper and Szekely, 1984). Many factors influence the development of the
heating and cooling cycle experienced by a welded component. The welding operation
delivers both heat and liquid metal to the component which subsequently cools through a
combination of process radiation to surrounding heat conduction into the parent metal, forced
convection due to any shielding gas flow and natural convection at the surface after the weld
pass. The weld metal also provides a further source of heat as the latent heat of fusion is
evolved during solidification. The description of process occurring in the weld metal has been

the subject of significant study (Oreper and Szekely, 1984).

2.3.2 Microstructure of Cr- Mo Steel Weldment

Matching consumablesare typically used when welding carbon and boiler tube steel
such as the low hydrogen coated electrode according to (AWS D1.1, 1998) welding practice
of Cr-Mo boiler steel. The characteristics of the microstructures through weld zones and the
size and extent of heat affected zones (HAZ) of weldments will depend on, among other
factors, the type of metals being joined whether or not they are heat treatable, and classes of

welding or joining processes used. For example tungsten inert gas (TIG) welding usually will



produce a much narrower HAZ than will conventional arc welding process (Cary, 1979; Metal
Hand Book, 1976).

2.25 Cr-1 Mo HAZ structure adjacent to the line of fusion in a multipass weld has
been described as predominantly tempered bainite. This stud}; found the structure to contain
relatively large bainite packets some small ferritic zone and tempered martensite (Bass et al,
1994). The microstructures of the HAZ after a typical weld cycle as lower bainite with some
martensite was describedby (Peddle and Pickles, 2000).

The microstructure of normalized and tempered base material shows ferrite and
bainite. Typical structures consist of -70% bainite and 30% ferrite (Peddle and Pickles, 2000).
The microstructure obtained as the weld cools from the liquid phase to ambient temperature
is called the as—deposited or primary microstructure. It consists of allotriomomhic ferrite a,
widmanstatten ferrite o., acicular ferrite 0., and the so-called microphases, which might
include small amounts of martensite, retained austenite or degenerate pearlite (Fig. 2.3). The
diagram is inaccurate in one respect, that inclusions cannot be expected to be visible in all of
the acicular ferrite plates on a planar. section of the microstructure. This is because the
inclusion size is much smaller than that of an acicular ferrite plate, so that the chances of
sectioning an inclusion and plate together are very small indeed. Bainite is also found in some
weld deposits, particularly of the type used in the power generation industry (Lundin et al.,
1986). Allotriomorphic ferrite is sometimes called “polygonal” ferrité or “proeutectoid”
ferrite, but polygonal simply means many sided (like all ferrite morphologies) and
widmanstatten ferrite can also be proeutectoid. Widmanstatten ferrite is sometimes included
under the general descpiption “ferrite with aligned MAC”, the abbreviation referring to
martensite, austenite and carbide. However, bainite plates can also form in a similar shape,
although their thermodynamic and kinetic characteristics are quite different. From a phase
transformations point of view, the classification of ferrite grains remains the most useful to
this day (Dube et al., 1958; Heckel and Paxton, 1961).

The microstructure across the weld zone were typical for arc welded conventional -
steel consisting of columnar grains of weld metal containing widmanstatten ferrite and
pearlite, epitaxial grain growth along the fusion lines, large equiaxed grains (widmanstatten
ferrite and pearlite) in the over heated zone of the HAZ and decreasing grain size through the
HAZ to the original, unaffected microstructure (banded ferrite and pearlite) in the parent

metal (William, 1992).
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2.3.3 Causes of Welded Failures

Weld failures can normally be related to welding problems in five categories, these

are:
1) Failures resulting from improper weld geometrical design.
11) Failures resulting from inappropriately specified weld process parameters.

ii1) Failures resulting from incompatibilities of the materials being welded and processes

employed.
iv) Failures resulting from improper executed welds.
V) Failures resulting from unanticipitated service conditions.

There are some welding failures that fit more than one of these five broad categories,
that is they might be placed in the category of improper weld design but might equally would

be placed in the category of in adequate welds execution (Bruce and Alan, 1994).

2.3.4 Microhardness of the Cr- Mo Steel Weldments

The microhardness of the 2.25 Cr-1 Mo steel weldments was taken along the cross
section, a portion of weld metal, the HAZ and a portion of the unaffected base metal as
shown in Fig. 2.4. The maximum hardness values occurred within the as welded coarse grain
HAZ and the hardness decreased with increasing distance from the fusion line until a constant
value of approximately 160 HV was reached in the base metal.

Microhardness results showed by (Peddle and Pickles, 2000) that the hardness within
the coarse grain HAZ and fine grain HAZ of the temper —bead weld decreased very rapidly,
dropping by as much aé 140HV within the first 500h of tempering at 538 °C (Fig. 2.5). The
hardness decreased with increasing tempering time. For both welding procedure
(conventional welding and two layer temper bead welding procedure), a substantial increase
in the as welded base metal hardness occurred within the HAZ this is due to the thermal
cycling of the material during the welding process. Initially the increase in temperature
experienced by the base material HAZ due to the welding process brings about a
corresponding increase in the solubility of alloying constituents leading to the relatively quick
dissolution of some of the carbides. Upon cooling the solubility levels decrease and new
finely dispersed carbides form within the thermally altered microstructure resulting in a
relative increase in the HAZ hardness above the base metal .level. The maximum hardness
value of the profile occurs in the area of the HAZ directly adjacent to the fusion line as
discussed by (Bass et al, 1994). The inhomogeneous fine grained microstructure of this area

is a result of the subsequent thermal cycles which transform to once coarse grained region.
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$2.3.5 Metallurgical effects on Corrosion of Weldments.-

It is generally thoughtthat enhanced attack at welds in service environments is due to
the weld metal being anodic with respect to the parent metal. Such a galvanic effect might
result from the different microstructures which exist between the weld metal, HAZ and parent
metal. Thus one way in which the problem might be avoided is by undertaking a post weld
heat treatment. It would appear from the results that the tendency towards accelerated attack
at the weld is reduced by heat treatments which homogenize the metallurgical structure of the
welded samples by heating into the austenitic range followed by either air cooling or oil
quenching. However, such heat treatments do not appear to eliminate the effect. This
indicates that other factors- such as small composition difference between the electrode and
the steel also contribute to the aforementioned galvanic effects. In any case, from a practical
point of view, post weld austenitising heat treatments may not be possible or desirable
(Hodgkiess et ai, 1978).

Welding affects the metallurgical properties and corrosion of the weldments. Welding
causes inhomogeneities. Weld metal may not have the same composition and microstructure
as the parent metal and the surface of the weld metal is generally rough. Residual stresses
will be introduced in the weld because welding involves heating and cooling. Weld metal
also has higher hardness and strength levels than the parent metal.

The difference in chemical composition, surface conditions, microstructure and
mechanical stresses in the weldments make the corrosion behaviour of the weld different
from that of the parent metal, galvanic corrosion occurs. Severe attack on the weld metal will
occur if the weld metal is anodic with respect to the parent metal. This is due to the small area
of the anode compared with the area of the cathode. If the weld metal is cathodic with respect
to the parent metal, the corrosion problem is less serious because the attack is distributed over
the large anodic area (Balakrishnan, 1994).

The major challenges facing the Pdwer Generation Industry in the 21st Century are
focused primarily on achieving the difficult targets of increased efficiencies, increased
reliability and stringent environmental standards. The challenge for coal, in particular, is to
develop new, and evolve existing clean technologies, in order to achieve these goals the

attention . comes on the boiler steel (Mayer et al, 1998).
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INCLUSION

Fig. 2.3: An illustration of the essential constituents of the primary microstructure of a
steel weld deposit (Bhadeshia et al, 1993).
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Fig. 2.5: Effects of aging at 538 °C on the hardness of the HAZ produced by the
tempered bead welding process (Bass et al, 1994).
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2.4 OXIDATION AT HIGH TEMPERATURE

Oxidation is a type of corrosion involving the reaction between a metal and air or
oxygen at high temperature in the absence of water or an aqueous phase. It is also called dry-
corrosion. The rate of oxidation of a metal at high temperature depends on the nature of the
oxide layer that forms on the surface of metal. Creep, mechanical fatigue, thermal fatigue,
oxidation and sulphidation are the main possible causes of failure of a turbine blade in & hot
station (He et al, 2001). However, a serious drawback of metallic material (and of other
materials too) is the deterioration in properties originating from their interaction with the
environments in which they are to perform. Often this leads to a premature failure of metallic
components with the allied hazards of plant shutdown and loss of economy, environmental
pollution and risk to human liyes. The annual direct loss of natural resources, i.e. metals, dﬁe to

environmental degradation is also substantial (Chatterjee~etal, 2001).

2.4.1 Mechanism of Oxidation

From the consideration of the equation:
1
M(s)+ 502 (g) = MO(s)

In order for the reaction to proceed further, one or both reactants must penetrate the
scale, either metal mﬁst be transported through the oxide to the oxide-gas interface (Birks and
Meier, 1983; Kofstad, 1990) and react there or oxygen must be transported to the oxide-metal
interface to react has explained diffusion processes with the help of neat sketches shown in
Fig. 2.6, which illustrate the growth of chromia scales in the presence or absence of oxygen
active elements. When inward oxygen diffusion predominates, oxide formation takes place at
the scale-alloy interface, reducing void or cavity formation and thereby increased scale
adhesion is achieved. Metals and alloys get oxidized when they are heated to elevated
temperatures in air or highly oxidizing environments, such as corhbustion gas with excess of
air or oxygen. They often rely on the oxidation reaction to develop a protective oxide scale to
resist corrosion attack, such as sulphidation, carburization, ash/salt deposite corrosion etc,
that is why oxidation is considered to be the most important high temperature corrosion
reaction. Further the rate of oxidation for metals and alloys increases with increasing

temperature (Lai, 1990).
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2.5 HOT CORROSION

Metals and alloys sometimes experience accelerated oxidation when their surfaces are
covered with a thin film of fused salt in an oxidizing atmosphere at elevated temperatures.
This mode of attack is called the “Hot Corrosion”. Hot corrosion can be defined as deposit
modified gas-induced degradation of materials at high temperature (Rapp and Zhang, 1994).

According to Hancock (1987), hot corrosion is an accelerated form of oxidation
which occurs when metals are heated in the temperature range 700-900°C in the presence of
sulphate deposits formed as a result of the reaction between sodium chloride and sulphur
compounds in the gas phase around the metals.

Because of its high thermodynamic stability in the mutual presence of sodium and
sulphur impurities in the oxidizing gas, Na,SOy is often found to be the common or dominant
component of salt in the deposit. Sulphur is a principal impurity in fossil fuels and sodium is
introduced into the combustion air usually in an aerosol originating from seawater. During
combustion of certain low—grade fossil fuels, vanadium compounds such as NaVOg and V,0s
may also be deposited in the salt film (Rapp and Zhang, 1994). This type of attack is
commonly called “Hot Corrroison”. The accelerated corrosion can also be caused by the
other salts, viz. vanadates or sulphate-vanadate mixtures and in the presence of solid or

gaseous salts such as chlorides.

251 Mechanisms of Hot Corrosion

The fundamental mechanism of high temperature fireside corrosion is well
established, being first proposed in the mid 1940's (Reid, 1971) and it is quite distinct from
that operating on furnace walls, involving molten sulphatic phases derived from deposited
ash. These molten sulphatic phases, specifically those of alkali metals, exacerbate metal loss
by a combination of direct sulphidation and scale fluxing to form alkali metal tri-sulphates.

Hot corrosion can occur at high temperatures where the deposit is in the liquid state
right from the beginning or the solid deposit turns into liquid during the exposure as a result
of reaction with the environment. These two types of hot corrosion processes are termed as
Type I High Temperature Hot Corrosion (HTHC) and Type II Low Temperature Hot
Corrosion (LTHC) (Khanna and Jha, 1998).
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2511 ‘Type | High temperature hot corrosion (HTHC)

It is normally observed in the temperature range of about 825-9500C when the
condensed phase is clearly liquid. The typical microstructure for HTHC shows the formation
of sulphides and a corresponding depletion of the reactive components in the alloy substrate.
The external corrosion products consist of oxide precipitates dispersed in the salt film. The
presence of the pore, crevice or crack across a protective film can lead to the sulphidation of
the alloy substrate. This results in a significant shift in the basicity of the salt film. Once the
fused salt contacts the alloy substrate, the rate and duration of the rapid corrosion kinetics is
decided by the magnitude and gradient of salt basicity relative to the local solubilities for the
oxide scale phases (Rapp and Zhang, 1994).

2.5.1.2 Type Il Low temperature hot corrosion (LTHC)

This occurs well below the melting point of Na;SO4 (884°C). The reaction product
morphology is characterised by a non-uniform attack in the form of pits, with only little
sulphide formation close to the alloy/scale interface and little depletion of Cr or Al in the
alloy substrate (Rapp and Zhang, 1994).

Luthra (1985) reported LTHC behaviour for a number of Co-Cr, Co-Al and Co-Cr-Al
alloys. After a low melting CoSO4-NaySO4 liquid phase was formed, the acidic dissolution of
CoO at the oxide/salt interface s.upported the precipitation of either Co304 or CoSOy near the
salt/gas interface. The negative solubility gradient was maintained by gradients in the basicity
and oxygen activity in the salt film. For sufficient acidic cobalt-solute ions in the salt film,
counter-transportation of Co?*/Co®" ions carried the reduction reaction to the salt/gas
interface. In this case the dissolution/precipitation of cobalt compounds prevent the formation

of protective scale 6f Cr;05 or AlZOs.

2.5.2 Hot Corrosion Degradation Sequence in the Alloy

This process almost always consists of two stages

1- An initiation stage during which the hot corrosion elements in the alloy are
oxidised and transferred from metallic atoms to the reducible substances in the deposit. In
some cases of hot corrosion an increasing amount of sulphide particles becomes evident in
the alloy beneath the protective reaction prdduct barrier. In other, small holes become evident

in the protective reaction product barrier where the molten deposit begins to penetrate it..
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Eventually the protective barrier formed via selective oxidation is rendered ineffective and
the hot corrosion process enters into the propagation stage (Pettit and  Giggin, 1987).
Numerous factors (Pettit & Giggins, 1987, Pettit & Meier, 1984), affect the time at which the
hot corrosion process moves from the initiation stage into the propagation stage and the time
.for which the protective scales are stable beneath the salt layer. These same factors also play
the dominant role in determining the type of reaction product that is formed during the
propagation stage. Alloy composition, gas composition, salt composition, salt composition
rate, temperature, temperature cyéles and erosion are some of the important factors. |

It is a fact that all corrosion resistant alloys degrade via such a sequence and it is the
result of using selective oxidation to develop oxidation or corrosion resistance. It is
convenient to place emphasis on the two stages, namely, an initiation stage during which the
alloys behave as they would have behaved in the absence of the deposit and a propagation
stage where the depdsit has caused the protective properties of the oxide scales to become
significantly different than what they would have been, had no deposit been present.

2- The propagation stage of the hot corrosion sequence is the stage for which the
superalloy must be removed from service since this stage always has much larger corrosion
rates than for the same superalloy in the initiation stage. Before describing the types of
propagation modes by which superalloys undergo hot corrosion attack, it is of value to

examine how deposits upon the surfaces of superalloys may affect their corrosion behaviour.

2.5.3 Salt Fluxing

The processes by which the reaction product barrier becomes non-pfotective due to the
formation of species, which are soluble in the liquid deposit, are called “ﬂuxing"" reactions. In a
molten sulphate deposit, the following equilibrium can be used to define acidity or basicity:-

S04 = SO; + O

With the equilibrium constant, K= P, a_,. where Psm is the pressure of SO; and a ,_ is

the activity of the oxide ions in the melt. Magnitude of K is determined by the standard free

energies of formation for Na,SQ,, SO; and Na,O and a_, equals the activity of Na;O in such

melts. _
In sulphate melts, the acidity is determined by the SO; pressure and the acidity
increases as the SO; pressure is increased. The acidity need not only be controlled by the SO3

pressure in the gas since there are other ingredients in some systems that may affect acidity.
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For example V,0s can react with Na;SO4 to increase the acidity of the melt via
reaction: Na,SO4+ V205 —» 2NaVO; + SOs

Molybdenum and Tungsten in alloy can cause similar effects when their oxides are
formed as corrosion products (Pettit and Giggins, 1987).

The initial concept of basic fluxing was first proposed by Bornstein and Decrescent
(1970) and then described in thermodynamic terms for the hot corrosion of nickel by Goebei
and Petit (1970). This process is that oxide ions are produced in the NaZSO4 deposit due to
removal of oxygen and sulphur from the deposit via reaction with the alloy and metal as
suggested by Pettit and Giggins (1987). Furthermore, oxide scales (MO) that normally would

form as protective barrier on the surface of these alloys can react with oxide ions via reaction

such as:
MO+ 0¥ — MO}
The protective oxide scales e.g. ALO3 or Cr;03 can react with 0% ions to form

soluble aluminates or chromate ions respectively:

ALO, + 0> =24107
w3 2-
Cr,0, +207 + 502 =2Cr0,

~and their protective properties are destroyed. Such basic fluxing has a number of distinct
features. Sulphides are usually found in the alloy substrate as a result of sulphur removal
from Na,SO4 to produce oxide ions. The amount of attack depends upon the production of
oxide ions by the melt. Hence a supply of Na;SOy is necessary for the attack to continue and
this type of fluxing is often not self-sustaining. This form of attack is usually restricted to
high temperatures (above 900 9C) since the O*- ion production is slow at lower temperatures,
and is more likely to be important in gases without an acidic component (e'.-g. SO;). However,
according to Rapp and Goto (1981) basic fluxing can also occur in gases with acidic
components. Their mechanism permits fluxing to be either basic or acidic, within the need for
a source or sink for O® jons which means that attack may continue without the additional
supply of the deposit. But Shores (1983) has examined the Rapp-Goto precipitation criteria for

a variety of conditions and remarked that basic fluxing reactions are not always self sustaining.
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Rapp and Goto (1981) proposed that, if the gradient in solubility of the protective oxide with
distance into the salt layer was negative at the oxide /salt interface, accelerated attack could be
sustained. This provides a quantitative expression of the earlier concepts of solubility gradients

and oxide precipitation, that is, when

( d(solubility of oxide) j <0
dx 0

Oxide can dissolve at the oxide/salt interface; migrate down a concentration gradient
away from that side to a region of low solubility and precipitate. At steady state, oxide
dissolves and is transferred away from the oxide/salt interface, just as fast as the oxide layer
grows (Fig. 2.7). They recognized that such a gradient can be established across a thin salt
film and that it need not be a consequence of the removal of sulfur from Na,SO4 or the
introduction of acidic ions from the corrosion products as required by the Goebel and Pettit
model (1970). When Rapp-Goto (1981) criterion for the oxide solubility is satisfied, fluxing
is expected. |

The acidic fluxing reactions involve the development of non-protective reaction
products on superalloys as the fesult of a liquid deposit on the surface of the superalloy which
has a deficiency of oxide ions. The deficiency of oxide ions in the Na;SOj4 can arise due to an
acidic component present in the gas or an acidic phase formed as an oxidation product upon
the superalloy. When the acidic component is present in the gas the nonprotéctive oxide scale
ensues due to rapid transport of certain ionic spedies in the acidic melt. If the melt becomes
acidic due to formation of an oxide from an element in the superalloy, the attack becomes
self-sustaining even with a small amount of Na;SO4. The refractory elements Mo, W and V
form oxides that cause Na;SO4 to become acidic and hence, these elements when oxidised in
the presence of Na;SO4 deposit on superalloys usually cause catastrophic self-sustaining hot

corrosion via acidic fluxing (Pettit and Meier, 1984).
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2.5.4 Salt Chemistry
2.5.4.1 Sulphate Solution Chemistry

As described by Rapp (1986 and 2002) oxyanion melts of alkali nitrates, carbonates, |
hydroxides and sulphates exhibit an acid base character. Whercby the acid components may
be considered as NOy(g), COx(g), HZO(g) or SO3(g) respectively. Although the use of the
Lux-Flud selection of NO5", COs*, OH and SO,% as the basic components is common for
such fused salts. The oxide ion can be alternatively changed as the Lewis base is common for
all of these salts. For a melt of pure Na,SO4, the equilibrium:

Na,SO, = Na,0O + SO,(g)

In examining the expected stability of the protective oxide Cr,Os3, they explained with
respect to dissolution either as acidic solutes such as Cr(SO4)3 or as basic solutes such as
Na,CrOj4 or NaCrO,. The phase stability diagram for the Cr-S-O system can be superimposed
on that for Na-S-O, as shown in Fig. 2.8. The two abscissa scales at the bottom and top of

figure provide alternate parameters for melt basicity (or acidity). Under no conditions, the

metal chromium remains stable in contact with Na,SO4 at 1200 K (9270C).

2.5.4.2 Vanadate Solution Chémistry .

Figure 2.9 is the phase stability diagram for the Na-V-S-O system at 900°C. The
dashed lines are isoactivity lines for the vanadate species in the salt solution. The dependence
of the equilibrium concentrations of various vanadate solutes in sodium sulphate-vanadate

solutions on the melt basicity, defined as—log ay, , , is determined by considering the
equilibrium reactions:
Na,SO, = Na,O + SO,
Na, VO, = Na,O + NaVO,
2NaVO, = Na,O +V,0;
The equilibrium concentration of each vanadium compound varies continuously with
melt basicity. NazsVOy is the dominant component in the melt at basicity less than 8.2 and

V,0s is dominant at basicity greater than 16.3. For basicities between 8.2 and 16.3, NaVO; is

the most important vanadium solute (Hwang and Rapp, 1989).

22



2.5.5 Hot Corrosion of Superheater/Reheater Boiler Tube Steel

Superheater and reheater tubes may fail well inside their intended design life by a
combination of fireside corrosion (James and Pinder, 1997). Excessive corrosion attack of the
leading tubes in a pendant stage is generally characterized by the formation of wastage flats
on the tube surface at approximately the 2 and 10 o'clock positions in relation to the gas flow.
This is associated with the preferential accumulation of ash debris on the radiant crown,
sculpted by the gas flow around the tube. The accumulated debris thermally insulates the
crown section from the flue gas, displacing the hottest operating section of the tube surface
towards the 2 and 10 o'clock positions where the deposits are thinner and, consequently, the
transmitted heat flux is greatest. Metal loss on tubes deeper within the bank is invariably less
pronounced, by virtue of their more sheltered position, and any wastage flats that form tend
to be located at the 3 and 9 o'clock positions relative to the gas flow.

The primary factors which dictate the rate of metal loss, either in isolation or
synergistically, have been identified as tube metal temperature, incident heat flux determined
by the gas temperatufe and fuel chemistry, together with the tube material and the position
and alignment of the tube within an element.

The influence of tube metal temperature on molten salt corrosion was characterized
by classic work in the late 1950's and early 1960's (Koopman et al, 1959'; Nelson and Cain,
1960). At relatively low tube metal operating temperatures, typically below 550 °C, the ash
deposits in contact with the tube substrate and/or corrosion scale are present as a porous solid
layer. These deposits allow relatively free access of the bulk flue gas to the metal
substrate/scale and the corrosion proceeds according to the temperature dependent rate for the
gas phase oxidation-sulphidation of the metal. As the tube metal temperature increases,
.sodium and potassium sulphates, formed earlier in the furnace section, gradually accumulate
on the tube surface facing the gas flow by condensation at the base of the porous alumino-
silicate deposit. As the temperature increases through the melting range of the deposit, the
chemical activity of the melt is heightened, causing a rapid increase in the corrosion rate.
However, as the temperature increases, the stability of iron sulphate/irontrisulphate under the
prevailing SO; partial pressure decreases. Eventually, a temperature is reached at which the
instability of sulphated iron species becomes dominant, causing the rate of attack to diminish

back to that associated with corrosion by gaseous species in the bulk flue gas.
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The dominance of melt activity, or corrosion product instability with temperature,
gives rise to the classic 'bell shaped' temperature dependence of corrosion under molten
sulphates which starts at 600°C and reaches a peak around 670°C (Fleming et al, 2000).
Superheater tubes must be designed to operate at temperatures some 35°C above live steam
Temperature (Staubli et al, 1998). For current steam temperatures of up to around 580°C,
metal temperatures will be around 615°C and low alloy steel tubes such as T22 may be
adequate. However, not only do the advanced steam parameters for supercritical plant impose
higher stresses and temperatures on the superheater tubes, they also increase the potential

rates of both fireside and steam side corrosion.

2.5.5.1 Water Side Corrosion

The primary reaction involved in the waterside corrosion of high temperature boilers
(Kingerley, 1994) is the formation of magnetite, via the intermediary formation of ferrous
hydroxide:

Fe?" + 20H = Fe(OH),
3Fe(OH), = Fe;04 + 2H,0 + Ho.

In approximately neutral conditions, a magnetite scale forms on the tube, the growth
of which is dominated by solid state diffusion through the scale. In the absence of sufficient
~ hydrogen, the solubility of magnetite in the boiler water is markedly temperature dependent
and the corrosion rates of steels approach minimum (acceptable) levels around neutral pH
values (Dooley, 1993; James et al, 1997; Viswanathan and Bakker, 2001). Excursions from

neutral values lead to increasingly severe attack.

2.6 BEHAVIOUR OF BASE AND WELDED METALS, ALLOYS IN
VARIOUS OXIDISING ENVIRONMENTS
2.6.1 Air

The establishment of an oxide scale on an alloy occurs by a nucleation and growth
process. When the clean component is exposed to an oxygen-rich gas, small, impinging
nuclei of all the thermodynamically stable oxides develop on the surface. These initial
nuclei of oxide coalesce rapidly to give a complete layer. During this initial or transient
stage the rate of oxidation is rapid. All the elements in the alloy oxidise and the amounts of
the various oxides in the layer are approximately proportional to the concentration of the

elements in the alloy. Once the transient oxide layer has been established, it continues to
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grow following diffusion of metal ions to the scale/gas interface or oxygen to the
scale/alloy interface. The rate of thickening of the layer is determined by the temperature,
the oxygen pressure and the spatial distribution, the amount, the composition and the
structure of the initial oxide phases (Stott, 1998).

Raman (1999) concluded that no external oxidation occurs during air oxidation of the
weld metal, HAZ, or base-metal regions at 873K. Cross sections of the air-oxidised
specimens have not suggested any features which could facilitate crack initiation/propagation
such as notch sharpening or grain-boundary cavitation. Steam oxidation of all the three
weldment regions results in extensive internal oxide precipitation and formation of distinct
subscale. The characteristics of the external scale and subsurface features developed during
steam oxidation of HAZ are considerably different from those in the oxidized weld metal and
base metal.

Microstructurally different regions of weld metal, heat affected zone (HAZ) and
base metal were identified in the weld pads of 2.25 Cr-1 Mo steel. The specimens from the
weld metal, the HAZ and the base metal were separated out of the weld pads and oxidized
for different durations from 2 to 500 h in air at 773 K. All three types of specimens
followed parabolic kinetics until the weld metal suffered spallation. While the oxidation
rates of the base metal and the weld metal were similar, the HAZ had a much higher rate
than those in the other regions. The composite weldment, consisting of the three regions,
when oxidized at 773 K, was found to have developed a considerably thicker oxide scale
over the HAZ as compared to those of the base metal and the weld metal. When measured
by a surface profilometer, the difference in thicknesses that was found to be a fraction of a
micrometer higher over the HAZ in 2 h of exposure had increased to more than 14 pm in

500 h. (Raman and Gnanamoorthy, 1993).
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Raman (1995) investigate the oxidation rate on weld metal, base metal and the HAZ
and its constituents (the intercriticle region, fine grain bainite and coarse grain bainite) in the
weldment of 2.25 Cr-1 Mo steel in air at 873 K for 50 hours. It was indicated that the HAZ
and its constituents subzones oxidize at a much higher rate than the weld metal and base
metal regions, and consequently the HAZ develops a thicker oxide scale than the base metal
and the weld metal. The oxide scale formed on the weld metal alone suffers spallation. The
higher oxidation rate of the HAZ and the formation of a thicker scale over it have been
attributed to the absence of a protective inner scale of Cr rich oxide due to the nonavailability
of free Cr from the alloy as a result of carbide formation in this region. Formation of a
protective inner scale over the weld metal and the base metal impedes outward diffusion of
Fe and hence results in the formation of Fe,Os, an oxide with lower Fe content, as the major
phase. In the absence of a protective scale, the major oxide formed over the HAZ in Fe;0y4.
The intercriticle region (ICG) oxidizes at a higher rate than the coarse grain bainite and the
fine grain bainite regions. The higher oxidation rate of the intercriticle region is due to the
cumulative influence of grain size and precipitation of Cr-based carbide in the ICG. |

The high temperature behaviour of pure metals, as well as Fe-Cr binary and ternary
Fe-Cr-Ni alloys is strongly dependent on the method of their surface preparation procedure
(Kuify et al, 1994). They have further reported that mechanically polished surfaces exhibit
a shorter incubation period for initial oxidation but better oxidation resistance during
isothermal holding at 1423 K (IISOOC) as compared to electropolished surfaces. This has
been reportedly attributed to the enhanced outward diffusion of Cr and establishment of Cr-
rich oxide layer on mechanically polished surfaces. |

Sadique et al (2000) showed that aluminium addition have marked effects on the
oxidation characteristics of Fe-Cr at all temperatures. They observed reduction in rate of
oxidation in terms of specific weight gain with increasing aluminium content. The amount
of spallation of the oxide scale was also formed to decreasing with increasing Al content.
Al content was shown to help in enhancing the adhesion of Cr,Os. Failure of the protective
scale was inhibited either through the immediate reformation of an external protective scale
or through the internal oxidation and subsequent formation of a subscale layer. It was
concluded that a minimum level of aluminium exists for the formation of a complete

protective scale on the alloy surface depending upon the temperature.

29



2.6.2 Molten Salt (Na,S0,4-V,05) Environment

Sachs (1958) studied accelerated high temperature corrosion of steels and stainless
steel in V,0s environment. They reported that oxidation of pure Cr in V,Os occurs with a
very rapid diffusion rate and so only the initial stages of the curve were supposed to be more
importanf. Later slowing down of the oxidation rate was attributed mainly to the effect of
scale thickening. Loose and spongy appearance of the scale was observed by them at the
beginning of the process; V,0s was present in excess and did dissolve the products of
oxidation. According to them at the same point the liquid was saturated with the oxide which
subsequently could get precipitated. The presence of various phases in a thin layer of scale
would impose such severe strain on the film that cracking and exfoliation could be expected.
This would permit liquid phase to reach the metal surface again and the conditions to form a
spongy scale were seen to prevail. This mechanism would apply only to iron base alloys,
which are susceptible to the catastrophic corrosion.

Corrosion resistance of various metals and alloys has also been analysed by Kerby
and Wilson (1973) in the liquid vanadates. They found that the stainless steels and
particularly 440 stainless steel (25 wt% Cr) shows the best corrosion resistance to liquid
V,05. The rate of corrosion of Armco iron by liquid V,0s has been reported to be controlled
initially by the diffusion of oxygen across the metal oxide-liquid vanadate interface. As the
available oxygen ions get depleted from the melt, the rate controlling mechanism is observed
to be changed to the sorption of oxygen at the liquid vanadate gas phase interface.

Many fossil-fueled devices for energy conversion are susceptible to rapid degradation
of high temperature alloy components when subjected to molten salt deposits. Because of the
nearly universal presence of sulfur and alkali metals in fossil fuels, the corrosive deposits
usually contain alkali sulfates (Na;SO4, K3SO4). The mechanism of Na,SOs-induced
corrosion at high temperatures, where Na,SO4 (m.p. =884 °C is liquid, has been extensively
studied. This form of attack, commonly known as hot corrosion, results in typical sulfidation
with an aluminum and/or chromium depletion zone in the alloy. The alloys were rapidly
attacked at temperatures between 650 %C and 750 °C when a liquid sulfate phase was
obtained from an initially pure solid Na,SQO4 deposit. The rapid rate of attack resulted from
sulfation of the transient surface nickel or cobalt oxides and the dissolution of these transition
metal sulfates into Na;SQOy to yield a liquid phase. This retarded the formation of a protective
Cr,035 scale discussed by (Luthra and Shores, 1980).
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Vanadium and sodium are common impurities in low-grade petroieum fuels. Molten
sulphate-vanadate deposits resulting from the condensation of combustion products of such
fuels are extremely corrosive to high temperature materials in the combustion systems.
Thermodynamic calculations for the equilibrium concentrations of Na3VO,;, NaVO; and
V,05 in a mixed sodium sulphate-vanadate solution containing 30 mol% vanadate as a
function of melt basicity have been reported by Hwang and Rapp (1989). They suggested that
vanadate ions greatly increase the acidic solubility of all metal oxides compared to that in
pure Na,SO;.

The mechanisms of hot corrosion by molten sulphateé-vanadate deposits were
investigated by Sidky and Hocking (1987) by studyihg the corrosion of Ni-I0Cr, Ni-30Cr, Ni-
20Cr-3Al, Ni-21Cr-0.3Si, Ni-20Cr-5V and IN738 superalloys. The effect of adding Cr to Ni
was found by them to be beneficial in the Na,SO4 melt, however, on increasing the VO*
concentration in the melt, this effect diminished, becoming harmful in pure NaVOs due to the
formation of the non protective CrVOy. According to them alloying element Al was found to
be harmful in Na,SO4-NaVO; melts. Cr depletion was observed in rich VO melts but
internal corrosion was more obvious in the SO42' rich melts. Corrosion in rich VO* melts
was aggressive due to the fluxing action of the salt, which takes place along internally
sulphidised areas. According to their study, IN738 suffered tremendous internal attack due to
its y precipitates those became sulphidation prone areas, which in turn were fluxed by the
VO* melt. Hocking (1993) have also suggested the use of high temperature corrosion
resistance alloys having good mechanical properties.

The kinetics of the reactions between Na;SO4 (X) and V,0s (Y) has been studied by
Kolta et al (1972). They have concluded that the rate of the reaction depends both on the
temperature (600-1300°C) and the molar ratios of X : Y. They further found that with
increase in the reaction period (>30 min.) there was decrease in reaction rate which finally
reached to zero order. This decrease in the reaction rate has been attributed to the formation
of vanadosulphate complexes such as (NaV303)2.Na;SO4 and (NaV03)2.Na,SO4 which get
decomposed at higher temperatures giving the meta- and pyro-vanadates respectively.

Thermogravimetric studies which delineate the conditions for simultaneous sulphate
and vanadate induced corrosion at 650 to 800°C have been carried out by Seiersten and
Kofstad (1987). They found that the corrosion caused by sodium sulphate/sodium vanédate
mixtures have a complex mechanism. Samples coated with sodium vanadéte were exposed to

02 + 4% SO, and the initial reaction was observed to be same as that observed in pure
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oxygen. After an incubation period the duration was found to decrease with increasing
temperature and sufficient SO; had got dissolved in the molten vanadate which resulted in
formation of a mixture of NiSO4 and Na,;SO4 near the metal. When a molten NiSO4-Na;SO4
solution containing small amounts of vanadate was formed as an intermediate layer the
reaction reportedly proceeded as sulphate-induced hot corrosion. The corrosion mechanism
was observed to be changed from initial vanadate-induced to essentially sulphate induced hot
corrosion when the sulphur trioxide pressure was high enough to form sodium sulphate.

Oxidation and hot corrosion in suphate, chloride and vanadate environment of a cast
nickel base superalloy have been reported by Deb et al (1996). Weight gain studies were
carried out in air for the uncoated samples and coated with 100% Na;SOy4, 75% NaySO4 +
25% NaCl and 60% Nay;SO4 + 30% NaVO; + 10% NaCl. The presence of sulphur in the form
of sulphates has been reported to cause internal sulphidation of the alloy beneath the external
oxide layer. They observed the formation of volatile species by chlorides which further led to
formation of voids and pits at grain boundaries those reportedly provide easy path for flow of
corrodents. The presence of vanadate in conjunction with sulphate and chloride is proposed to
provide additional fluxing action. According to them this destroys the integrity of the alloy
and weakens its mechanical properties.

According to Otero et al (1987) Na;S04-60%V,0s deposit was detected on a number
of components in actual service which were operated at high temperature and were in contact
with high-temperature gases from combustion of dirty fuels, contaihing certain amounts of
impurities, i.e. Na, V, S etc. The presence of sulphur and its oxidised compéunds were
reported to favour the formation of isolated lobes with radial morphology having great
permeability to facilitate the access of oxygen which further led to reduction in the protector
character of scale. The presence of vanadium and its oxidised products was observed to
generéte compounds with aciculate morphology, identified to look like alkaline vanadate
complexes. These aciculated shapes further contribute to reduce the protective character of
the scale. The équilibrium diagram for varying composition of Na;SO, is shown in Fig. 2.10

and the mixture of Na;S04-60%V,0s is seen to be the lowest eutectic temperature.
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Fig. 2.10: Phase Diagram for Na;SO4-V20s System (Otero et al, 1987).
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The thermogravimetric studies on hot corrosion of 2.25Cr-1Mo boiler tube steel and
its weldments in the Na;S04-60 pct V,0s environment at 900 OC, was indicated the unweld
steel showed intense spalling and sputtering and the weight gain was enormous. The
SMAW weldment showed more weight gain than that of the unweld, which may be due to
the presence of oxides of manganese and éhromium with Fe,0s;. The TIG weldment shows
less weight gain. The weight gain of unweld and welded specimens follows the parabolic
law in niolten salt. The susceptibility to hot corrosion of unweld and welded joints has been
found to be in the following order: TIG < unwelded < SMAW. Maximum cracking was
observed in the case of SMAW weldment during hot corrosion studies, whereas it was least
in the case of TIG weldment as discussed by (Kumar et al, 2007).

Tiwari and Prakash (1996) and Tiwari (1997) have also reported Astudies on
superalloys in temperature range 700-900°C in pure Na;SO4, Na;S04-15%V,05 and Na;SO,-
60%V,0s. They observed accelerated corrosion rates for Na;SO4-60%V,0s composition i.e.
eutectic with melting point of 5 00°C.

Sidhu and Prakash (2003) and Sidhu (2003A) have studies on boiler steel at 900 °C in
NaS04-60%V,05 environment. They concluded the base metal showed the more sputtering
and spallation in molten salt. Weight gain studies were carried out for the uncoated samples
and coated with Na;S04-60% V,0s The presence of sulphur in the form of sulphates has
been reported to cause intemal_sulphidati(;n of the alloy beneath the external oxide layer.
They observed that the Mo containing T22 boiler steel showed least resistant to hot corrosion
on attack. This was attributed to the formation of a low melting point MoOs phase, which
reacted with molten salt resulting in formation of Na;MoQO4 This low melting point oxide was
suggested to cause the acidic fluxing of the protective scale.

To understand the accelerated oxidation of metals and alloys under sulphate salt
coating wide ranges of corrosion kinetics and morphologies have been observed by Shi
(1993) under controlled laboratory conditions and several kinds of mechanisms have been
proposed by him. The Na;SO4-Na,O eutectic melt was reported to be responsible for the
formation of the abundant sulphide in the scale and believed to play an important role in the
present form of accelerated corrosion. Moreover Fe;O3 can dissolve into the eutectic melt

according to the reaction:

Fe,0,+ 0" < 2Fe0;
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According to him the reduction of sulphate ions occurs at the scale/melt interface a
negative gradient of concentration of 0> and thereby of 2FeO; could established across the

melt. Further fluxing of Fe,O3 with the dissolution of Fe,O3 at the scale/melt interface and
reprecipitating at the melt/gas interface was proposed by him.

The mechanism of Na;SOg4 induced hot corrosion for nickel super alloys has been
reported by Goebel et al (1973) in temperature range 650-1000 °C and by Misra (1986) in
temperature range of 750-950 C. According to them the alloys underwent catastrophic
corrosion. The accelerated oxidation has been ascribed to the formation of the liquid flux
based on Na,SO,; which normally dissolves the protective oxide scales. They proposed the
occurrence of catastrophic or self-sustaining rapid oxidation, in alloys which contain Mo, W
or V because solution of oxides of these elements with Na,SO,4 decreases the oxide ion
activity of the molten salts which further produces the melts which are acidic fluxes for oxide
scales.

The effect of Mo on the hot corrosion of superalloys has been further reported by
Peters et al (1976), Pettit and Meier (1984), and Fryburg et al (1984). They observed the alloy
containing Mo suffers catastrophic oxidation. It has been reported that MoO, react with
Na,SO; to produce an acid (SO,- rich) salt, leading to acidic fluxing. The MoO; gets in
corporated into the Na,SO; via the formation of compounds such as NaMoOs,,
Na,Mo00;.MoQO; and Na;Mo0O4.2MoQ,. All these are liquid and reported to have high
solubility for Al,O3 and Cr,0s.

2.6.3 Energy Generation Systems

The corrosion of 9 Cr-Mo (T91 and EM12) steels has been evaluated by Colot et al
(1997) in synthetic environments related to those experienced by tubes in coal-fired boilers.
They have compared the effects of water vapour, SO, and ash deposits with and without
alkali salts on the corrosion to that in ambient air in the temperature range 460 -800°C. In the
synthetic atmospheres,. a maximum in the corrosion rate was observed at approximately
600°C which has been attributed to the effect of water vapour and/or SO,. This maximum
was also observed for specimens oxidised with an ash deposit enriched in alkali salts which is
ascribed to melting of alkali iron trisulphates, (Na, K);Fe(SO4);. The alkali silicates were
found to be responsible for high rates of corrosion as temperature reaches 800°C.

The variation of corrosion rate of mild steel as a function of moisture content of the

coal and iron ore has been investigated by Gardiner and Melchers (2002). Two types of black
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coal sieved to three different size fractions up to 2360 um particle diameter and one type of
iron ore of 600-1180 um particle diameter were tested. A pronounced increase in corrosion
rate was observed at moisture content between 60% and 80% of the maximum water holding
capacity for all samples. The corrosion rate was also reported to increase with decreasing
particle size distribution.

Moujahid (1987) has observed the ash corrosion, mechanical deformation and cracks
on the cast iron chains of moving grate used to air burning of coal. The material design
reportedly does not pay enough attention to the structure behaviour during the thermal
cycling. Liquid coal ash at 1300°C strongly acidic has been observed to dissolve the basic
wustite/spinel layers which got formed on the chains at elevated oxidation temperature. The
fused ash embeds coal particles and also reduces the thermal efficiency of the equipment.
Drastic enhancement in ash corrosion rate has been attributed to the mechanical damages.

Coal gasification systems operate at temperature of up to 2000 F. (1093°C) and at a
pressure of up to 100 atm depending on the specific process and the product, coal gas
generates the greatest problems. In addition to hydrogen and carbon-containing gaseous
species, there are many undesirable species including sulphides, sulphites, sulphates,
ammonia, cyanides, volatilised oils, phenols and aggressive trace elements such as potassium,
sodium, vanadium and lead (Rapp et al, 1981). Metallic components in coal gasification pilot
plants are exposed to severe corrosive atmospheres and high temperatures. The corrosive
nature of the gaseous environments which contain oxygen, sulphur and carbon may cause
rapid material degradation and result in the premature failure of components (Danyluk and
Park, 1979). The characterisation of complex industrial atmospheres, both with respect to
composition and oxidation, carburisation and sulphidation potentials i$ important in the
design and operation of laboratory tests for materials evaluation (Kane, 1980).

Prakash et al (2001) have studied the boiler tube failure in coal fired boilers. A case
study covering one-year duration has been conducted by them for a coal fired power plant in
northwestern region of India. The number of failures occurred in the study year have been
found to be 89 and out of which 50 failures were attributed to the hot corrosion and erosion of
ash. They further investigated five samples of failed boiler tubes which were randomly
selected from the same installation. The main cause of tube failures was found to be
overheating which may be due to one or the other reason as out of five three failures were
reportedly attributed to the overheating.

Severe pitting corrosion of carbon steel tube was observed in the air preheater of a

power plant by Krishna and Sidhu (2002). They suggested that the extendéd non operation of
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the plant resulted in the settlement of corrosive species on the tube surface. The complete
failure reportedly occurred due to diffusion of these elements into the base metal and
precipitation of potassium and chlorine compounds along the grain boundaries with

subsequent dislodging of grains.

2.7 HOT CORROSION PROBLEMS ASSOCIATED WITH WELDING
OF BOILER AND PRESSURE PARTS

Fusion welding is by far the most important process used in the fabrication of modern
boilers. Components are joined by the formation of a molten pool of metal between them.
The production of high quality welds with a high degree of consistency is readily achievable.
However, defects are more likely to occur in welds than in wrought material. Whilst there are
several modes of weld failure, these are generally associated with inadequacies in weld
procedure or practice and should readily be detectable by non-destructive testing during
manufacture. The welding of pressure parts can lead to other failure modes that only reveal
themselves with time in service.

Hot corrosion is a serious problem in engineering systems such as steam boilers, gas
turbines, waste incinerators, internal combustion engines, aircrafts, and chemical process
systems, where low-grade fossil fuels are used (Prakash et.al., 1992).

Ahila et al (1994) 1nvest1gated the hot corrosion of 2.25 Cr-1 Mo boiler tube steel and
1ts weldment in the temperature range of 550 -700 °C. The corrodent used was a mixture of
potassium sulphate and sodium chloride. Thermogravimetric and metallurgical studies
indicated that the weight gain increased with time in all cases. Dissimilar metal welded joint
showed the largest weight gain whereas the induction pressure weld showed the least. Hot
corrosion of 2.25Cr-1M steel is classified as accelerated oxidation as the weight gain of
coated specimens in two to three times higher than that of uncoated specimens.

Tsuge et al (1988) investigated the effect of nitrogen for resistance to pitting corrosion
and stress corrosion cracking in various environments. The increase in nitrogen content
increases the resistance of the base metal which results from improvement in the resistance of
the gama-phase which has lower chromium and molybdenum contents compared to alpha
phase. Nitrogen is an important element in sustaining the corrosion resistance of the heat
affected zone which is heated to 1350°C or higher because nitrogen promotes the formation
of gama-phase during cooling and avoids the precipitation of chromium carbides or nitrides
at grain boundries. Nitrogen has little effect on the precipitation behaviour of the other phase

during aging heat treatment of around 700° C.
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Tsay et al (1997) observed that the heterogeneous welds using a stainless steel
ER309-16 as a filler metal displayed inferior mechanical properties. In the as welded
condition, the heat affected zone with coarse grained structures initiated the crack. The
propagation proceeded with in the diluted region along the fusion boundary, owing to the
formation of martensite in that region. Both the untempered HAZ and the diluted region
revealed a high susceptibility to hydrogen embrittlement. The precipitation of Cr-carbides
along the fusion boundary is found after tempering at 690 OC for 1h, creating a more path-for
the crack growth. The homogeneous weld which is made by using the equivalent composition
alloy as a filler (ER9016-B3), revealed that the coarse grained HAZ of the as welded
specimen caused premature failure in H,S, but the crack still initiated at the coarse grained
HAZ of a weld. |

Ahila et al (1994A) discussed thatextent of hot corrosion attack depends on various
factors such as (1) porosity of oxide layer (2) transport of the
corrosive species through the outer layer (3) dissociation of sulphate to establish a sulphur
pressure at the inner layers (4) rate of reaction between the alloying elements and the
reactants such as oxygen and sulphur, and (5) internal penetration of oxygen or sulphur into
the substrate. The formation of nonprotective and discontinuous oxides of iron such as Fe;O3
and Fe3;0y4 at the start gives rise to a high rate of attack. Once a layer has been established, the
rate of reaction decreases. The reactant which is in the liquid form can flow along the
discontinuities such as pores, cracks or the grain boundaries to the scale/alloy interface and
made available for further reaction. At the alloy/scale interface, the oxygen availability is
governed by diffusion through the défects in the outer layer and the utilization of oxygen for
the formation of oxides. The oxygen partial pressure at the subsurface is low. So at a certain
stage, this will result to increased sulphur activity as |

| 8Fe + 380, —» 4 Fe,05 + 38

A significant sulphide pressure in the reaction zone greater than that required for
Fe/FeS, Cr/CréS3 equilibria is resulted by the above reaction. The released sulphide ion reacts
to form iron sulphide which also acts as a fast diffusion path for additional penetration of
corrodents. They observed the weight gain of molten salt coated dissimilar metal weldments
(DMW) was found to be higher than that in the base metal and other weldments. The scaling
on Cr-Mo side was also found to be higher in DMW specimens than in unwelded and other
weldments. |

At moderately high temperature Cr-Mo steels are an extensively used family of

engineering materials for applications such as steam generation/handling, petroleum
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processing/refining, thermal reforming/polarization/cracking (Khare, A.K., 1981). The
corrosion characteristics of similar and dissimilar metal weldments in Incoloy 800 and
various nickel base 'alloys for use in advanced gas-cooled nuclear steam generators were
tested in isothermal exposures in dynamic steam at 1100 and 1200 F (595 and 650 °C) at 900
psi pressure for periods to 16,000 h (2 years). General corrosion was determined by weight
gain, weight loss, and scale thickness measurements, and preferential attack in fusion line
areas was assessed by metallographic means. Projected long time corrosion amounts were
very small for the weldments tested except those in Inconel 600, and for this weldment the
projected corrosion was only 43 mg/cm2 after 20 years. No evidence of aggravated attack at
fusion line areas was disclosed. These findings appear to be applicable to weldments in the
same alloys exposed to steam at lower temperatures (Hammond et al, 1973).

The localized corrosion attack occurs at preferred sites of the materials, those sites
being either of microscopic dimensions, such as grain boundaries or of macroscopic size such
as areas with deviating compositions or microstructure as in the case of weldments. Localized
attack indicates the performance of one site to another to undergo corrosion. When two
regions of different compositions or structures are in contact, the one which is more active
will undergo corrosion leading to localized attack (Heubner and Hoftman, 1989).

Cracks permit the unimpeded transport of aggressive species into the bulk of the
specimen. With in the cracks, the oxygen and sulphur activities may diverge widely from
their equilibrium levels in the atmosphere and coating, with the result that more severe
corrosive degradation can occur internally than would be expected with a given salt mixture
at the surface. Due to this, the activity of oxygen at the surface in different from that at the
subsurface. The lower activity of oxygen at the subsurface results in the formation of
sulphides. The formation of various oxides and sulphides of alloying elements can be
predicted thermodynamically considering the activity of the alloying elements in the material
and assuming Henry’ s law of dilute solqtions as indicated by (Baxter, 1986).

Ahila et al (1993A) concluded that the oxide formation on the uncoated and molten
salt coated samples follows parabolic kinetics. These oxides are not protective in hot
corrosion environments. The presence of sulphur in the form of sulphates can cause internal
sulphidation of the alloy beneath the external oxide layer, causing internal degradation which
is damaging. This destroys the integrity of the alloy and weakens its mechanical properties.

Exworthy et al (2002) discussed the cracks were the result of the stress relief heat
treatment of the boilers, and follow an intergranular path as a result of interlinkage of grain

boundary creep cavitation associated predominantly within the coarse grain heat affected
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zone microstructure. The depth of the cracks was limited by the residual and thermal stress
distribution to about half the wall thickness of the boiler shells. There were no obvious
chemical, microstructural or mechanical property differences between cracked and uncracked
boiler shell plates that could be identified to account for the observed cracks. The diagnosis
of the cracking mechanism provides factors that could be taken into account to minimize the
risk of further stress relief cracks forming during the post weld heat treatment weld option
selected for the repair. :

Ahila et al (1993) investigate the welded specimens showed a lowér degree of attack
in both molten salt coated and uncoated conditions. Oxides were observed on uncoated
specimens whileincoated specimens sulphide in addition to oxides. Attack on coated

specimens was due to the formation of a liquid phase which could flow along the grain

boundaries and weaken them as shown in Fig. 2.11. This led to accelerated corrosion.

2.7.1 Microstructural Variation Corrosion of Different Regions of

Weldments

Microstructurally different regions (namely the weld metal, heat affected zone (HAZ),
and base metal) were characterized in weldments of 9 Cr-1 Mo steel, and composite
specimens comprising the three regions were oxidised in air at 923 K. As measured by
surface profilometry, the weld metal region was found to form a thicker oxide scale than the
other regions of the weldment. The difference in thickness betweeﬁ the scales over the weld
and adjoining HAZ regions was found to be ~5 pm after 4 h but had increased to ~100 pm in
100 h. Difference in thickness between the scales was also confirmed by a few examinations
using scanning electron microscopy (SEM); this method also described the difference in
morphology of the scales developed over the three regions. Secondary ion mass spectroscopy
(SIMS) depth profiles of iron and chromium in scales developed over the different regions of
the weldments have suggested a considerably higher chromium content of the inner scales on
the HAZ and base metal than that of the scale over the weld metal; SIMS profiles have also
corroborated formation of a thicker scale over the weld metal, as assessed earlier by surface
profilometry and SEM (Raman et al, 1998A). ' |

In the weldments of 2.25 Cr-1 Mo and 9 Cr-1 Mo ferritic steels, the regions with
different microstructures were identified as weld metal, heat-affected zone (HAZ) and base
metal. When exposed to high temperatures, the HAZ of 2.25 Cr-1 Mo steel and the weld

crown region of 9 Cr-1 Mo steel were found to oxidize at higher rates, and develop much
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thicker scale than other regions in the weldments of the respective steels. SEM/EDS point
analyses and SIMS depth profiles indicate that the scale over the regions showing inferior
oxidation resistance are considerably less in free chromium content. The difference in the
oxidation behavior of the different regions was found to arise from the difference in the Cr
content of the inner layer of the protective oxide. Possible remedial measures to minimize the
high oxidation rates in certain regions of the weldments of the two steels are also discussed
(Raman and Gnanamoorthy, 1995A).

Penetration at prior austenitic grain boundaries was observed in the heat-affected
zones of weldments after the metal was exposed to 500 °C for short times to liquid lithium
containing 17.6 wt. pct lead. Corrosion increases with increasing austenitizing temperature is
insensitive to quench rate. The penetration_kinetics exhibited a change in mechanism which is
hypothesized to be associated with the conversion of epsilon -carbide to cementite. The initial
penetration mechanism is thought to be controlled by carbon diffusion in liquid lithium. The
secondary penetration rate exhibited activation energy of 117 kJ/mol, which suggests that
reaction of lithium with cementite at the grain boundaries might be the rate controlling step
(Anderson and Edwards, 1981).

Raman (2002) investigate the thermal scaling behavior of weldments of 9 Cr- 1 Mo
steel and compares the recent findings of nonuniform scaling observed during air oxidation of
225 Cr-1 Mo steel weldments. The article also discusses the bearing of the nonuniform
scaling on the life assessment.

The fatigue crack growth rate (FCGR) properties of SA508 CI 2a and SA533 Gr A Cl
2 pressure vessel steels and the corresponding automatic submerged arc weldments were
developed in a high-temperature pressurized water (HPW) environment at 288 degrees C and
7.2 MPa at load ratios of 0.20 and 0.50. The HPW environment FCGR properties of these
pressure vessel steels and submerged arc weldments were generally conservative, compared
with the appropriate American Society of Mechanical Engineers (ASME) Section XI water
environment reference curve. The growth rate of fatigue cracks in the base materials,
however, was considerably faster in the HPW environment than in a corresponding 288
degrees C base line air environment. The growth rate of fatigue cracks in the two submerged
arc weldments was also accelerated in the HPW environment but to a éigniﬁcantly lesser
degree than that demonstrated by the corresponding base materials. In the air environment,
fatigue striations were observed, independent of material and load ratio, while in the HPW

environment, some intergranular facets were present. The greater environmental effect on
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(b) Unwelded

(c) Weld metal

Fig. 2.11: Showing grain boundary attack at 650 C due to coating of sulphate
chloride mixture in welded 2.2Cr-1Mo steel (a) HAZ (b)Unwelded (¢)
Weld Metal (Ahila et al, 1993).
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crack growth rates displayed by the base materials, as compared with the weldments, was
attributed to a different sulfide composition and morphology (Liaw et al, 1989).

Supermartensitic stainless steel (SMSS) grades are gaining popularity as an alternate
material to duplex and super duplex stainless steels for applications in oil and gas industries.
The weldability of these steels, though reported to be better when compared to conventional
martensitic stainless steels, so far has been addressed with duplex stainless steel
electrodes/fillers. This work addresses the stress-cracking behaviour of weldments of a high-
grade supermartensitic stainless steel (11% Cr, 6.5% Ni and 2% Mo) in the presence of
hydrogen. Welds were produced with matching consumables, using electron beam welding
(EBW) process. Weldments were subjected to slow strain rate tests in 0.1 M NaOH solution,
with introduction of hydrogen into the specimens by means of potentiostatic cathodic
polarisation at a potential of —1200 mV versus Ag/AgCl electrode. Reference tests were
performed in air for comparison, and the results suggest that both the SMSS base material
and the EB weld metal are susceptible to embrittlement under the conditions of hydrogen
charging. (Srinivasan et al, 2004).

Raman (1998) investigate the influence of the free chromium content in the three
weldment regions on protective scale formation and on the subscale features in the HAZ of
2.25 Cr-1 Mo steel weldment in 35% steam + nitrogen environment at 873K for 10 hours. A
less protective inner scale is developed in the HAZ region, which causes a higher oxidation
rate in the HAZ than in the weld metal and base metal regions. The formation of less
protective inner scale is attributed to the trapping of free Cr, to form Cr based secondary
precipitates, exclusively in the HAZ. The less protective scale formation on the HAZ surface
also results in a subscale zone with extensive internal oxidation void formation in the
subscale and grain boundary cavitation in the adjacent alloy matrix. It is inferred that the
_extensive void formation in the subscale region and the grain boundary cavitation occurring
exclusively in the neigh‘boring alloy matrix of the HAZ can contribute to in service
mechanical failures in the HAZ of 2.25 Cr-1 Mo steel weldments.

In air, high temperature corrosion of weldments of Cr-Mo ferritic steel revealed that
the HAZ oxidized at a much higher rate than the weld metal and base metal. The
disappearance of fine Mo based carbide precipitates (enriched in Cr) are believed to be
responsible for the inferior mechanical properties of the HAZ. The Cr depletion has been
found to be responsible as well for the inferior corrosion resistance of the HAZ (Raman and

Gnanamoorthy, 1993).
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Low—Cr steels are also known to undergo internal oxidation resulting in distinct
subscale formation (subscale is the region under beneath the external oxide scale (Raman et
al, 1992; Birks and Meier, 1983). Extensive internal oxidation and oxidation induced void
formation in the subscale zone and grain-boundary cavitation in the neighboring region were
found to occur during oxidation of Cr-Mo steel weldments in the steam and synthetic
(bottled) air environment at 873 K. However, the internal oxidation and void formation were
much more extensive in the subscale regions of the HAZ than in the subscales of the weld
metal and base metal regions. As a result the alloy matrix in the area neighboring the subscale
region of the HAZ specimen suffered extensive grain boundary cavitation. This behavior has
been attributed to a rather specific combination and nature of the resulting external scale in
causing and sustaining internal oxidation (Raman, 1999).

Raman & Muddle (2000A) concluded that the greater scaling rate of HAZ than weld
and base metal regions of a 2.25 Cr-1 Mo steel weldments to be taken into account while
using scale thickness measurement as a tool for life assessment of high temperature welded
components. Given a suitable environment, a combination of Cr-rich secondary precipitation
and extensive internal precipitation in the HAZ can result in further degradation of alloy
microstructure which can facilitate crack propagation.

Kazuhio et al (1995) investigates the properties of weld metal of 18Cr heat resistant
austenitic steel containing high copper, niobium and nitrogen using TIG welding process. The
hardness of weld metal decreased in the welded joint of lower thickness tube and on the
condition of higher interpass temperature. The Mo was effective in improving the tensile
strength of weld me';al but an additive over 1 Mass % deteriorated the corrosion resistance was
effective in improving the tensile strength of weld metal. The nitrogen content in weld metal
decreased to about 80% of that in welding material by vaporization during the TIG welding
process. Manganese addition was effective in preventing N, decrease trough welding.

2.7.2. Economic Factors in Weldments

Firstly, failures of superheater and reheater boiler tubes are due to long-term creep and
fireside corrosion. A method of life assessment is described which allows economic tube
replacement prior to failure. Secondly, failures of dissimilar metal weldments in boiler tubing
have been encountered when high system loads are developed. An approach to quantify operating
life in terms of stress and temperature is described and procedures to reduce system loading are
discussed. Thirdly, damage accumulation in thick-section components, e. g. superheater and

reheater outlet headers, constitute safety and economic problems (Parker and Sidey, 1986).
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2.7.3 Component Integrity and Life Assessment of Weldment

Operating conditions and environments represent an ongoing threat to component
integrity in steam raising plant. There is no prospect of any utility being able to adopt a “fit
and forget’ philosophy within the design life of a boiler. Indeed, current life extension means
that much of the fired plant in India is approaching, or has already exceeded, twice the
original design life. Further, with changes in commercial markets and regulation, existing
plant is currently having to operate in a much less certain and much more flexible regime
than its original design intent. Accordingly, components are increasingly being subjected to
ever more onerous operating conditions under ever more aggressive environments. Hence, all
utilities are obliged to develop, adopt and continually improve methods for assessing the
integrity and future safe life of components in service. These life assessment methods
incorporate the most up to date none destructive (NDE) techniques and metallographic
assessment procedures to determine materials’ degradation in service. These are
supplemented by extensive databases of materials’ properties, fracture mechanics, knowledge
of microstructural evolution with time at temperature, measurement and analysis of corrosion
mechanisms and finite element stress analysis, in order that risks to comp'onent integrity can
be minimized.

Boiler tubes in power plants have finite life because of prolonged exposure to high
temperature, stress and aggressive environment. Service-exposed platen super heater and
reheater tubes (148,900 h) made of 2.25Cr-1 Mo steels in a 120 MW boiler of a thermal
power plant were evaluated for remnant life. Remaining life assessment (RLA) of aged power
plant components in the present highly competitive industrial scenario has become ver)'/
popular both for economy and safety reasons. In India there is a great demand for RLA since
some of the 60,000 MW capacity power sectors have become older than 20 years. In real life
both premature retirement and life extension (in relation to design life) can be encountered.
The decision for retiring a component is not purely technical but also oné of economics and
safety. Boiler components used in power plants have finite life because of prolonged
exposure to high temperature, stress and aggressive environment. However, past experience
has shown that for a variety of reasons these may have significant remaining life beyond the
design specification (Ray et al, 2003).

The prevalence of in-service failures in the welds of chromium-molybdenum ferritic
steels causes great concern in steam generating/handling systems of power plants, and

components of petroleum/petrochemical industries. Raman and Muddle (2002A) discussed
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the non-uniform scaling behaviour across microstructural gradients in weldments of pressure

vessel steels in order to develop a global model for life-assessment by relating oxide scale

thickness with time-temperature history of in-service components. They observed the
following points

iy Examining the applicability of the recent practice of life assessment by scale thickness to
the welded components, by establishing kinetics of the scale thickness growth across the
broadly different (microstrpctural) zones (viz. weld metal, HAZ and base metal) of the
steel weldments, in the environments of steam and air. .

iy Developing a suitable model for life assessment by relating scale thickness with time—
temperature history (and hence, creep damage) in the different zones of the steel
weldments.

iii) Characterizing corrosion-assisted microstructural degradation in the alloy matrix across
the broadly different (microstructural) zones (viz. weld metal, HAZ and base metal) of
the steel weldments, in the environments of air and steam, and thus investigating the role
of the environment in facilitating microstructural degradation.

Intergfanular cavitation and rupture life of metallic materials are reported to be
influenced by both the environment and secondary precipitation as well as the internal
precipitation caused by the residual oxygen in the alloy matrix. Localized effects of gaseous
corrosion include formation of corrosion notches and extensive grain boundary oxidation
causing grain detachment during air-oxidation of 2.25 Cr—1Mo steel is shown in Fig. 2.12.

A cross-section through a typical oxidised specimen (base metal) is shown in Fig.
2.13, which suggests the presence of at least three distinct regions, viz. a thick compact outer
layer, a sub-scale region consisting of extensive internal oxide precipitates, and a thin inner
layer which formed between the external layer and the subscale. The subscale region was
populated with internal oxide precipitates, with the internal oxide precipitates forming more
extensively at the alloy grain boundaries (Raman and Muddle, 2000A). Cross-sections of the

oxidized weld metal had features similar to those in the oxidised base metal.

2.8 EFFECT OF AQUEOUS CORROSION ON WELDMENTS

In recent times a considerable effort has been made to undertake a systematic and
fundamental approach in the study the corrosion behaviour of the steel weldments used in

power boilers. The induction-pressure welding process (IPW) is widely used, especially for
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Fig. 2.12: SEM micrograph showing extensive grain boundary oxidation causing grain
detachment during air-oxidation of 2.25Cr—-1Mo steel at 823 K (Raman et al,

1992).
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Fig. 2.13: Representative SEM micrographs showing cross-sections through oxide
scales and subscale zones formed over: (a) the base metal/weld metal

specimens, and (b) HAZ, during steam oxidation at 873 K (Raman and
Muddle, 2000A).

47



tubular products, for three important reasons: (i) cost effectiveness; (ii) Fit is faster than any
other fusion methods; and (iii) it is suitable for mass production. This technical paper
describes experimental work carried out to evaluate and compare corrosion and its inhibition
in SA 210 Gr Al carbon steel boiler steel weldments prepared by induction pressure welding
process in HCI at 0.1M, 0.5M, and 1.0M concentrations. The parent metal and the weld root
were chosen as the regions of exposure for the study, which was made at rc;om temperature
and at 100°C after all the test specimens were suitably stress relieved. Electrochemical
polarization techniques such as Tafel line extrapolation and linear polarizatidn resistance
were used to measure the corrosion current (Natarajan and Sivan, 2003). It is well known that
the corrosion phenomenon in boiler (steam-generator) installations can occur on the water
side of the boiler, inside the boiler tubes, inside the super heater, economizer, condensing
unit. The water used for raising steam often contains dissolved solid and gaseous impurities
which can cause scaling and corrosion, such scale is normally removed by acid cleaning. In
SA 210 GrAl carbon steel and SA 213 T11 boiler steel weldment prepared by manual metal
arc welding and tungsten inert gas welding and evaluate the corrosion and its inhibition in an
HC1 acid medium at different .concentrations, conclude that manual metal arc weld
(MMAW) corrodes less than TIG welding in all regions with a gradual increase in acid
concentration (Natarajan and Sivan, 2003). |

Failures of industrial boilers have been reported to be mainly due to water side
corrosion and scaling. Boiler corrosion is due to highly alkaline or acidic conditions of the
boiler water. Natarajan and Babu (2006) discussed the corrosion behaviour of T22 (2.25 Cr-1
Mo) boiler steel TIG weldments in neutral and alkaline media. The parent metal and weld
root regions are chosen as regions of exposure for the study made at room temperature and at
100 °C. Parent metal experiences by and large two to three times higher corrosion rate when

compared to weld metal region at all concentrations in neutral and alkaline media.

2.9 FORMULATION OF PROBLEM

‘High-temperature corrosion engineering appears well placed for development in the
current climate, with appropriate integration in design and systerhs engineering approaches.
High temperature corrosion science reséarch is extensive worldwide, there is no shortage of
interesting work to be done, or enthusiasts to do it, but it would benefit from several really
novel new areas, particularly in a competitive funding scenario which favors technology

transfer and industrially oriented research (Wood and Stott, 1995).
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Due to depletion of high-grade fuels and for economic reason use of residual fuel oil
in these systems is well known. Residual fuel oil contains sodium, vanadium and sulphur as
impurities. Sodium and sulphur form Na;SO4 (melting point 884°C) by reactions in the
combustion system. Vanadium is usually present as porphyrin or other organometallic
complexes but inorganic compounds of vanadium have also been reported. During
combustion of the fuel, vanadium reacts with oxygen to form an oxide V,0s (melting point
670°C). Thus V;0s is a liquid at gas turbine operating temperature. These compounds
(known as ash) deposit on the surface of the materials and induce accelerated oxidation (hot
corrosion) in energy generation systems. '

Knowledge of the reaction kinetics and the nature of the surface scales formed during
oxidation are important for evaluating the alloys for their use and degradation characteristics
in high- temperature applications. The oxidation behaviour of complex alloys has not been
studied extensively and is not well understood. Therefore further studies are needed on
oxidation behaviour of complex commercial alloys, particularly those used for high
temperature applications (Hussain et al, 1994).

Fusion welding is by far the most important process used in the fabrication of modern
boilers. Components are joined by the formation of a molten pool of metal between them.
The production of high quality welds with a high degree of consistency is readily achievable.
However, defects are more likely to occur in welds than in wrought material. Whilst there are
several modes of weld failure, these are generally associated with inadequacies in weld
procedure or practice and should readily be detectable by non-destructive testing during
manufacture. The welding of pressure parts can lead to other failure modes that only reveal
themselves with time in service.

Ahila et al, (1994) have studies on the 2.25 Cr-1 Mo (T22) SA 213 boiler tube steel
and its weldments in the molten salt (K,SO4-NaCl) at the temperature range 550-700°C. The
weldment were made with the three different processes viz manual metal arc weld, induction
pressure weld (IPW) and dissimilar metal weld and observed that IPW show the better
corrosion resistance in Cr-Mo steel. More cracks and spallation were noticed in manual
metal arc weld and dissimilar weld as compared to induction pressure weld.

In air, high temperature corrosion of weldments of Cr-Mo ferritic steel at 873K
revealed that the HAZ oxidized at a much higher rate than the weld metal and base metal.
The disappearance of fine Mo based carbide precipitates (enriched in Cr) are believed to be
responsible for the inferior mechanical properties of the HAZ. The Cr depletion has been
found to be responsible as well for the inferior corrosion resistance of the HAZ (Raman and
Ganamoorthy, 1993). | o
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It has been learnt from the literature that the hot corrosion is a serious problem in
power generation equipments, in gas turbines for ships and aircrafts and in other energy
conversion and chemical process systems. Hot corrosion is the accelerated oxidation of
materials at elevated temperatures induced by a thin film of fused salt deposits. Corrosion has
been attributed to the fluxing action of the molten salt deposits on the oxide scales formed on
the tubes, leading to rapid localized corrosion, accompanied by some sulphidation also. Hot
corrosion first became know to engineers and researchers with the failure of boiler tube and
later with the severe attack of gas turbine component materials.

Weld corrosion has been a problem since materials were first joined by welding
processes. As new materials are developed for use in corrosive environments, new incidents
of corrosion failure are discovered. Most of the failures are reported in weldment region
when the materials are subjected to corrosive environment at elevated temperature.

In view of the fact that further investigation on these weldments process subjected to
hot corrosion are needed some boiler tube materials are proposed to be chosen. These boiler
tube steel are procured from Guru Nanak Dev Thermal Power Plant Bhatinda, Punjab, India,
namely SA 210-GrAl (GrAl), SA 213-T11 (T11) and SA213 -T22 (T22). Relatively fewer
studies are conducted on weldments of boiler tube material.

Little information is available on the combined effect of vanadium oxide and sodium
sulphate. Vanadium oxide can react with NayO to form sulphate-vanadate compounds, which
modify the attack rate of the oxide layer or even attack the alloy (Lambert et al, 1991). As
learnt from the literature that oil ash corrosion occurs at a rapid rate in the initial hours of the
test and then the rate decreases. Hence the corrosion of weldments in vanadic environment is
of particular interest in the initial period. Most industrial processes involve the use of metals
and alloys at elevated temperature followed by cooling to room temperature numerous times.
The operating conditions in such plants conform more too cyclic, rather than to isothermal
processes. Therefore oxidation under cyclic conditions constitutes a more realistic approach
towards solving the problem of metal corrosion (Sadique et al, 2000). Relatively fewer
studies are reported under cyclic conditions, which actually simulate the working conditions
of boilers and gas turbines. In cyclic conditions, high thermal stresses are developed. Cyclic
oxidation in air was carried to get information on the spalling tendency of the oxide scale
(Burman and Ericsson, 1983).

Hence it is decided to select 50 cycles (cycle of 1hour heating followed by 20 minutes
cooling) to study the behaviour of wel mguand\dlfferent regions of weldment in the

temperature at 900 °Cin laboratory furﬁ‘? e«m'arr"’wq outa and w1th aggressive environment of
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oil fired boilers (Na;SO4-V,0s). It was also proposed to measure weight change to study the
corrosion kinetics and to use X-ray Diffractometer (XRD), Scanning Electron Microscope
(SEM), Energy Dispersive X-ray Analysis (EDAX) and Electron Probe Micro Analyser
(EPMA) to characterize the corrosion product and to make an atternpt' to understand the
mechanism of corrosion.

Many welding processes are available, among which are included: shielded metal arc
(MMA) welding, metal inert gas (MIG) welding , friction welding, submerged arc welding
and tungsten inert gas (TIG) welding. These welding processes are generally used to weld

most common materials in an electric generating industry.
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Chapter 3
EXPERIMENTAL PROCEDURE

In this chapter the experimental procedure used for the study has been summarised. It
includes the procedure to obtain the weldments, their characterisation, the hot corrosion

studies and the analysis of final corrosion products.

3.1 SELECTION OF SUBSTRATE STEELS

Three types of selected substrate materials are low carbon steel “ASTM-SA210-Grade
Al (GrAl),” 1Cr-0.5Mo steel “ASTM-SA213-T-11 (T11)” and 2.25Cr-1Mo steel “ASTM-
SA213-T-22(T22).” These steels are used as boiler tube materials in some of power plants in
Northern, India. GrAl has a wide range of applications in boilers, especially in the
construction of their water walls. When the service conditions are stringent from the point of

temperature and pressure other two types of steel mentioned above are being employed.

3.1.1 Determination of Chemical Compositions

The actual chemical composition of these steels has analysed with the help Optical
Emission Spectrometer of Thermo Jarrel Ash (TJA 181/81), USA make. Nominal and actual

compositions of these steels are reported in Chapter 4 of the present study.

3.2 EXECUTION OF WELDMENTS
3.2.1 Edge Preparation

The boiler tube was cut into approximate length of 150 mm each. Each tube was
machined to obtained a single conventional V-groove, with 37.5° bevel angle for SA210
Grade Al (GrAl), SA213 T11 and 30° bevel angle for SA213 T22 steel with constant root

gap of 1 mm and root face 1 mm as shown in Fig. 3.1 (a), (b).

52



3.2.2 Welding processes _

Two types of welding processes were used for weldments in boiler tube steels. One is
shielded metal arc welding (SMAW) was used with coated electrode (procured from D&H
Secheron Electrodes (P) Ltd., Indore, India) having the similar composition to the base
metal. Other one tungsten inert gas welding (TIG) was used with filler wire having the same
composition to the base metal where the 99% pﬁre argon gas was used for TIG welding.
The chemical compositions of electrode and filler wire for the weldments are reported in

Chapter 4 of thé present study.

3.2.3 Formulation of Weldments

Prior to welding the tube were thoroughly cleaned with brush and acetone so as to
remove any oxide layer and dirt or grease adhering to the tube. ESAB (Elektriska vetsnings-
Aktiebolaget) welding machine (Model S-69581, Aristo, 2002, Made in Sweden) was used
to obtain the weldments. Argon gas was used for TIG welding and shielding electrodes were
used for SMAW. All the process parameters including the root were constant throughout the

welding process. The process conditions were as reported in Table 3.1 & 3.2.

Table 3.1: Welding parameters for SMAW weldment in GrAl, T11 and T22 steels.

’

Process type Manual Manual ' Manual

Base steel GrAl - T11 : T22
Electrode AWS A5.1 E7018 | AWS A5.5 E8018-B2 | AWS AS5.5 E9018-B3
Root By Electrode By Electrode By Electrode
Electrode size’: 3.15mm - 3.15 mm ~ 3.15 mm
Arc current 95 A 95 A 95 A
Arc voltage 22V 22V 22V
Number of pass 2 2 . 4
Average  welding | 140.47 mm/min 140.47 mm/min. 71.77mm/min
speed
Average Heat Input | 8927)/cm. 8927 J/ecm : 17472 J/cm
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Fig 3.1: Schematic view of weldment design (a) for GrAl and T11 tube (b) for T22 tube






Table 3.2:

Welding parameters for TIG weldment in GrAl, T11 and T22 steels.

Process type Manual Manual ‘Manual

Base steel GrAl T11 T22

Filler wire AWS A5.18 AWS A528 ER| AWS A5.28 ER 90S-
ER 70S-2 80S-B2 B3

Root By Filler wire By Filler wire By Filler wire
Filler wire size 2.4 mm 2.4 mm 2.4 mm
Arc current 95 A 95 A 95 A
Arc voltage 12V 12V 12V
Number of pass 4 4 6
Average welding | 46.93 mn/min. | 46.93 mm/min. 19.407 mm/min.
speed
Argon flow rate 8 I/min. 8 I/min. 8 1/min.
Average Heat | 14575 J/cm. 14575 J/em 35245 J/em
Input

3.2.4 Preparation of Samples Materials

The circular weldments were cut from the tube to form approximately 20x15x5 mm
size specimens for composite weldment and 15x5x2 mm size specimen for different regions
of weldment. The specimens were polished with 220 grade of SiC paper and 1/0, 2/0, 3/0,

4/0 grade emery papers and then wheel polished before corrosion studies.

3.3 CHARACTERISATION OF WELDMENTS

3.3.1 Measurement of Weldment Width and Optical Microstructure of
Weldments
The size of boiler tube before welding and the width of SMAW and TIG weldments
were measured after welding and optical microstructure of different regions of weldments

are reported in Chapter 4 of the present study.

3.3.2 Porosity Analysis

The porosity measurements for SMAW and TIG weldments have been made after

polishing samples. The porosity measurements were made with image analyser having

software of Dewinter Matelal Plus 1.01 based on ASTM B276. The image was obtained
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through the attached PMP3 Inverted Metallurgical Microscope made in Japan. The
porosity values so determined are the mean of the five measurements and reported in

Chapter 4 of the present study.

3.3.3 Microhardness Measurement
The microhardness of cross-section of weldments was measured by Leitz’s, Hardness
Tester Mini Load-2, German make microharness tester. 15 pound (147.1 mN) load was

provided to the needle for penetration and hardness value is taken from the relation
Hv =1854.4x ;;2 (Where P is load in pound and d is the mean penetrated diameter in um).

Each reported value is the mean of five measurements performed and reported in Chapter 4.
The analysis was carried out at Mechanical and Industrial Engineering Department (MIED),

Indian Institute of Technology, Roorkee (India).

3.34 Tensile Testing

Circular tensile test specimens with weld at centre, having dimension (diameter 5
mm) according to ASTM E8M were prepared from the weldments produced under
constant welding parameters. The load versus extension plots was recoded during the
testing. From these tests ultimate tensile strength and percentage elongation were

evaluated and reported in chapter 4.

3.3.5 Metallographic Studies

For metallographic studies the weldments and unwelded samples were cut along the
cross-section with diamond cutter (Low speed saw, 04006, Buchler, USA make). After cutting,
these samples were hot mounted in Buehler transoptic powder (20-3400-080) using Simplemet-
11 (04002), Buehler USA make mounting machine. The surface of the specimen is first made
plane by specially designed motor-driven emery belt. The samples were than polished manually
using SiC metatlographic emery papers up to 800 grit. After manual polishing the samples were
polished on high speed polishing wheel using diamond polishing series of 6 um and then 3 um
sizes. The final polishing is carried out on a sylvet-cloth using 1 um size alumina powder
suspension on polishing wheel machine. Samples were etched with 2% nital for 20 second,
washed, dried and finally examined under MeF, Reichert-jung optical microscope made in
. Austria. The typical microstructures of the different regions of welded samples were

photographed and have been reported in Chapter 4 of the present study.
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3.4 HIGH TEMPERATURE OXIDATION AND HOT CORROSION

STUDIES
3.41 Experimental Setup

Oxidation and hot corrosion studies were conducted at 900°C in the laboratory silicon
carbide tube furnace, Digitech, India make. The furnace was calibrated with the variation of
+5°C using Platinum-Rhodium thermocouple and temperature indicator of Electromek
(Model-1551 P), India. Al,O3 boat was pre heated upto 1200°C for 6 h with the assumption
that its weight would remain constant during the cycle of study. The composite weldment,
different regions of weldment and unwelded samples were subjected to mirror polishing
following to wheel cloth polishing for 5 minutes before study. After polishing the samples
were washed properly and dried in the hot air to remove the moisture. For every experiment
the sample was kept in the boat, weight of boat and sample was measured before inserting
into the hot zone of the furnace at 900°C. The holding time in the furnace was one hour and
after one hour the boat with sample was taken out and cooled at the ambient temperature for
20 minutes. Weight of the boat along with sample was measured and this constitutes one
cycle. All oxidation and hot corrosion studies carried out for such 50 cycles. Any spalled
scale in the boat is taken into consideration for the weight change measurements. The
Electronic Balance Model CB-120 (Contech, Mumbai, India) with a sensitivity of 1 mg was

used to measure the weight change values.

3.4.2 Oxidation Studies in Air

The oxidation tests at 900°C were performed on the base steels, composite weldments
and its different regions in steels in laboratory furnace up to 50 cycles as discussed in section
3.4.1. Visual observation for the oxide scale was recorded after each cycle along with the

weight change measurements.

3.4.3 Hot Corrosion Studies in Molten Salt (Na,S04-60%V,05)
3.4.3.1 Molten Salt cbating

The composite weldments, its different regions and unwelded metal samples were
prepared for studies as discussed in section 3.2.4. The samples were heated in the oven upto
250°C and the salt mixture of Na,S04-60%V,0s dissolved in distilled water was coated on
the warm polished samples with the help of camel hair brush. The amount of the salt coating
varies from 3.0 -5.0 mg/cm?. The coated samples were then dried at 110°C for 3-4 hours in

the oven and weighed along with the Al,O3 boat.
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3.4.3.2 Hot Corrosion Studies
The salt coated samples were subjected to hot corrosion in the laboratory furnace at
900°C for 50 cycles. At the end of each cycle critical observations were made regarding the

corrosion products along with the weight change measurements.

3.5 ANALYSIS OF CORROSION PRODUCTS OF OXIDATION IN
AIR AND MIOLTEN SALT

All the samples subjected to hot corrosion were analysed for the identification of
corrosion products for both the surface as well as cross-section. The analysis was performed
for surface and cross-section of the corroded samples. Corroded samples were subjected to

XRD, SEM, EDAX, measurement of scale thickness and EPMA analysis.

3.5.1 Visual Observation

Visual examination was made and recorded after each cycle for any change in colour,
lustre, adherence-spalling tendency and development of cracks in the scale etc. After the
completion of 50 cycles (each cycle of 1 hr heating and 20 minutes cooling) in laboratory

furnace and then their macrographs were taken.

3.5.2 Thermogravimetric Studies

The weight change values were measured at the end of each cycle with the aim to
understand the kinetics of corrosion. The data was plotted with respect to number of cycles for
each sample and the plots are given in the subsequent chapters. In many cases spalling and

scaling occurred in the alumina boat and the same is also added in the weight change values.

3.5.3 Measurement of Scale Thickness

After exposure at 900°C in laboratory furnace, the samples were cut across the cross-
section and polished as discussed in section 3.3.5. Scanning Electron Microscope (LEO
435VP) with attached Robinson Back Scattered Detector (RBSD) was used to obtain the
BSE images. The average thickness of the scale was determined from.the measurements

taken on BSE images.

3.5.4 X-Ray Diffraction (XRD) Analysis
XRD studies performed on the as corroded weldments, its different regions and

unwelded siamples to identify the different phases formed during hot corrosion studies in
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the scale. The diffraction patterns were obtained by Bruker AXS D-8 Advance
Diffractometer (Germany) with CuK, radiation and nickel filter at 20 mA under a
voltage of 35 kV. The specimens were scanned with a scanning speed of 1 Kcps in 20
range of 10 to 110° and the intensities were recorded at a chart speed 1 cm/min with 1%min
as Goniometer speed. Assuming height of the most prominent peak as 100%, the relative
intensities were calculated for all the peaks. The diffractometer being interfaced with
Bruker, DIFFRACP™ X-ray diffraction software provides ‘d’ values directly on the
diffraction pattern. These ‘d’ values were then used for identification of various phases with

the help of inorganic ASTM X-ray diffraction data cards.

3.5.5 SEM/EDAX Analysis
3.5.5.1 Surface morphology

EDAX of corroded sample surfaces were performed at Central Research Facilities
(CRF), Indian Institute of Technology, Kharagpur (India) on JEOL (JSM-5800) Scanning
Electron Microscope with EDAX attachment of Oxford (Model-6841) made in England on
as weldment and its different regions samples. Samples were scanned under the microscope
and the critical areas of interests were photographed with an aim to identify the inclusions,
microcracks and morphology of the surface scale. Point analysis was performed on various
locations on these identified areas of interest on corroded surfaces of the samples with an
aim to identify the various corrosion products. The typical microstructures and elemental

analysis are reportedl in Chapter 5, 6 of the present study.

3.5.6 Electron Probe Micro Analyser (EPMA)

Composite weldments, its different regions and unwelded samples were cut along the
cross-section with diamond cutter, mounted and polished as per the procedu/re discussed in
section 3.3.5 and subjected to EPMA analysis. The mounted samples were subjected to
carbon coating before perforrﬁing the EPMA analysis. The elemental X-ray mapping was
obtained for the critical area of interest on each sample. The selected area could have the
three i.e. base sample, oxide scale and some epoxy region at the top of the scale. First
Backscattered Electron Image (BSEI) was photographed and then elemeﬁtal X-ray mapping
was taken for various elements. The elements selected for X-ray mapping were as per the
composition of the base steels, type of weldment and environment of study. Most of thé
EPMA analysis was done at Institute Instrumentation Centre (IIC), Indian Institute of
Technology, Roorkee (India) on JXA-8600M microprobe.
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Chapter 4

CHARACTERISATION OF SUBSTRATE STEELS
AND WELDMENTS

This chapter deals with critical evaluation of the base steels and the various
weldments obtained with different welding processes. The metallographic examinations
of base steels as well as the weldments have been discussed. The physical and mechanical
properties like porosity, microhardness and tensile properties of as weldment have been

reported and discussed with respect to the existing literature.

4.1 SUBSTRATE STEELS AND ELECTRODES/FILLER WIRE

4.1.1 Chemical Composition
The actual chemical composition for the substrate steels was determined by
spectroscopy. Actual (as measured) and nominal compositions are given in Table 4.1. The

nominal chemical compositions of electrode/filler wire are given in Table 4.2.

Table 4.1: Chemical composition (Wt %) for various boiler tube steels.

Type of | ASTM | Composi | C Mn Si S P Cr Mo Fe
Steel code -tion .
GrAl SA210 | Nominal | 0.27 0.93 0.1 0.058 0.048 | - - Bal.
Grade | Actual 0.2952 | 0.5977 0.2873 |0.0056 | 0.0089 | - - Bal.
Al ‘
T-11 SA213 | Nominal | 0.15 0.3-0.6 0.5'-1 0.03 0.03 1-1.5 0.44'1- Bal.
T-11 : 0.65
‘Actual 0.1359 0.4272 0.3056 | 0.0064 | 0.0123 | 0.9113 0.5135 | Bal
T-22 SA213 | Nominal | O0.15 0.3-0.6 0.5 0.03 0.03 1.9-2.6 0.87- Bal.
-T-22 1.13
Actual 0.1359 0.1703 0.4458 {0.0092 | 0.0210 | 2.6460 1.0652 | Bal.




Table 4.2: Chemical composition of electrode/ filler metal.

Welding Electrode and C Mn Si S P Cr Mo | Fe

Process/Materials Filler wire AWS
specification

SMAW/ GrAl AWS A5.1 E7018 | 0.08 | 1.2 0.52 0.016 | 0.015 | - - Bal.

SMAW/ T11 AWS A 5.5 E80184 0.08 | 0.65 0.48 0.023 | 0.018 1.3 0.48 | Bal.
B2

SMAW/ T22 AWS A5.5 0.08 | 0.6 0.54 0.021 | 0.019 | 237 1.15 | Bal.

: E9018-B3 |

TIG/ GrAl AWS A5.18 ER 0.05 | 1.15 0.45 0.018 | 0.02 - - Bal.
70S-2

TIG/ T11 AWS A 5.28 0.09 | 0.55 0.48 0.006 | 0.012 1.35 0.55 | Bal.
ER 80S-B2

TIG/T22 AWS A 5.28 0.10 | 0.62 0.48 0.006 0.009 2.55 1.08 | Bal.
ER 90S-B3

41.2 Microstructures of Substrate Steels

The optical microstructures of the substrate steels are as shown in Fig. 4.1. The
microstructures for all the steels show ferrite (white constituent) and pearlite (dark
constituent), those could be ‘resolved at certain locations showing alternate lamellas of
ferrite and cementite. Fig. 4.1 (b & ¢) shows dispersed chromium carbides in the ferrite

matrix of T11 and T22 type of steels.

4.2 VISUAL EXAMINATION OF WELDMENTS

The two types of weldments were made by shielded metal arc welding and
tungsten inert gas welding process in three types of the boiler tube steels namely GrAl,
T11 and T22 are shown in Fig 4.2 and Fig. 4.3.

The macrographs for the as SMAW weldments shown multilayer pass zone
clearly. In TIG weldments, the weldments showed no pass having greenish brown colour,
whereas a change in v shape to y shape has been observed in TIG welded GrAl steel
Fig.4.3 (a). The light black colour band along the fusion line towards base metal showed
HAZ (2 mm width).
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Fig. 4.1 : Optical micrographs of substrate steels (a) ASTM-SA210-Grade Al (GrAl),
250X (b) ASTM-SA213-T-11 (T1l), 250X (c) ASTM-SA213-T-22 (T22), 250

X.
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Fig. 4.2: Macrograph for the cross-sectional view of the SMAW weldment in steels
(a) GrAl (b) T11 (c) T22.

@ | )

(©
Fig. 4.3: Macrograph for the cross-sectional view of the TIG weldment in steels (a)
GrAl (b) T11 (c) T22.
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4.3 MEASUREMENTS OF WELDMENT WIDTH AND SIZE OF
TUBE

The weldment width measurements have been performed for the SMAW and
TIG weldments. SMAW weldment showed the more width than TIG weldment as shown
in Table 4.3. Tube size is also mentioned in the table. For each welding the width of

weldment had been measured.

Table 4.3: Average weldment width and tube size.

Materials Weldment width Tube Size (mm)
(mm)
SMAW TIG Thickﬁess Diameter
(mm) (mm)
GrAl 11 9 5 33
T11 11 95 ° 5 33
T22 12 10 10 26

4.4 POROSITY ANALYSIS

The porosity of weldment is of prime importance in the hot corrosion studies.
The dense weldments are supposed to provide very good corrosion resistance as
compared to porous weldment. The porosity measurements were made for as SMAW
weldment and TIG weldment. The porosity for SMAW weldment was found to be in the

range of 0.05-0.1%. A considerable decrease in porosity had been observed in case of

TIG weldment and it was found to be less than 0.08% (Table 4.4).

Table 4.4: Porosity (%age) of SMAW and TIG weldments.

Materials Porosity (Yoage)
SMAW TIG
GrAl 0.05-0.1 <0.07
T11 0.05-0.1 <0.08 -
T22 0.08 <0.06
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4.5 EVALUATION OF MICROHARDNESS OF WELDMENT

The microhardness of weldment in different boiler steels has been measured
along the cross-section. Profiles for microhardness vs distance from the centre of the
weldment are given in F1g 4.4 and 4.5. The critical hardness values of the substrate steels
were found to be in the range 200 to 345 HV. The maximum microhardness values of the
weld metal of SMAW and TIG weldment in T11 steel are determined to be about 270 HV
which decreases as one move towards HAZ and base metal. Hardness of the weldment
showed no significant difference with different welding processes. As indicated in the
profiles, SMAW (Fig. 4.4) and TIG (Fig. 4.5) in T22 steel have’ shown maximum
microhardness of the order of 360 HV. Whereas in GrAl steel weld metal had least
hardness 210 HV which is very near to the. microhardness of base metal. Least
microhardness values are indicated at fusion line in both the welding processes. The
fluctuation in hardness profile is more across the weldment made by TIG process.

Maximum hardness of HAZ for SMAW weldment in T22 steel is observed.

4.6 EVALUATION OF TENSILE STRENTH OF WELDMENT

The tensile strength ‘of weldment in different boiler steels has been
measured using the round tensile specimen and prepared by keeping weld in the
center. Profiles for stress vs strain of the weldment are given in Fig. 4.6 to 4.1 1. The
proof stress, ultimate tensile strength and percentage elongation in measured and their
values are shown in Table 4.5. The critical tensile strength values of the weld steels
were found to be in the range 535 to 620 MPa. The tensile strength of TIG welded
GrAl steel is the least as compared to other welded boiler steel.

Table 4.5: Typical all weld metal tensile data.

Materials Welding Test Ultimate Tensile Yield strength Elongation
process Temperatur | strength (MPa) (Proof stress) percentage
at 0.2% offset
(MPa)
GrAl SMAW Room 592 200 . 27.99
T11 SMAW Room 618 150 22.44
T22 SMAW Room 536 379 20.49
GrAl TIG Room 489 167 16.16
T11 TIG Room 548 208 24.45

65



550 -

—e— GrA1
500 { —O—T11
. —a—T22
450 23
~ ‘Weld e HAZ o Base)
<+ Pt > »>
400 4
e~ 350 4
>
<
o 3001 {
(]
2
250 4
'2 C
(] < L
I 200 1~
150 -
100
50 |
0 . . - . . . . . - ' . . . r
0 0.5 1 1.5 2 2.5 3 3.5 4 45 5 55 6 6.5 7 75

Distance across the weld (mm)

Fig. 4.4: Microhardness profiles of SMAW weldment in GrAl, T11 and T22 boiler
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Fig. 4.5: Microhardness profiles of TIG weldment in GrA1l, T11 and T22 boiler steel.
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Fig. 4.7: Stress vs strain curve for SMAW weldment in T11 steel.
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Fig. 4.9: Stress vs strain curve for TIG weldment in GrA1 steel.
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4.7 METALLOGRAPHIC STUDIES
4.7.1 Cross-Sectional Microstructure of SMAW Weldment

4.7.1.1 GrA1 Steel

Figurc 4.12 shows the optical micrographs for SMAW weidment in GrA1 steel.
Optical micrograph of the weld metal is indicate in Fig. 4.12 (a), (b) bainaitic structure
with acicular ferrite and small dendrites formation. HAZ region with coarse grain are

shown in Fig. 4.12 (c), (d).

4.7.1.2 T11 Steel

The microstructures of SMAW weldment in T11 steel are shown in Fig. 4.13.
Optical micrograph of the weld region indicates martensitic structure shown in Fig. 4.13

(), (b). In the HAZ region it was coarse grain structure with carbide precipitation Fig.

4.13 (c), (d).

4.7.1.3 T22 Steel

The weld metal shows the formation of bainitic structure Fig. 4.14 (a), (b).
HAZ region showed coarse bainitic structure Fig. 4.14 (c). Finer structure is shown in .

Fig. 4.14 (d).

4.7.2 Cross-Sectional Microstructure of TIG Weldment
4.7.2.1 GrA1 Steel ,
Figure 4.15 shows the optical micrographs for TIG weldment in GrAl steel.

Optical micrographs of the weld metal are shown in Fig. 4.15 (a), (b) indicating bainaitic
structure with irregular boundary. HAZ region with coarse grain and fine grain are shown

in Fig. 4.15 (c¢) & (d) respectively.
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4.7.2.2 T11 Steel

The microstructure of TIG weldment in. T11 steel are shown in Fig. 4.16.
Optical micrograph of weld metal showed the martensitic structure with lath like
arrangement of ferrites in Fig. 4.16 (a), (b). In the HAZ region more coarse grains were

seen as compared to finer grain size structure Fig. 4.16 (c), (d).

4.7.2.3 T22 Steel

The weld metal shows a combination of widmanstatten type ferrite, pearlite
and bainite. The presence of Cr and Mo in the alloy enhances hardenability and promotes
bainite formation even on relatively slow cooling Fig. 4.17 (a), (b). HAZ region showed

coarsed structure Fig. 4.17 (¢). Finer structure is shown in Fig. 4.17 (d).
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Fig. 4.12: Optical microstructure of SMAW weldment in GrAl steel (a) Weld Metal,
200X (b) Weld Metal, 100X (c) HAZ Coarse Grain, 200X (d) HAZ Coarse
+Fine Grain, 100X.
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100X.
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4.8 DISCUSSION

The SMAW and TIG weldment in boiler tube steel were made with constant
amperage and root gap using shielded electrode and filler wire respectively. Slag formed during
welding was removed at each welding pass. Weldment width was measured after each welding
process to compare the dissolution of substrate metal in the weld metal. The dissolution of base
metal in the weld may reduce the strength of weldment. SMAW and TIG weldment width was
observed. Visual examination of cross sectional weldments showed in the Fig. 4.1 and the
slightly change has been observed from v shape in case of GrAl TIG welded steel.
Microhardness of different weldments was measured.

The measured porosity of SMAW and TIG weldments is given in Table 4.4. The
porosity percentage for TIG weldment is less than SMAW weldment. Microhardness plots
indicate higher microhardness of weld metal and HAZ. Base metal showed the little less
hardness. The large values of microhardness as indicated in plot (Fig. 4.5) for base metal in
case of TIG weldments may be due to the thermal cycling. But the microhardness values for
HAZ of both weldments showed higher value. This may be only due to carbide precipitation as
well as stresses developed during cooling of weldment.

Stress vs strain graph of the weldments are given in Fig. 4.6 to 4.11. The proof
stress, ultimate tensile strength and percentage elongation in measured and their values are
shown in Table 4.5. The critical tensile strength values of the weld steels were found to be
in the range 500 to 560 MPa. The tensile strength of TIG welded GrAl steel is least as
compared to other welded boiler steel.

The optical microstructures of the substrate steels are as shown in Fig. 4.1. The
microstructures for all the steels show ferrite (white constituent) and pearlite (dark
constituent), those could be resolved at certain locations showing alternate lamellas of
ferrite and cementite. Fig. 4.1 (b & ¢) shows dispersed chromium carbides in the ferrite
matrix of T11 and T-22 type of steels. Opticai micrograph in case of GrAl steel, the
SMAW weld metal indicates in Fig. 4.12 (a), (b) bainaitic structure with irregular boundary
and small dendrite formations. HAZ region with coarse grain are shown in Fig. 4.12 (¢),
(d). Whereas for TIG weld metal indicates in Fig. 4.15 (a), (b) bainaitic structure with
irregular boundary and small dendrites formation. HAZ region with coarse grain and fine

grain are shown in Fig. 4.15 (¢) & (d) respectively.
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In case of T11 optical micrograph of the SMAW weld region indicates martensitic
structure shown in Fig. 4.13 (a), (b). In the HAZ region was coarse grain structure with
carbide precipitation Fig. 4.13 (c), (d). Optical micrograph of same steel welded by TIG,
weld metal also showed the martensitic structure with lath like arrangement of ferrites in
Fig. 4.16 (a), (b). In the HAZ region coarse grains were seem Fig.4.16 (c), (d).

In T22 steel, SMAW Weld metal and HAZ shows the formation of bainitic
structure Fig. 4.14 ((a), (b), (¢), (d)) observed Raman (1999). Whereas TIG weld metal
shows a combination of widmanstatten type ferrite, pearlite and bainite structure. The
presence of Cr and Mo in the alloy enhances hardenability and promotes bainite formation
even on relatively slow cooling Fig. 4.17 (a), (b) as also suggested by Natrajan and Babu
(2006). HAZ region showed coarsed structure Fig. 4.17 (c). Finer structure is shown in

Fig. 4.17 (d).

79



Chapter 5
PART (A) OXIDATION STUDIES ON UNWELDED
STEELS AND WELDMENTS IN AIR

This part of chapter 5 deals with the critical examination of corrosion products and the
behaviour of unwelded and weldments steels when subjected to high temperature cyclic
oxidation in air at 900°C for 50 cycles. The samples were visually examined at the end of each
cycle during study. Efforts have been made to understand the mechanism of corrosion.

The corrosion products were analyzed with XRD and SEM/EDAX. The results for
unwelded and weldment steels have been reported under different subheadings. In view of the
thermogravimetric data for the each unwelded steel is reported along with the each welded steel.

The parabolic rate constants and scale thicknesses have been evaluated.

5.1 RESULTS

5.1.1 Unwelded Steeis
5.1.1.1 Visual Examination

Macrographs for corroded specimens of boiler steel after 50 cycles of oxidation at
900°C are shown in Fig. 5.1. During cyclic study the colour of scale for all the steels was
light purplish grey during first few cycles and turned to dark grey after fifth cycle. In case of
T22 type steel the small spalling and sputtering started just after 4™ cycle. Where as
minimum spalling was observed in case of GrAli steel. The cracks in the oxide scale for
GrAl steel appeared after 25" cycle and same had appeared after 29™ cycle for T11 type of
steel. Very interesting observation was noticed for T11 type of steel after 35" cycle. It
appeared as the scale had bulged out from the middle of the surface and remained adhered at
the edges. The scale formed on GrAl steel is of uniform thickness and has dull appearance.
Lustrous dark grey colour scale was noticed for T11 type of steel. Where as irregular and

fragile scale is observed for T22 steel in Fig. 5.1 (c) showing spalled areas.

5.1.1.2 Thermogravimetric Data
The plots of cumulative weight gain (mg/cmz) as a function of time.(number of cycles)

for GrAl, T11 and T22 steel at 900°C in air upto 50 cycles are shown in Fig. 5.2. Extensive
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spalling and sputtering has limited the study upto 50 cycles. The plot for all the steels shows a
large weight gain during the first few cycles followed by gradual weight gain. The amount of the
spalled scale has also been incorporated in weight gain measurements. The total weight gain at
the end of 50 cycles for GrAl, T11 and T22 steels is 135.275, 128.387 and 121.610 mg/cm’
respectively. The (weight gain/unit area)® plot against number of cycles Fig. 5.3 further confirms
that parabolic law is followed by all the three steels. The values of parabolic rate constant, K, (10°

®g®cm™ sy are 10.282, 9.384 and 8.515 for GrA1l, T11 and T22 steel respectively.

5.1.1.3 X-ray Diffraction Analysis

The XRD analysis for GrA1l, T11 and T22 steel after exposure to air at 900°C for 50
cycles is shown in Fig. 5.4 and these diffractograms has almost similar phases for all the
steels. As obvious from the composition all the steels have indicated the formation of iron
oxide (Fe;03). Where as weak peaks of Cr,O; along with Fe,Os are indicated in the oxide

scale of steel T22.

5.1.1.4 Scale Thickness Measurement
The samples were cut across the cross-section after exposure to air at 900°C for 50 cycles
and mounted. The scale thickness was measured from SEM back scattered images as shown in
“Fig. 5.5. Very thick oxide scale was identified in case of T11 steel and was around 1.69 times
more than the scale thickness measured for T22 steel. The scale thickness values are 1.100, 1.289

and 0.763 mm for GrA1, T11 and T22 type of steel respectively.

5.1.1.5 SEM/EDAX Analysis
65.1.1.5.1 Surface Morphology

SEM micrograph of the scale formed after 50 cycles of oxidation in air 900°C for GrA |
steel indicates a scale containing distorted grains. EDAX analysis indicates the formation of
mainly iron oxide, Fig. 5.6 (a). The micrograph of top surface of the scale in case of T11
steel indicates intergranular cracking. EDAX analysis shows the presence .of little amount of ‘
MnO (3.17%) in the scale at point 1 in micrograph of Fig. 5.6 (b). The subscale has higher
content of MnO (17.50%) with main phase being Fe,O; at point 2. Whereas spalling is
indicated and top scale is mainly Fe,Os; in case of oxidized T22 steel. At point 2 on
micrograph in Fig. 5.6 (c) presence of Cr;03 (4.8%) is indicated. The subscale has oxides,
Fe,0; (95.30%) and MnO (3.47%) (Point 1).
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Fig. 5.1: Macrographs of unwelded steels subjected to cyclic oxidation in air at 900 °C
for 50 cycles (a) GrAl, (b) T11 and (c) T22.
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Fig. 5.5: SEM backscattered image of the cross-section of unwelded steels after cyclic
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5.1.2 SMAW WELDMENT
51.21 Visual Examination

Macrographs for oxidized SMAW weldment in GrA1, T11 and T22 steel for 50 cycles in
air at 900°C are shown in Fig. 5.7. The surface appearance for welded GrAl steel was smooth
and no cracks are apparent. But the weid regions seen biack in colour during 4™ cycie and some
little cracks seem after 27" cycle. Whereas for the other two welded steels occurrence of large
number of cracks have been observed in the oxidized samples. For welded T22 steel the spalling
started to appear just after 4™ cycle. The new oxide scale seems to have grown in this void and
which led to cracks and spalling of the top scale. In case of welded T11 steel cracks have been
observed during 36™ cycle. Through these cracks some oxides dark grey in colour appeared to be
protruding out. The colour of oxide scale for all the three samples is dark grey having very small
greenish look in the early stage of experimentation. After few cycles the colour of oxide scale

turned blackish gray as shown in Fig 5.7.

5.1.2.2 Thermogravimetric Data

Fig. 5.8 shows the variation of weight gain as a function of time. The cumulative weight
gain for welded T22 type of steel is almost linear. The spalling has also been observed on this
steel proved to be least effective as the total weight gain is approximately to the weight gain for
unwelded steel. The welded T22 steel has showed higher weight gain than other two welded
steels. The weight gain (mg/cm?) after exposure of 50 cycles is around 185.354, 123.582 and
248.157 for welded GrAl, T11 and T22 steels respectively than that of unwelded steels. The
maximum resistance to the oxidation at 900°C has been provided by unwelded T22 steel. The
oxidation behaviour for welded GrAl, T11 and T22 steels is almost parabolic in nature as shown
| by Fig. 5.9. The value of parabolic rate constant, K, (10 g? crn™ s7) for these welded steels is
20.365 (GrA1l), 8.832 (T11) and 36.447 (T22).

5.1.2.3 X-ray Diffraction Analysis

The X-ray diffractograms for SMAW weldment in steels after cyclic oxidation in air for
50 cycles at 900°C are shown in Fig. 5.10. All the welded oxidized steels have indicated the
formation of similar phases. The main phases analyzed by XRD analysis are Cr;0s, Fe20s. In

case of T11 steel the main phases Fe;O3 with MnO.
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5.1.2.4 Scale Thickness Measurement

The oxide scale thickness for SMAW weldment in steels was measured from the BSEI
shown in Fig. 5.11 after oxidation in air for 50 cycles at 900°C. Although the welded T22 steel as
indicated thick scale formation yet it is about 1.75 times of that for unwelded steel. The minimum
scale thickness has been measured for GrAl type of SMAW weldment in steel which is around
1.2 times of that for welded T22 steel. The average values of weld regions in SMAW weldment
of steels oxide scale thickness are 1.110, 1.250 and 1.333 mm for GrAl, Ti1 and T22 steels
respectively. Whereas the average values of HAZ in SMAW weldment of steels oxide scale
thickness are 1.196, 1.373 and 1.386 mm for GrA1l, T11 and T22 steels respectively.

5.1.2.5 SEM/EDAX Analysis
5.1.2.5.1 Surface Morphology .
SEM micrograph Fig. 5.12 (a) for weld region of SMAW weldment in GrAl steel

indicates more oxidation along boundary of ferrite phases. The oxide scale mainly contains
oxides of Fe. The top scale contains larger amount of iron oxide (99.44%) as compared to
boundary region having 99.11% iron oxide. Whereas the oxide scale of HAZ region consists of
mainly iron oxide (99.01%) with small amount of MnO (0.65%) at Point 2 in Fig. 5.12 (b). In
case of T11 steel the weld region indicates the spalled region contains amount of Fe;O3 (91.23%)
and MnO (8.25%) as compared to top scale having 99.14% iron oxide Fig. 5.12 (c). whereas the
oxide scale of HAZ region consists of Fe;O3 (96.23%) with MnO (2.14%) and SiO; (1.25%) at
point 1 top scale. The inner scale mainly indicates the iron oxide (99.01%) and MnO (1.97%) at
~ point 2F ig. 5.12 (d). The SEM micrograph for weld region of SMAWweldment in T22 steel Fig.
5.12 (e) indicates that the scale has developed cracks and from the inside Fe;O; has oozed out.
The main top scale is rich in iron oxide 97.96% with MnO (1.95%) point 2. The inner scale
having Fe;O3 (95.41%) and MnO (3.40%) point 1. The oxide scale of HAZ region of this
weldment in T22 steel consists of MnO with main phase Fe,O; (96.78%) at point 2, whereas at
point 1 it was only 95.57% with MnO and Cr,0s Fig. 5.12 (f).
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Fig. 5.7:  Macrographs of the corroded SMAW weldments of (a) GrAl, (b) Tlland (c) T22
steels subjected to cycle oxidation in air at 900 °C for 50 cycles.
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Fig. 5.8: Weight gain plot for unwelded and SMAW weldment of different steels exposed to air
at 900 °C for 50 cycles.
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steels exposed to air at 900 °C for 50 cycles.
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5.1.3 TIG WELDMENT
5.1.3.1 Visual Examination

The colour of oxide scale during initial cycles for this weldment was blackish grey
and turned light black after 34™ cycle in GrAl steel. The macrographs after cyclic oxidation
for 50 cycles at 900 °C for this weldment are as shown in Fig. 5.13. For TIG weldment in
GrAl and T11 steels the cracks in the oxide scale had started appearing during 30" and 26"
cycle respectively. The weld region appeared black colour during 2nd cycie for T11 whereas it
seems during 6™ cycle of T22 steel. The width of cracks was comparatively more in case of
welded T22 steel. Oxide protrusions, blackish dark grey in colour have been observed

through these cracks.

5.1.3.2 Thermogravimetric Data

Cumulative weight change (mg/cm?) variation as a function of time expressed in number
of cycles for TIG weldment in steels is shown in Fig. 5.14. It can be inferred from the plot that
welded T11 and unwelded T22 steel showed good resistance to oxidation. T22 as welded
steel has shown more weight gain and indicated almost linear behaviour and its weight change is
nearly 1.32 times more than the same welded T11 steel. The behaviour of welded T22 steel has
followed the parabolic law from 22" cycles. Its parabolic rate constant (K;,) is 20.371 x 10° ¢
em™ ™. The parabolic behaviour has been followed by welded GrAl and T11 steels as shown in

Fig. 5.15 with parabolic rate constant, K, values 13.074 and 8.348 x 108 g em™ s respectively.

5.1.3.3 X-ray Diffraction Analysis

All the welded steels after oxidation in air at 900 °C for 50 cycles have reported the
formation of common phases. As could be seen in Fig. 5.16 the prominent phases analysed
through XRD analysis for TIG weldment steels are Fe,Os;, Cr,Os;, and Fe;O4. The XRD
diffractogram for welded T11 steel has revealed weak peaks of CrO3 with Fe;Os. In the oxide
scale of welded T22 steel the common phase is Fe;O3 with Cr,03 and Fe3Oa.

5.1.3.4 Scale Thickness Measurement

The scale thicknesses measured from the back scattered electron images (Fig. 5.17)
for weld region of TIG weldment in GrAl, T11 and T22 steels oxidised in air at 900°C are
0.704, 1.080 and 1.095 mm respectively. Whereas the scale thicknesses measured from the

back scattered electron images for HAZ region of TIG weldment in GrAl, T11 and T22
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steels oxidized in air at 900 °C are 0.843, 0.795 and 0.940 mm respectively. Penetration of
reacting species is more for welded T22 steel .The cross sectional image for the oxide scale
of HAZ region in T11 steel indicates cracks right through scale. Whereas the oxide scale
debonding at substrate/scale interface is evident from Fig. 5.17 (a), (b) and (e ), (f) for GrAl
and T22 steels respectively .

5.1.3.5 SEM/EDAX Analysis
5.1.3.5.1 Surface morphology '
The SEM micrograph for weld region of TIG weldment in GrA1 steel Fig. 5.18 (a) after

oxidation indicates a scale rich in Fe;Os (99.60%) as revealed by EDAX. Oxide

protrusions from inside consisting mainly of Fe;O3 (99.83%) are indicated point 1. The EDAX
analysis revealed the oxide scale on HAZ region consists of iron oxide Fe,O3 (96.59% and SiO;
(2.56%) at point 2, whereas the black portion (Point 1) consists of 99.20% Fe,O3; with small
amount of MnO (0.56%) Fig. 5.18 (b).

SEM micrograph Fig. 5.18 (c) for weld region of TIG welded T11 steel after cyclic
oxidation shows iron rich scale containing some amount of MnO (2.22%) point 2. The EDAX
analysis inside the crack (point 1) indicates the presence of SiO,, Cr,O3 and MnO with the main
phase is Fe;,O; (91.07%). The EDAX analysis of oxide scale of HAZ region of same steel is
consists of mainly little higher amount of Fe;O3 (98.10%) than weld region Fig. 5.18 (d). The
oxide scale of weld region shown in Fig. 5.18 (e) for the same welded T22 steel oxidized after
TIG weldment indicates massive scale having cracks. The inner scale consists of mainly iron
oxides with little amount of MnO (1.20%) and Cr,Os (2.60%) point 1. Whereas the upper scale
containing MnO (1.22%) and Cr,0; (1.28%) with main oxide Fe;O3 point 2. The EDAX analysis
of HAZ region in this steel indicates the Fe;O3 (97.55%) with little amount of Cr,O; (1.58%) at
point 1 (black portion), whereas the white portion consists of Cr,03 (2.47%) with main phase of
iron oxide (96.75%) at point 2 in Fig. 5.18 (f).

95



Fig. 5.13: Macrographs of TIG weldment in (a) GrAl, (b) T11land (c) T22 steels subjected to
cycle oxidation in air at 900 °C for 50 cycles.
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Fig. 5.17: SEM back scattered image of cross section for TIG weldment steels after cyclic
oxidation in air at 900 °C for 50 cycles (a) GrA1l (weld), 200X (b) GrAl (HAZ),
200X (c) T11(weld), 150X and (d) T11 (HAZ), 150X (e) T22 (weld), 150X (f)
T22 (HAZ), 150X.
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PART (B) OXIDATION STUDIES OF DIFFERENT REGIONS
OF WELDMENTS IN AIR ENVIRONMENT

This part of chapter 5 deals with the critical examination of corrosion products and the
behaviour of different regions of weldments in steels when subjected to high temperature cyclic
oxidation in air at 900°C for -50 cycles. The samples were visually examined at the end of each
cycle during study. Efforts have been made to understand the mechanism of corrosion.

The corrosion products were analyzed with XRD and SEM/EDAX. The results for
different regions of weldment in steels have been reported under different subheadings. In view
of the thermogravimetric data for the each base steel is reported along with the each region of the

weldments. The parabolic rate constants and scale thicknesses have been evaluated.

5.2 Results
5.21 Different Regions of SMAW Weldment i. e. the Base Metal, HAZ and
Weld Metal exposed to Air at 900 °C for 50 cycles in GrA1 Steel

5.2.1.1 Visual Examination

The macrographs for different regions of SMAW weldment in GrA1 steel oxidized in air at
900 °C for 50 cycles are shown in Fig. 5.19. The colour of weld metal is blackish grey during ™
cycle and started turning dark blackish blue in 7™ cycle of oxidation. During experimentation the
blackness of the oxide scale seemed to be increasing. No cracks were visible but very small oxide
protrusions developed during last five cycles. Whereas minimum spalling was observed in case of
HAZ region during 14" cycle. The colour of oxide scale seems as blackish blue during 1 6" cycle.

The cracks in the scale of HAZ had appeared in the middle of surface of specimen after 33" cycle.

5.2.1.2 Thermogravimetric Data

Thermogravimetric measurements taken throughout the total number of cycles are
plotted relative to the number of cycles with an aim to understand the kinetics of oxidation.
Figure 5.20 gives the variation of weight gain per unit area as a function of number of cycles.
Whereas in Fig. 5.21 the square of weight gain per unit area has been plotted as a function of
time expressed in number of cycles to confirm the parabolic behaviour of the different regions

of SMAW weldment. It can be inferred from Fig. 5.20 that the HAZ showed less weight gain
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as compared to base metal and weld metal. Among the different regions of SMAW weldment
in GrAl steel although maximum weight gain is observed for the base metal which is around
1.8 times of that for the HAZ. The weight gain for all the regions of the weldment is same
during first twelve cycles and increase in the weight gain was only noticed for base metal after

12" cycles and shown slight variation from parabolic rate law. The calculated values of

parabolic rate constant (K;) for weld metal and HAZ are 5.558 and 3.102 x 10 g* cm™ 5"

respectively.

5.21.3 X-ray Diffraction Analysis

The XRD analysis for base metal, weld metal and HAZ regions of SMAW weldment in
GrAl steel after exposure to air at 900 °C for 50 cycles is shown in Fig. 5.22 and these
diffractograms has almost similar phases for all the regions. As obvious from the composition all

the regions have indicated the formation of iron oxide (Fe203).

5.21.4  Scale Thickness Measurement .

SEM back scattered images for different regions of SMAW weldment in GrAl steel
after oxidation in air at 900 °C for 50 cycles are shown in Fig. 5.23. The first look at Fig. 5.5
(a) micrograph for base metal reveals thick scale. Scale thickness on the base metal is almost
1.33 times more than that on the HAZ which has indicated thinnest scale among all the regions.
The average valués of scale thickness measured from BSEI for base metal, weld metal and
HAZ regions are 1.1, 0.866 and 0.822 mm respectively. More voids and internal oxidation are
seemed in the oxide scale along the cross section in all the three regions. Debonding of oxide

scale at the metal/scale interface was observed in the oxidized weld metal specimen.

5.2.1.5 SEM/EDAX Analysis
5.2.1.56.1 Surface Morphology

SEM/EDAX analysis of the oxide scale developed on the surfaces of different regions of
SMAW weldment in GrA1l steel is shown in Fig. 5.24. The EDAX analysis of scale for weld
metal indicates that the scale mainly consisted of Fe;Os3 (99.97%) Fig. 5.24 (a). The spalled
region indicates that the subscale which is rich in Fe. SEM indicates that the upper scale for HAZ
is also mainly iron oxide along with small amount of MnO at point 2. The scale which seems to

have oozed out from surface is mainly consisting of Fe;03 (99.98%) point 1 Fig. 5.24 (b).
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Fig. 5.19:  Macrographs of different regions of SMAW weldments in GrA1 steel subjected
to cyclic oxidation in air at 900 °C for 50 cycles (a) Base Metal, (b) Weld Metal
and (c) HAZ.
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Fig. 5.21:  Weight gain square (mg%cm?) plot for different regions of SMAW weldment

in GrA1 steel exposed to air at 900 °C for 50 cycles.
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Fig. 5.22: X-ray diffraction profiles for different regions of SMAW weldment in GrA1 steel
exposed to air at 900 °C for 50 cycles.
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Fig. 5.23: SEM back scattered image of the cross section of different regions of SMAW
weldment in GrAl steel exposed to air at 900 °C for 50 cycles (a) Weld Metal,
200X (b) HAZ, 200X.
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HAZ, 1000X.
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522 Different Regions of SMAW Weldment i. e. the Base Metal, HAZ and
Weld Metal exposed to Air at 900 °C for 50 cycles in T11 Steel
5.2.2.1 Visual Examination

During cyclic study the colour of scale for base metal and weld metal was light grey
during first few cycles and turned to dark grey after fifth cycle. In case of HAZ the colour of
scale in the starting was black which was continuous up to the last cycle. In case of base metal
the spalling and sputtering started just after 4™ cycle. Where as minimum spalling was observed
in case of HAZ. The cracks in the oxide scale for weld metal appeared after 25™ cycle.
Morphology of the oxide scale for steels after 50 cycles of oxidation is shown in Fig. 5.25. The
scale formed on HAZ is of uniform thickness and has blackish white spot appearance in middle
of the surface. Where as irregular and fragile scale is observed for base metal in Fig. 5.25 (a)

showing spalled areas.

5.2.2.2 Thermogravimetric Data
; The plots of cumulative weight gain (fng/cmz) as a function of time (number of cycles)
for base metal, weld metal and HAZ at 900 °C in air upto 50 cycles is shown in Fig. 5.26.
Extensive spalling and sputtering has limited the study upto 50 cycles. The plot for all the regions
shows a same weight gain during the first six cycles followed by gradual weight gain. The
amount of the spalled scale has also been incorporated in weight gain measurements. The total
weight gain at the end of 50 cycles for base metal, weld metal and HAZ is 128.387, 67.792, and
78.701 mg/cm? respectively. The (weight gain/unit area)” plot against number of cycles Fig. 5.27
further confirms that parabolic law is followed by all the three regions. The values of parabolic
rate constant, K,,(IO'8 g® cm™ s7') are 9.384, 2.469 and 3.344 for base metal, weld metal and HAZ
respectively.
5.2.2.3 X-ray Diffraction Analysis

The XRD analysis for base metal, weld metal and HAZ regions after exposure to air
at 900 °C for 50 cycles is shown in Fig. 5.28 and these diffractograms has almost similar
phases for all the regions. As obvioﬁs from the composition all the regions have indicated the
formation of iron oxide (Fezogj. Where as big peaks of Fe;04 along with Fe,Os are indicated

in the oxide scale of weld metal.
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5.2.2.4 Scale Thickness Measurement

The scale thickness after cyclic oxidation in air at 900 °C for SMAW weldment in T11 steel
was measured from the back scattered SEM image shown in Fig. 5.29. The average identified scale
thickness for weld metal and HAZ is 0.618 mm and 0.726 mm respectively. The maximum scale
thickness among the regions of SMAW weldment was measured for base metal which is 1.289 mm
and around two times more than the scale thickness for weld metal. Oxide scale is debonding at the

oxide scale/metal interface for weld metal and HAZ.

5.2.2.5 SEM/EDAX Analysis
5.2.2.5.1 Surface Morphology

SEM/EDAX analysis for weld metal as given in Fig. 5.30 (a) indicates that top scale is mainly
of Fe;03 (99.24%). Whereas inner scale mainly contains Fe;Os (97.99%) along with SiO; (1.51%).
SEM micrograph for the top scale of HAZ shown in Fig. 5.30 (b) indicates formation of massive

scale consisting mainly iron oxides Fe;O; (99.80%). The inner scale shows iron oxide 99.12%.
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Fig. 5.25: Macrographs of different regions of SMAW weldments in TI1 steel
subjected to cyclic oxidation in air at 900 °C for 50 cycles (a) Base Metal, (b)
Weld Metal and (c) HAZ.
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Fig. 5.26: Weight gain plot for different regions of SMAW weldment in T11 steel exposed
to air at 900 °C for 50 cycles.
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Fig. 5.27: Weight gain square (mgz/cm4) plot for different regions of SMAW weldment
in T11 steel exposed to air at 900 °C for 50 cycles.
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Fig. 5.28: X-ray diffraction profiles for different regions of SMAW weldment in T11
" steel exposed to air at 900 °C for 50 cycles.
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Fig. 5.29: SEM back scattered image of the cross section of different regions of SMAW
weldment in T11 steel exposed to air at 900 °C for 50 cycles (a) Weld Metal,
200X (b) HAZ, 250X.
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Fig. 5.30: Surface morphology and EDAX analysis of the scale on different regions of
SMAW weldment in T11 steel exposed to air at 900 °C for 50 cycles (a) Weld
Metal, 1000X and (b) HAZ, 1000X.
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5.2.3 Different Regions of SMAW Weldment i. e. Base Metal, HAZ and
Weld Metal exposed to Air 900 °C for 50 cycles in T22 Steel

5.2.3.1 Visual Examination

The colour of scale for weld metal was blackish grey during first few cycles and turned to
biackish brown during 14" cycie. Cracking and spalling started just afier 30" cycie. Where as
minimum spalling was observed in case of base metal. The width of cracks in the oxide scale of
weld metal increase with the increasing of cycle. In case of HAZ cracking and spalling had
appeared after 10" cycle. Lustrous blackish grey colour scale was noticed for HAZ. Morphology
of the oxide scale for steels after SO cycles of oxidation is shown in Fig. 5.31. The scale formed

on HAZ is of uniform thickness and has dull appearance.

5.2.3.2 Thermogravimetric Data

The weight gain/area for the three regions of SMAW weldment in T22 steel is plotted
against number of cycles in Fig. 5.32. It can be inferred from the plots that after 4" cycle HAZ
specimen showed more weight {;élin/unit area throughout exposure. The weld metal specimen
showed lesser weight gain than HAZ and base metal. All the three specimen showed parabolic
behaviour. The values of parabolic rate constant, K, for base metal, weld metal and HAZ are
8.515, 4.859 and 9.826 x 10® g cm™ s respectively in Fig. 5.33. The HAZ region has
indicated slight variation form the parabolic rate law and its parabolic rate constant K, is

almost double than that of weld metal.

5.2.3.3 X-ray Diffraction Analysis
The XRD analysis for different regions of SMAW weldment in T22 steel after exposure
to air at 900 °C for 50 cycles is shown in Fig. 5.34 and these diffractograms has almost similar

phases for all the regions. Extra phase MnO with Fe;O3 was observed for weld metal.

5.2.3.4 Scale Thickness Measurement
SEM back scattered images for different regions of SMAW weldment in T22 steel after
oxidation in air at 900 °C for 50 cycles are shown in Fig. 5.35. The oxide scale image on base

metal reveals slightly thick scale. The average values of scale thickness measured from BSEI
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for base metal, weld metal and HAZ regions are 0.763, 0.689 and 0.735 mm respectively.
Cracks were seen in cross-section of oxide scale of weld metal whereas in case of HAZ the

oxide scale was debonding at the oxide/metal interface

5.2.3.5 SEM/EDAX Analysis
5.2.3.5.1 Surface Morphology

SEM micrograph of the scale formed after 50 cycles of oxidation in air at 900 °C for
weld metal indicates a scale containing distorted grains. EDAX analysis indicates the
formation of mainly iron oxide along with MnO (5.17%) point 2. whereas at the inner scale
has higher concentration of MnO (10.30%), SiO2 (1.24%) with main scale Fe;O3 (87.42%)
point 1 in Fig. 5.36 (a). '

In case of HAZ SEM micrograph it can be inferred that more oxidation was seen along
the grain boundary of coarse grain. EDAX analysis reveals that the scale consist of Fe,Os3
(96.96%) and MnO (2.45%) at point 1. Tﬁe coarse grain indicates the presence of Fe;O3 with
little amount of MnO (1.50%) point 2 in micrograph of Fig. 5.36 (b).
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Fig. 5.31:  Macrographs of different regions of SMAW weldment in T22 steel subjected to
cyclic oxidation in air at 900 °C for 50 cycles (a) Base Metal, (b) Weld Metal and
(c) HAZ.
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Fig. 5.32: Weight gain plot for different regions of SMAW weldment in T22 steel
exposed to air at 900 °C for 50 cycles.
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Fig. 5.33: Weight gain square (mg%cm®) plot for different regions of SMAW weldment
in T22 steel exposed to air at 900 °C for 50 cycles.
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Fig. 5.35: SEM back scattered image of the cross section of different regions of SMAW
weldment in T22 steel exposed to air at 900 °C for 50 cycles (a) Weld Metal, 200X
(b) HAZ, 200X.
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Fig. 5.36: SEM micrographs showing surface morphology and EDAX analysis for

different regions of SMAW weldment in T22 steel exposed to air at 900°C
for 50 cycles (a) Weld Metal, 1000X and (b) HAZ, 1000X.
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5.2.4 Different Regions of TIG Weldment i. e. the Base Metal, HAZ and
Weld Metal exposed to Air at 900 °C for 50 cycles in GrA1 Steel
5.2.4.1 Visual Examination

The colour of oxide scale during initial cycles for this weldment was blackish grey in
weld metal. A spot of yellow colour was seen at the surface as shown in Fig. 5.37 (b).
Spalling was observed during 6™ cycle. No cracking was observed in the oxide scale of weld
metal. In case of HAZ the colour of oxide scale was seen black. Cracks started appearing just
after 6" cycle. Little spalling was observed during 10" and 23" cycle. The scale formed on

HAZ is of uniform thickness and seems to be black in colour.

5.2.4.2 Thermogravimetric Data

The plots of cumulative weight gain (mg/cmz) as a function of time (number of cycles)
for different regions of TIG weldment in GrA1 steel at 900 °C in air upto 50 cycles are shown in
Fig. 5.38. The plot for all the regions shows a large weight gain during the first few cycles
followed by gradual weight gain. The amount of the spalled scale has also been incorporated in
weight gain measurements. The total weight gain at the end of 50 cycles for base metal, weld
metal and HAZ is 135.275, 139.797 and 145.053 mg/cm2 respectively. The (weight gain/unit
arc:a)2 plot against number of cycles Fig. 5.39 further confirms that parabolic law is followed by
all the three regions. The values of parabolic rate constant, K, (10®% g cm™ s are 10.282,

10.927 and 11.656 for base metal, weld metal and HAZ regions respectively.

5.2.4.3 X-ray Diffraction Analysis

The XRD analysis for different regions of TIG weldment in GrAl steel after exposure
to air at 900 °C for 50 cycles is shown in Fig. 5.40 and these diffractograms reveals similar
phases for all the regions. As obvious from the composition all the regions have indicated the
formation of iron oxide (Fe,O3). Where as strong peaks of Fe;Os are indicated in the oxide

scale of base metal.
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5.2.4.4 Scale Thickness Measurement

The scale thickness was measured from SEM back scattered images for different
regions of TIG weldment in GrAl steel as shown in Fig. 5.41. Very thick oxide scale was
identified in case of HAZ and was around 1.68 times more than the scale thickness measured
for weld metal. The scale thickness values are 1.1, 0.812 and 1.37 mm for base metal, weld

metal and HAZ respectively.

5.2.4.5 SEM/EDAX Analysis
5.2.4.5.1 Surface Morphology

SEM micrograph of the scale formed after 50 cycles of oxidation in air at 900°C for
different regions of TIG weldment in GrAl steel indicates a scale containing distorted grains.
EDAX analysis indicates the formation of mainly iron oxide, Fig. 5.42 (a). The micrograph of
top surface of the scale in case of weld metal indicates intergranular cracking. EDAX analysis
shows the presence of mainly Fe,05 (99.12%) at point 1, whereas it is FeO3 (99.39%) at point 2.
In case of HAZ inner scale contains some amount of SiO, (10.52%), P,Os (1.23%) along with
main scale Fe,O; (87.96%) point 1 in micrograph of Fig. 5.42 (b), whereas the top scale mainly
consists Fe;03 (98.57%) with SiO; (1.27%).
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Fig. §.37: Macrographs of different regions of TIG weldments in GrA1 steel subjected to

cyclic oxidation in air at 900 °C for 50 cycles (a) Base Metal, (b) Weld Metal
and (c) HAZ.
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Fig. 5.38: Weight gain plot for different regions of TIG weldment in GrA1 steel exposed to
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Fig. 5.39: Weight gain square (mg*/cm®*) plot for different regions of TIG weldment in
GrA 1steel exposed to air at 900 °C for 50 cycles.
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Fig. 5.40: X-ray diffraction profiles for different regions of TIG weldment in GrAl steel
exposed to air at 900 °C for 50 cycles.
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Fig. 5.41: SEM back scattered image of the cross section of different regions of TIG

weldment in GrA1 steel exposed to air at 900 °C for 50 cycles (a) Weld Metal,
150X (b) HAZ, 150X.
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Fig. 5.42: SEM micrographs showing the surface morphology and EDAX analysis for
different regions of TIG weldment in GrAl steel exposed to air at 900 °C for
50 cycles (a) Weld Metal, 1000X and (b) HAZ, 1000X.
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5.2.5 Different Regions of TIG Weldment i. e. the Base Metal, HAZ and Weld
Metal exposed to Air at 900 °C for 50 cycles in T11 Steel

5.2.5.1 Visual Examination

Macrographs for oxidized of different regions of TIG weldment in T11 steel for 50 cycles
in air at 900°C are shown in Fig. 5.43. The oxide scale of opposite surface was spalled during
50™ cycle while it is same as the edgés for weld metal, similar condition was observed in case of
HAZ specimen. Little spalling was seen during 5" cycle in blackish gray scale on weld metal.
Some minute cracks are seems after 30" cycle in weld metal. In case of HAZ cracking started
just after 8" cycle and little spalling was observed during 17" cycle. In the end of experiment the

scale got removed from one surface of weld metal and HAZ as shown in Fi g.5.43 (b) & (¢).

5.2.5.2 Thermogravimetric Data

Fig. 5.44 shows the variation of weight gain as a function of time. The cumulative weight
gain for base metal is more as compared to weld metal and HAZ. The plot shows a large weight
gain during first few cycles for weld metal than HAZ. The total weight gain (mg/cmz) after
exposure of 50 cycles is around 128.387, 112.845 and 121.138 for base metal, weld metal and
HAZ regions respectively. The maximum resistance to the oxidation at 900°C has been provided
by weld metal. The oxidation behaviour for different regions of TIG weldment in T11 steel is
almost parabolic in nature as shown by Fig. 5.45. The value of parabolic rate constant, K (1078 g2

crn™ s for these 9.384 (base metal), 6.962 (weld metal) and 8.323 (HAZ).

5.2.5.3 X-ray Diffraction Analysis

The XRD analysis for base metal, weld metal and HAZ regions after exposure to air at
900°C for 50 cycles is shown in Fig. 5.46 and these diffractograms has almost similar phases for
all the regions. As obvious from the composition all the regions have indicated the formation of
iron oxide (Fe;03). Where as some peaks of Cr,03, Fe3O4 along with Fe;Os are indicated in the

oxide scale of HAZ. In case of weld metal Fe;0, with Fe,O5 are indicated.
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5.2.5.4 Scale Thickness Measurement

The oxide scale thickness for different regions of TIG weldment in T11 steel was
measured from the BSEI shown in Fig. 5.47 after oxidation in air for 50 cycles at 900°C.
Although the weld metal has indicated a thick scale formation. The scale was debonding at the
oxide /metal interface in case of weld metal and HAZ. More cracks were observed along the
cross-section of oxide scale of HAZ. The average values of oxide scale thickness in base metal,

weld metal and HAZ regions are 1.289, 1.334 and 1.05 mm respectively.

5.2.5.5 SEM/EDAX Analysis
5.2.5.5.1 Surface Morphology

SEM micrograph of the scale formed after 50 cycles of oxidation in air at 900°C for weld
- metal indicates a scale containing distorted grains. EDAX analysis indicates the formation of top
~ scale mainly iron oxide with MnO (2.44%), whereas the spalled area contains éiOz (9.49%),
P,0s (1.21%), MnO (2.80%) with main phase Fe;O; (85.64%) point 1 Fig. 5.48 (a). The EDAX
analysis of top surface of the scale in case of HAZ indicates mainly Fe203. (99.54%) at point 2,
whereas inner scale shows the presence of little amount of SiO; (1.06%) with Fe;O; (98.23%) in

the scale at the point 1 in micrograph of Fig. 5.48 (b).
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Fig. 5.43: Macrographs of different regiohs of TIG weldments in T11 steel subjected to
cyclic oxidation in air at 900 °C for 50 cycles (a) Base Metal, (b) Weld Metal
and (c) HAZ.
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Fig. 5.44: Weight gain plot for different regions of TIG weldment in T11 steel exposed
to air at 900 °C for 50 cycles.
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Fig. 5.45: Weight gain square (mgz/cm4) plot for different regions of TIG weldment
in T11 steel exposed to air at 900 °C for 50 cycles.
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Fig. 5.47: SEM back scattered image of cross section of the different regions of TIG
weldment in T11 steel exposed to air at 900 °C for 50 cycles (a) Weld Metal,
60X (b) HAZ, 150X.
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Fig. 5.48: SEM micrographs showing surface morphology and EDAX analysis for
different regions of TIG weldment in T11 steel exposed to air at 900 °C for 50
cycles (a) Weld Metal, 1000X and (b) HAZ, 1000X.
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5.2.6 Different Regions of TIG Weldment i. e. the Base metal, HAZ and
Weld Metal exposed to Air at 900 °C for 50 cycles in T22 Steel

5.2.6.1 Visual Examination

The colour of oxide scale during initial cycles oxidation for different regions of TIG
weldment in T22 steel was blackish grey and turned light blackish brown after subsequent
cycles. The macrographs after cyclic oxidation for 50 cycles at 900°C for different regions
are as shown in Fig. 5.49. For the weld metal the cracks in the oxide scale had started
appearing during 30" cycie and spalling observed just after 32™ cycﬁeQ In case of HAZ
specimen, the cracking and spalling appeared during 8" and 17™ cycle respectively. Oxide
scale had dull appearance and spalled at edges of weld metal. More cracks were seen on the

surface of oxide scale of HAZ as compared to that on the weld metal.

5.2.6.2 Thermogravimetric Data

The plots of cumulative weight gain (mg/cm?) as a function of time (number of cycles)
for different regions of TIG weldment in T22.steel at 900°C in air upto 50 cycles are shown in
Fig. 5.50. Extensive spalling and sputtering has limited the study upto 50 cycles. The plot for all
the steels shows same weight gain upto the 8™ cycles followed by gradual weight gain. The
amount of the spalled scale has also been incorporated in weight gain measurements. The total
weight gain at the end of 50 cycles for base metal, weld metal and HAZ regions is 121.61,
175.021 and 185.402 mg/cm? respectively. The (weight gain/unit area)’ plot against number of
cycles Fig. 5.51 further confirms that parabolic law is slightly changed for weld metal and HAZ
regions. The values of parabolic rate constant, K, (107 g cm® s') are 8.515, 17.107 (upto 37"

cycles) and 19.752 (40™ cycles) for base metal, weld metal and HAZ respectively.

5.2.6.3 X-ray Diffraction Analysis

The XRD analysis for different regions of TIG weldment in T22 steel after exposure to
air ét 900°C for 50 cycles is shownv in Fig. 5.52 and these diffractograms has almost similar
phases of iron oxide (Fe;O3) with Cr,Os for all the three regions. Where as weak peaks of Fe;Oq,

Cr,0; along with Fe,O; are indicated in the oxide scale of HAZ.
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5.2.6.4 Scale Thickness Measurement

The scale thickness was measured from SEM back scattered images as shown in Fig.
5.53. A little thicker oxide scale was identified in case of HAZ and was around 1.09 times
more than the scale thickness measured for base metal. The scale thickness values are 0.763,
0.8 and 0.831mm for the base metal, weld metal and HAZ respectively. In case of weld metal
the scale debonding was observed at the oxide/metal interface. Cracks across the scale

formed on the weld metal.

5.2.6.5 SEM/EDAX Analysis
5.2.6.5.1 Surface Morphology

SEM micrograph of the scale formed after 50 cycles of oxidation in air 900°C for
different regions of TIG weldment in T22 steel is shown in Fig. 5.54. EDAX analysis of oxide
weld metal indicates the top scale mainly consists of Fe,O3 (93.81%) along with Cr,0O; (4.48%)
and MnO (1.45%) point 2, whereas the inner scale contains SiO, (7.12%), Cr,O; (3.38%) and
MnO (2.14%) along with main oxide Fe;O3 (87.36%) point 1 Fig 5.54 (a). SEM micrograph of
HAZ indicates coarse grains. The HAZ EDAX analysis indicates the top scale mainly consists of
iron oxide (97.88%). The cracks in the scale contained Fe,O3; (89.09%) and MnO (9.28%) as
shown in Fig. 5.54 (b).
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Fig. 5.49: Macrographs of different regions of TIG weldments in T22 steel subjected to
cyclic oxidation in air at 900 °C for 50 cycles (a) Base Metal, (b) Weld Metal
and (c) HAZ. )
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Fig. 5.50: Weight gain plot for different regions of TIG weldment in T22 steel exposed
to air at 900 °C for 50 cycles.
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SEM back scattered image of cross section of different regions of TIG weldment
in T22 steel exposed to air at 900 °C for 50 cycles (a) Weld Metal, 150X (b)
HAZ, 200X.
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Fig.5.54: SEM micrographs showing surface morphology and EDAX analysis for
different regions of TIG weldment in T22 steel exposed to air at 900 °C for
50 cycles (a) Weld Metal, 1000X and (b) HAZ, 1000X.
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5.3 SUMMARY OF RESULTS

The results of oxidation studies in air for weldments, different regions of weldment and
unwelded steels are summarized in Table 5.1 to understand the comparative behaviour of

weldment and different regions of weldment in steels.

Table 5.1: Summary of the results for weldments, different regions of weldments and
unwelded steels oxidized in air at 900 °C for 50 cycles.
Base| Weldment_ Scale Weight K,(10® | XRD Remarks
steel thickness gain g”cm"s") analysis
(mm) mg/cm’
GrA 1 Base Metal 1.1 135.275 10.282 Fe,O5 Spalling is indicated.
Scale cracked during 25™ cycle.
SMAW weldment| 1.110 (weld) | 185.354 20.365 Fe, 0 Weld regions appeared shining
1.196 (HAZ) black during fist few cycles.
Little cracks appeared after
27" cycle.
TIG weldment 0.704 (weld) | 152.480 13.074 Fe, 04 Colour of oxide scale appeared
0.843 (HAZ) black after 34™ cycle.
Cracks appeared during 30™
Cycle.
Weld metal 0.866 97.720 5.558 Fe, 03 Colour of oxide scale scale
(SMAW) : dark blackish blue.
No crack appeared.
Oxide protrusion appeared last
five cycle.
HAZ (SMAW) 0.822 74.760 3.102 Fe,Os Spalling indicated during 14"
cycle. .
Cracks appeared during 33"
cycle in the middle of surface.
Oxide protrusions appeared in
this cycle.
Weld metal (TIG) | 0.812 139.797 10.927 Fe,0s Blackish blue spot seems on
surface.
Spalling appeared during 6"
cycle.
No cracks appeared.
HAZ (TIG) 1.370 145.053 11.656 Fe,0; Oxide scale appeared black.
Little spalling appeared during
23" cycle.
Cracks appeared after 6" cycle.
T11 | Base Metal 1.289 128.387 9.384 Fe, 0 Spalling indicated.
Scale is lustrous.
SMAW weldment | 1.250 (weld) | 123.582 8.832 Fe,0sand| Cracks appeared during 36"
1.373 (HAZ) MnO Cycle.
Spalling indicated.
TIG weldment 1.080 (weld) | 121.170 8.348 Fe,Osand| Weld region appeared black
0.795 (HAZ) Cr,0;5 during 1* cycle.
Cracks appeared during 26"
Cycle.
Weld metal 0.618 67.792 2.469 Fe 0, Cracks appeared during 25"
(SMAW) Fe304 Cycle.
Spalling indicated.
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HAZ (SMAW) 0.726 78.701 3.344 Fe,0; Colour of oxide scale appeared
black in colour.
Spalling indicated.
No Cracks appeared.
Weld metal (TIG) | 1.334 112.845 6.962 Fe,0sand| Intense spalling indicated at
Fe;0,4 one surface:
Cracks appeared during 30"
cycle.
HAZ (TIG) 1.050 121.138 8.323 Fe, 05, Intense Spalling indicated at
Cr,0sand| one surface.
Fe;0,4 Cracks appeared during 8"
cycle.
T22 | Base Metal 0.763 121.610 8.515 Fe,0s, Intense spalling and sputtering
Cr,04 indicated just after 4™ cycle.
Scale is fragile.
SMAW weldment| 1.333 (weld) | 248.157 36.447 Fe,Osand| Spalling indicated.
1.386 (HAZ) Cr;04 Cracks appeared after 4™ cycle.
Oxide scale appeared dull.
TIG weldment 1.095 (weld) | 160.839 20.371 Fe,O;, | Weld region appeared shining
0.940 (HAZ) The Cr,0Osand| black during 6" cycle.
behavior-{ Fe;O, More cracks indicated.
ur was Oxide protrusion appeared.
parabolic Scale was fragile and indicated
from 22" some spalling.
to50™
cycle)
Weld metal 0.689 91.231 4.859 Fe,Osand| Blackish brown colour seems
(SMAW) Cr,04 during 14" cycle.
Cracking and spalling after 30"
' cycle.
HAZ (SMAW) 0.735 130.881 9.826 Fe,05and| Cracks and spalling appeared
Cr,03 during 10" cycle.
Oxide scale appeared dull and
lustrous blackish gray.
Weld metal (TIG) | 0.8 175.021 17.107 Fe,0;and| Spalling indicated after 32™
(The Cry0, Cycle.
behavior- Cracks appeared during 30"
ur was Cycle.
not Dull appearance of oxide scale
parabolic at edges.
from 38"
to 50"
cycle) .
HAZ (TIG) 0.831 185.401 19.752 Fe,0,and| Cracks appeared during 8"
Upto Cr,0, cycle.
40 Spalling indicated during 17%
cycle cycle.
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54 DISCUSSION
5.4.1 Unwelded Steels

The oxidation resistance in air is slightly more for T11 and T22 type of steel as
compared to GrAl steel. The three types of boiler steels almost follow parabolic oxidation
rate law. The XRD analysis has revealed mainly the presence Fe;O; in the scale of all the
three steels along with weak peaks of -Cr203 in the scale of T22 steel. However the presence
of chromium oxide as revealed by the surface scale XRD analysis for T22 steel may perhaps
be due to spalling of top Fe;Os layer of the scale. Fe;O; formation has also been reported by
Lai (1990), where he has observed upper layer of Fe,O3 for iron-chromium alloys. Author has
further reported that alloys having 2% chromium could only form the oxides of chromium
along with iron oxide in the innermost layer. Similar findings are revealed by the EDAX
analysis in the present study also where presence of chromium in the scale has been indicated
for T22 type of boiler steels, Fig. 5.6 (c). Presence of only iron oxide in the scale of GrAl
steel has further been confirmed by EDAX. EDAX analysis confirmed the upper scale of
Fe,O; with small amount of MnO for T11, whereas for T22 steels which is followed by
subscale where Fe,O; and Cr,0Os are coexisting. This can be attributed to depletion of iron
from substrate to form oxides in the upper scale thereby leaving behind chromium rich
pockets which further get oxidized to form oxides of chromium in the inner scale. This is
supported by the findings Sidhu (2003A).

The minimum weight gain values for T11 and T22 steels as compared to GrAl steel
may be attributed to the presence of chromium up to 0.91% for T11 and 2.64% for T22 steels
and similar to the findings of Lai (1990) who observed significant increase in the oxidation
resistance for 0.5% Mo containing steels by increasing chromium from 1 to 9%. The spalling
as observed in case of T11 and T22 steel may also be contributed by the presence of
molybdenum in the steels. Chatterjee et al (2001) have suggested that during initial oxidation
Fe is oxidized and the oxide scale is protective in nature. With progress of oxidation Mo
becomes enriched at the alloy interface, leading to the formation of an inner layer of molten
MoOs (m. p. 795°C) which penetrates along the alloy-scale interface. This liquid oxide disrupts
and dissolves the protective oxide scale, causing the alloy to suffer catastrophic oxidation (Lai,
1990). Chatterjee et al (2001) also suggested that molybdenum is less noble than the other
alloying elements. MoO; will be reduced to a lower oxide of molybdenum or even to
molybdenum. Simultaneously MoOs may exert dissolving action on other oxides, such as Fe,Os
and Cr,0; and this fluxing may further get accelerated by the enthalpy of formation of Fe,O3

and Cr,0; which tends to increase the temperature at the alloy-scale interface.
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5.4.2 SMAW Weldment

The welded T11 steel has showed more resistance to oxidation in air and its weight
gain values are lesser than base T11 steel. This steel weldment followed the parabolic rate
law of oxidation. The value of parabolic rate constant for welded T11 steel is one fourth of
that of similarly welded T22 type of steel. Whereas severe oxidation was observed in case of
welded T22 steel. The sequence of oxidation rate based on weight gain per unit area values
for the welded steel after 50 cycles of oxidation is: '

T22 > GrAl > T11

The oxidation resistance of welded T11 steel might be due to the oxides of iron along
with MnO as indicated by the XRD analysis as well as the surface EDAX analysis. The
formation of main oxide Fe;Os in upper scale for SMAW weldment in 2.25Cr-1Mo (T22)
steel has also been reported by Raman (1999). Fe,O; might be formed due to the
interdiffusion of oxygen and interaction with the metal. Internal oxidation, development of
cracks and spallation has been observed for all the welded steel. Development of cracks in the
oxide scale on the weldment may be attributed due to the mismatch in thermal coefficient of
expansion of scale and substrate.

The phenomena of cracking of the scale of SMAW weldment may also be contributed by
presence of Mo in two of the substrate steels namely T22 and T11 which contains 1.06 and 0.51%
Mo respectively. Mo forms MoOs which has melting point of 795°C at alloy scale interface a

suggested by Lai (1990) and Chatterjee et al (2001) in case of substrate alloy.

5.4.3 TIG Weldment

The corrosion rate of TIG welded ‘steels as inferred from the weight gain data given in
Fig. 5.44 seems to be more than that of the unwelded steels in case of T11. Similarly total weight
gain value for welded GrAl steel after 50 cycles of oxidation at 900 °C is 1.125 times more than
that for unwelded steel. The more weight gain is also indicated for welded T22 steel, its final
weight gain value is around 1.3 times more than that for similar type of unwelded steel. The
oxidation rate (total weight gain values after 50 cycles of oxidation) of TIG weldment in boiler
steels followed the sequence.

T22> GrAl1 >Tl1

The indication of Fe,Os, CryOs, MnO and Fe;0,4 peaks in the scale of welded steels are
confirmed by the XRD analysis. }

The results of XRD are in accordance with the surface EDAX analysis. In case of welded

GrA1l and T11 steels the Fe,O; is the main constituent, whereas top scale is richer in iron oxide.
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5.4.4 Different Regions of SMAW and TIG Weldment in GrA1 Steel
From the weight gain values it can be inferred that the HAZ has shown better resistance
to oxidation for the SMAW weldment. The XRD analysis revealed the mainly oxides of iron
of all the regions that is also in accordance with the surface EDAX analysis. The visual
observation has indicated lower extent of cracking for HAZ in case of TIG weldment as
compared to SMAW weldment, whereas more cracks were noticed fqr base metal. The
sequence of oxidation in terms of weight gain per unit area for different regions of SMAW and
TIG weldment in steel is as follows:
Base metal > Weld metal > HAZ for SMAW weldment
HAZ > Weld metal > Base metal for TIG weldment
In case of SMAW weldment the more-protective inner scales which formed on both the
weld metal and the HAZ, resulted in a limited inward diffusion of oxygen ions, and hence a less
extensive internal oxidation. A less-protective inner scale formed in the case of the base metal,
presumably permitted a greater inward diffusion of oxygen ions, thus facilitating a greater
concentration of oxygen available for reaction with the iron. More rapid diffusion of oxygen ions
through the base metal scale caused extensive internal oxidation and formation of a subscale zone

densely populated with internal precipitates.

5.4.5 Different Regions of SMAW and TIG Weldment in T11 Steel

The XRD analysis revealed the oxides of iron Fe;Os3 along with Fe3Os. The visual
observation has indicated lower extent of cracking scale in the different regions in case of TIG
weldment as compared to SMAW weldment. The intense spallation of scale on weld and HAZ
specimens were only noticed in the 50™ cycle in case of TIG welding. The spalled material has
been identified by the EDAX analysis to be mainly iron oxide along with Si0; and MnO as
shown in Fig. 5.48 (a).

From the weight gain values it can be inferred that the weld metal has shown better
resistance the oxidation. The sequence of 6xidation in terms of weight gain for different region
of SMAW and TIG weldment in steel is as follows:

Base metal > HAZ > weld metal for both SMAW and TIG weldrﬁents

It can be inferred from the weight gain data that corrosion rates of different regions of
SMAW weldment in T11 type of steels are comparable to each other. HAZ region showed the
more weight gain values than that of weld metal in both the process the reason may be carbide
precipitation as indicated by higher hardness which has led to depletion of chromium thereby

weakening protection against oxidation.
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5.4.6 Different Regions of SMAW and TIG Weldment in T22 Steel

It can be inferred from the weight gain data that corrosion rates of different regions of
SMAW weldment in T22 type of steels are comparable to each other. HAZ region showed the
more weight gain values in both the process, the reason may be the absence of Cr oxide in the
inner scale of HAZ.

The XRD analysis revealed the oxides of iron along with Cr,Os. The visual observation
has indicated lower extent of cracking in the scale of different regions of TIG weldment as
compared to SMAW weldment. The material from the cracks has been identified by the EDAX
analysis and found to be mainly iron oxide with MnO in the scale of HAZ (TIG) as shown in
Fig. 5.54 (b).

From the weight gain values it can be inferred that the weld metal has developed better
to resistance to oxidation in case of SMAW weldment. The sequence of oxidation in air in
terms of weight gain for different region of SMAW and TIG weldment in steels is as follows:

HAZ > Base metal > weld metal for SMAW weldment
HAZ > weld metal > Base metal for TIG weldment

The higher oxidation rate of the HAZ and the formation of a thicker scale over it may be

attributed to absence of a protective inner scale of Fe-Cr oxides, due to the non-availability of

free Cr in this region Fig. 5.54 (b), as also suggested by Raman and Gnanamoorthy, 1993.

148



Chapter 6

PART (A) HOT CORROSION STUDIES OF UNWELDED
STEEL AND WELDMENTS IN MOLTEN
| SALT ENVIRON- MENT

This part deals with the critical examination of corrosion products and the behaviour of
unwelded steels and weldments when subjected to hot corrosion at 900°C under the thin coat of
molten salt (Na;SO4-60%V20s). The samples were visually examined at the end of each cycle for
any change in the colour, luster, adherence of scale to the substrate and spalling tendency. The
weightvchange measurements were made at the end of each cycle. Efforts have also been made to
understand the mechanism of corrosion wherever possible.

The corrosion products were analysed with the help of XRD, SEM/EDAX and EPMA.
The results for unwelded steels and weldments have been reported under different subheadings.
In view of comparison the thermogravimetric data of each welding process is plotted along with
the unwelded steels. The parabolic rate constants and scale thicknesses values have been

evaluated after 50 cycles of exposure.

6.1 RESULTS
6.1.1 Unwelded Steels

6.1.1.1 Visual Examination

Fig. 6.1 shows the macrographs of the corroded specimens of unwelded GrAl, T11
and T22 steel after exposure in Na;SO4- 60% V,Os environment at 900°C for 50 cycles. The
colour of substrate steels turned dull grey from dark brown during first cycle. For GrA1l base
steel the sky grey colour scale appeared on the surface from 7" cycle onward which was
fragile and started spalling. Exfoliation of the top scale was observed from 29" cycle onward.

‘Scale cracked around 39™ cycle and there was gradual increase in the width of cracks for
every subsequent cycle.

In case of T11 base steel dark black shining spots were noticed on the surface after first
cycle. The scale was lustrous and started cracking during 36™ cycle. Spalling and increase in the

width of cracks was observed in the remaining cycles. It can be seen from the macrograph Fig.
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6.1(c) that intense spalling was there for T22 steel. Whereas fragile and dark grey colour scale
was observed for T22 base steel. Intense spalling was observed through out the experimentation.
As soon as subscale forms the top layer of scale spalled away from it and the separated multiple

layers overlapping each other were seen.

6.1.1.2 Thermogravimetric Data

Weight gain per unit area expressed in mg/cm? is plotted as a function of time expressed
in number of cycles for oxidised GrA1l, T11 and T22 base steels and is shown in Fig. 6.2. T22
steel showed the maximum weight gain where T11 steel showed better resistance to given
aggressive environment. Enormous increase in the weight gain for T22 steel was observed in the
given molten salt as compared to its weight gain values in air at the same temperature and is
more than double that of in air and the minimum weight gain was noticed for T11 type of steel.
Weight gain square (mg%cm®*) plotted as a function of time (number of cycles) is shown in Fig.
6.3, from where it can be inferred that all the three base steels followed almost parabolic
behaviour. The parabolic rate constants K, in 10® g cm™ s! for GrAl, T11 and T22 stecls are
49.394, 10.416 and 76.233 respectively. The parabolic rate constant of T22 base steel is larger

than the other two base steels and is around 7.3 times of that for T11 steel.

6.1.1.3  X-ray Diffraction Analysis

The X-ray diffractograms of the scale for GrAl, T11 and T22 base steels after exposure
to molten salt (Na;SO,4-60%V,05) at 900 °C for 50 cycles are shown in Fig. 6.4. In the given
environment all the steels have Fe,Os as the main constituent of scale (Fig. 6.4). In addition to
this Fe;04 peaks were observed for GrA1 type of steel. Where as continuous and intense spalling
was observed during oxidation of T22 type of steel and so XRD of the spalled scale was taken

which indicated the presence of Fe,O3; and Cr,O;.

6.1.1.4  Scale Thickness Measurement

The samples were cut across the cross-section after exposure to molten salt at 900°C for
50 cycles and mounted. The scale thickness values were measured from SEM back scattered
images shown in Fig. 6.5. The oxide scale thickness could not be measured for T22 steel due to
intense spalling and sputtering. The SEM micrograph shows the fragile and cracked scale for T11 and
GrAl base steel. The scale thickness for GrA1 base steel is 2.177 mm which is around 1.88 times the
oxide scale thickness of T11 base steel (1.157 mm).
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Fig. 6.1: Macrographs of unwelded steels subjected to cyclic hot corrosion in Na>SOjs -
60%V,0s at 900°C for 50 cycles (a) GrAl, (b) T11 and (c) T22.
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60%V,0s5 at 900°C for 50 cycles.
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Fig. 6.5: SEM back scattered imagev of the cross section of unwelded steels after cyclic hot
corrosion in Na;S04-60%V,0s at 900°C for 50 cycles (a) GrAl, 100X (b) T11, 60X
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Fig. 6.6: SEM micrographs showing surface scale morphology and EDAX analysis for boiler
steels oxidized in Na;S04-60%V,0s at 900°C for 50 cycles (a) GrAl, 2000X (b)
T11, 2500X.
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Fig. 6.7: BSEI and X-ray mapping of the cross-section of GrAl boiler steel subjected to
cyclic oxidation in Na,;SO4 - 60% V,0s at 900°C for 50 cycles, 200X.
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Fig. 6.8: BSEI and X-ray mapping of the cross-section of T11 boiler steel subjected to
cyclic oxidation in Na;SO, - 60% V,0s at 900°C for 50 cycles, 200X.

157



6.1.1.5 SEM/EDAX Analysis
6.1.1.5.1 Surface Morphology

The SEM micrograph of the GrAl base steel exposed to Na;SO4-60%V20s environment at
900°C given in Fig. 6.6 (a) indicates the formation of prédominantly Fe,O5 scale. The top scale
indicates spalling but the remaining subscale consists of Fe;Oz with MnO ( 2.53%). Whereas SEM
micrograph and EDAX analysis after cyclic hot corrosion at 900°C for T11 base steel is shown in
Fig. 6.6 (b). The top scale is mainly Fe;O3; and has some amount of the Cr,0O; (2.10%). Spalled
region contains Fe;O3 with MnO (2.28%).

6.1.1.6 EPMA Analysis

The X-ray maps of GrA1 steel after exposure in NayS04-60%V,0s at 900°C for 50 cycles
shown in Fig. 6.7 indicate formation of a thick scale of Fe. V is present through out the scale in very
small amou.nt. ,

EPMA micrograph Fig.6.8, for T11 steel indicates thick scale containing mainly of Fe
throughout” the scale. Vanadium and sodium is distributed throughout the scale in lower
concentration. Irregular streaks of chromium are indicated in the inner scale near to the metal/scale

interface. Minute amount of Si and Mn is also present in the scale.

6.1.2 SMAW WELDMENT
6.1.2.1 Visual Examination -

The macrograph for the corroded surfaces of GrAl, T11 and T22 steels weldment by
SMAW are shown in Fig. 6.9. It was observed that for all the welded steels, the colour of the
scale surface turned blackish gray from dark brown during first cycle.

In case of welded GrAl steel the oxide protrusions, dark black shining spots were
observed on the surface of weld regions after first cycle. Spalling of oxide scale started during
the 7" cycle. Even little cracks were found on 29" cycles, colour of the scale was blackish gray
after 50" cycles. In case of welded T11 steel dark black shining spots were observed in the scale
on weld regions during 10" cycle. The scale of welded T11 steel started cracking during 12%
cycle and oozing out of oxides from these cracks were observed during the remaining cycles.
Whereas in case of welded T22 steel the scale cracked in the middle of surface just after 1* cycle
‘and after that there was increase in the number and width of these cracks. During 27" cycle a
drastic increase in the number of cracks for this steel has been observed and some material from
the inside was seen to be coming out through these cracks. Intense spalling of oxide scale was
indicated by welded T22 steel.
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6.1.2.2 Thermogravimetric Data

Weight gain (mg/cmz) data plotted with time expressed in number of cycles for unwelded
and SMAW weldments in GrA1, T11 and T22 steels is given in Fig. 6.10. It can be inferred from
the plots that the weight gain for welded T22 steel is very much higher as compared to welded
T11 and GrAl steels. The total weight gain after 50 cycles for this welded steel is around 2.4
times more than that of welded T11 steel and 2.8 times for T11 unweld steel. Unwelded T11 steel
showed the least weight gain as compared to welded steels. Welded T22 steel has shown
proportionately less resistance to hot corrosion. Welded GrA1, T11 and T22 steels followed the
parabolic behaviour as can be inferred from the square of weight change (mg*/cm*) plotted with
number of cycles in Fig. 6.11. The parabolic rate constants (K in 10% g em™ s') for these
welded steels are 31.686 (GrA1), 13.186 (T11) and 84.372 (T22).

6.1.2.3 X-ray Diffraction Analysis

The X-ray diffractograms for the corroded surfaces of SMAW weldment in steels after
cyclic studies in molten salt are shown in Fig. 6.12. All the corroded Steels weldment
indicated the formation of major phase Fe;O;. The phases revealed by XRD analysis are
Fe,Os in case of GrAl steel weldment while T11 and T22 showed Fe;Os, Fe;O4 and Fe,0s,
Cr,03, Fe;O4 respectively.

6.1.2.4 Scale Thickness Measurement

SEM back scattered images across the cross-sections of SMAW weldment in GrAl,
T11 and T22 steels after hot corrosion for 50 cycles at 900°C are shown in Fig. 6.13.
Micrograph shows fragile scale for welded T22 steel whereas scale with through cracks is
seen scale over the HAZ region is seen for welded GrAl steel. The average scale thickness
values measured for weld region of SMAW weldment in GrAl, T11 and T22 stee!s are 1.190,
0.975 and 1.955 mm respectively. Whereas average scale thickness measured for HAZ of
SMAW weldment from backscattered images is 1.297, 0.994 and 1.862 mfn for GrAl, T11 and

T22 steel respectively. Minimum scale thickness is indicated by welded T11 steel.
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Fig. 6.9: Macrographs of SMAW weldment steels subjected to cyclic hot corrosion in
NazS04-60%V,0s at 900°C for 50 cycles (a) GrA1l (b) T11 and (c) T22.
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Fig. 6.12: X-ray diffraction profiles for SMAW weldment in GrAl, T11 and T22 boilers

steels exposed to Na;SO4 -60%V205 at 900°C for 50 cycles.
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Fig. 6.13: SEM back scattered image of the cross section of SMAW weldment steels
exposed to NaySO4 -60%V,0s at 900°C for 50 cycles. (a) GrAl (weld), 150X. (b)
GrAl (HAZ), 150X (c) T11 (weld), 150X (d) T11 (HAZ), 150X (e) T22 (weld),
40X (f) T22 (HAZ, 40X. ’ ’
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Fig. 6.14: SEM micrographs showing surface scale morphology and EDAX analysis for
SMAW weldment in boiler steels in Na, SO4 -60% V205 at 900°C for 50 cycles
(a) GrA1 (weld), 500X (b) GrAl (HAZ), 3000X (c) T11 (weld), 1000X (d) T11
(HAZ), 1000X (e) T22 (weld), 500X (f) T22 (HAZ), 3000X.
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Fig. 6.15: BSEI and X-ray mapping of the cross-section of weld zone of SMAW weldment
in GrA1 boiler steel subjected to cyclic oxidation in Na;SO4 - 60% V205 at 900°C
for 50 cycles, 200X.
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Fig. 6.16: BSEI and X-ray mapping of the cross-section of HAZ of SMAW weldment in GrA1
boiler steel subjected to cyclic oxidation in Na;SOy4 - 60% V05 at 900°C for 50

cycles, 200X.
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Fig. 6.17: BSEI and X-ray mapping of the cross-section of weld zone of SMAW weldment
in T11 boiler steel subjected to cyclic oxidation in Naz;SO4- 60% V205 at 900°C
for 50 cycles, 200X.
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Fig. 6.18: BSEI and X-ray mapping of the cross-section of weld zone of SMAW weldment in
T22 boiler steel subjected to cyclic oxidation in Na;SO; - 60% V,0Os at 900°C for 50
cycles, 200X.
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Fig. 6.19: BSEI and X-ray mapping of the cross-section of HAZ of SMAW weldment in
T22 boiler steel subjected to cyclic oxidation in Na;SO4- 60% V,0s at 900°C for

50 cycles, 200X.
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6.1.2.5 SEM/EDAX Analysis
6.1.2.5.1 Surface Morphology )
SEM micrograph and EDAX analysis for SMAW weldment in steels after hot

corrosion in molten salt for 50 cycles at 900°C are given in Fig. 6.14. SEM of the top surface
for weld region of SMAW weldment in GrAl steel after hot corrosion indicates the cracking
of the scale as evident from Fig. 6.14 (a). The top scale was consisting of Fe;O3; and MnO
(point 1) whereas in side the cracks oxides were appeared to be mainly of Fe;O3, MnO and
SiO, (point 2). The top scale of HAZ region indicates the spalled portion consist of iron
oxide Fe;03 (99.08%) in Fig. 6.14 (b).

The SEM/EDAX analysis for weld region of welded T11 steel also indicates the top
scale mainly consists of Fe;O; and Cr,05. The spalled region contains mainly Fe,O; with
small amounts of MnO (3.84%) Fig. 6.14 (c). Whereas the scale on HAZ region was
containing of MnO (1.02%), Cr,03 (2.58%) and Fe,03 (96.65%) as can be seen from Fig 6.14
(d). _

The surface SEM for weld region of welded T22 steel shown in Fig. 6.14 (e) indicates
a scale with nodules growing from inside. It has cracked from the middle. Scale is mainly of
Fe,0; (93.81%) having small percentage of Cr;0; (3.29%) and MnO (2.50%). The nodular
growth which is oozing out of the openings in the scale contains mainly Fe,O; (93.66%) with
little amount of MnO (5.24%) point (2). Whereas the HAZ region contains cracks and EDAX
analysis revealed the scale mainly consists of Fe;O3 with Cr20; and MnO of inner scale at
point 1. The top scale contain Cr;03 (2.56%), MnO (1.55%) with Fe;O3 as main oxide at
point 2 in Fig. 6.14 (f).

6.1.2.6 EPMA Analysis

The EPMA for welded GrAl steel as shown in Fig. 6.15, where Fe is mainly present.
Vanadium is also present in the scale. V

The EPMA of the cross-section of corroded weld region in T11 steel weldment
indicates that scale is mainly consisting of Fe with very small concentration of Mn (Fig.
6.16). Na is seen existing at one point in the top scale. In case of HAZ region of T11 steel

weldment Fe is only the main element.
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The EPMA of weld region of T22 steel weldment indicates that scale Fe is main
element with Cr streaks present at bottom of scale. While little amounts of V and Mo seen in
the scale. In case of HAZ of T22 steel weldments Na scattered at the bottom scale with main

scale Fe. Cr was seen in little amounts at some place in this oxide scale.

6.1.3 TIG Weldment
6.1.3.1 Visual Examination

The colour of scale during first cycle turned blackish gray for all the welded steels and
up to the end of cyclic study (Fig. 6.20). Oxide protrusion dark blackish grey in colour
appeared from the beneath for all the welded steels. For TIG welded GrA1l and T11 steels
minor cracks appeared in the scale of weld regions during 5" and 8™ cycles respectively.
Whereas in case of same weldment in T22 steel the cracks and spalling in the scale appeared
after 4™ cycle and was comparatively more in number having substantial width. More
spalling was also noticed for this type of welded steel from 13" cycle. Scale on the welded

regions was seen as slightly black in colour during 2M cycle.

6.1.3.2 Thermogravimetric Data

Weight change (mg/cmzj variation as a function of time expressed in number of cycles
for TIG weldment in steels after hot corrosion in Na;S0,4-60%V,0s at 900°C for 50 cycles
are as shown in Fig. 6.21. TIG welded T22 steel showed lesser weight gain as compared to
unwelded specimens in the given molten sali environment.

The behaviour for TIG welded GrAl, T11 and T22 steels was almost parabolic with
parabolic rate constants, K, is 47.731, 15.797 and 57.738x10° g cm™ s™' respectively as shown
in Fig. 6.22. Although welded T22 steel showed higher weight gain as compared to other two
types of welded steels yet it is around 1.8 times of the weight gain value of welded T11 steel.

Welded T11 steel when exposed to molten salt after TIG weldment showed slightly -
less resistance to hot corrosion than same unwelded steel. But welded and unwelded GrAl

steel showed the approximately same weight gain.
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Fig. 6.20:  Macrographs of TIG weldment steels subjected to cyclic hot corrosion in Na;SO4
-60%V,0s at 900°C for 50 cycles (a) GrAl, (b) T11 and (c) T22. |
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Fig. 6.21: Weight gain plot for unwelded and TIG weldment GrAl, T11 and T22 boiler

steels exposed to Na,SO4 -60%V,0s at 900°C for 50 cycles.
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Fig. 6.22: Weight gain square (mg?cm®) plot for unwelded and TIG weldment in GrAl, T11
and T22 boiler steels exposed to Na;SO;, -60%V20s at 900°C for 50 cycles.
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X-ray diffraction profiles for TIG weldment in GrA1l, T11 and T22 boiler steels
exposed to Na;SO4 -60%V20s at 900°C for 50 cycles.
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Fig. 6.24: SEM back scattered image of the cross section of TIG weldment in GrAl, T11 and
T22 boiler steels exposed to  Na;SOs -60%V20s at 900°C for 50 cycles.(a)
GrA1(weld), 60X (b) GrA1(HAZ), 60X (c) T11(weld), 60X (d) T11(HAZ), 70X (e)
T22 (weld), 150X (f) T22 (HAZ), 100X. '
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Fig 6.25: SEM micrographs showing surface scale morphology and EDAX analysis for TIG
weldment steels in Na;SO4 - 60% V205 at 900°C for 50 cycles (a) GrAl (weld),
1000X (b) GrA1 (HAZ), 1000X (c) T11 (weld), 1000X (d) T11 (HAZ), 2000X (e)
T22 (weld), 1000 X (f) T22 (HAZ), and 3000X.
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6.1.3.3 X-ray Diffraction Analysis

The XRD profile of the scale of welded steels after hot corrosion in.molten salt at 900°C
for 50 cycles shows Fe,O; common phases for all the steels as could be seen in Fig. 6.23. In
GrAl steel phases are Fe,Os; with Fe;O4. Extra phases were observed in welded T22 steel were
Cr,Q; with FeS. TIG Welded T11 steel when exposed to the given environment showed the

formation of Fe;O3; along with MnO.

6.1.3.4 Scale Thickness Measurement

Backscattered electron images across the cross-section of TIG weldemt in GrAl, T11 and
TZQ steels after cyclic hot corrosion are shown in Fig. 6.24. Average scale thickness measured of
weld regions of TIG weldment from these backscattered images is 1.092, 0.893 and 1.242 mm
for GrA1, T11 and T22 steels respectively. Whereas average scale thickness measured for HAZ
"~ of TIG weldment from backscattered images is 1.228, 1.793 and 2.274 mm for GrAl, T11 and
T22 steel respectively. The oxide scale thickness of weld region of welded T22 steel is 1.4

times more than that of welded T11 steel.

6.1.3.5 SEM/EDAX Analysis
6.1.3.5.1 Surface Morphology ,

The weld region of TIG welded GrA1 steel after hot corrosion in the molten salt at 900°C
after 50 cycles as shown in Fig. 6.25 (a), (B) indicated only Fe,O5 as well as on the HAZ. In case
of TIG welded T11 steel, SEM micrograph of weld showed the top scale mainly Fe;Os;
(99.83%) point 1 whereas inner oxide scale contains Fe;O3 (96.07%) with small amounts of
SiO, (2.23%) point 2 Fig. 6.25 (c). The oxidized HAZ consists of mainly Fe20s with small
amount of MnO (1.65%) in top scale at point 2. Thc inner scale indicates the mainly iron oxide
Fe;0; (98.19%) with SiO, (1.02%) point 1 in Fig. 6.25 (d).

SEM micrograph for weld region of welded T22 steel after hot corrosion indicates
granular scale with outward growth as shown in Fig 6.25 (e). In this case the top scale consists
mainly of Fe,0; (96.18%) with little amounts of NayO (3.26%) whereas the inner scale has been
identified as Fe,03 (97.58%) with Na,O (2.11%). The scale on HAZ of this weldment consists of
spalled scale of Fe;O3 (97.46%) with 1.11% MnO and 0.96% Na,O at Point 1, whereas the top
scale indicates the Cr,O3 with the main phase of Fe,03 (98.58%) at point 2 Fig. 6.25 (f).
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6.1.3.6 EPMA Analysis

Elemental X-ray mapping for weld region of TIG weldment in GrAl steel after hot
corrosion in molten salt at 900°C for 50 cycles shown in Fig 6.26 indicates the formation of
scale containing mainly iron and vanadium. Vanadium band is present at middle and bottom
of the scale. Where as in HAZ regions of TIG weldment in GrAl steel contains mainly iron
with slightly V and Na. Vanadium is present in upper oxide scale and Na scattered in the
whole scale as can be seen in Fig. 6.27.

EPMA for the cross-section of weld region of TIG weldment in TI11 steel
corroded in the given environment shows granular attack (Fig. 6.28). Oxide scale contains
mainly Fe with some Na, Vanadium and chromium. Vanadium and sodium is present
throughout the scale in low concentration. Chromium is also indicated in middle and bottom
of the scale particularly at the interface of oxide scale and metal. In casé of HAZ regions of
TIG weldments in T11 steel corroded contains Fe, Na, V and Cr. Na and V are in the same
position as that of weld regions but slightly change found in Cr. Cr is present in bottom of the
scale also (Fig. 6.29).

The EPMA for corroded cross-section of weld region of TIG weldment in T22 steel
(Fig. 6.30) shows scale consisting mainly of iron with small concentration of Cr, Mo and V.
The chromium concentration increases in the middle of scale which is present as layer as
streaks. Very small concentration of Mo was found in bottom. HAZ region of weldment in
T22 steel contains only iron and chromium. Vanadium is also present in bottom scale reaches

through the cracks which is the cause to increase oxidation (Fig. 6.31).
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Fig. 6.26: BSEI and X-ray mapping"'qu the cross-section of weld region of TIG weldment in
GrA1 boiler steel subjected to cyclic oxidation in Na;SOq4- 60% V,05 at 900°C for
50 cycles, 200X.
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Fig. 6.27: BSEI and X-ray mapping of the cross-section of HAZ of TIG weldment in GrAl
boiler steel subjected to cyclic oxidation in Na;SOs- 60% V,0s at 900°C for 50
cycles, 200X.
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Fig. 6.28: BSEI and X-ray mapping of the cross-section of weld regions of TIG weldment
in T11 boiler steel subjected to cyclic oxidation in Na,SO4 -60% V,05 at 900°C

for 50 cycles, 200X.
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Fig. 6.29: BSEI and X-ray mapping of the cross-section of HAZ regions of TIG weldment in
T11 boiler steel subjected to cyclic oxidation in Na;SO4 - 60% V.05 at 900°C for 50
cycles, 200X.

182



&ﬁn‘[@a ik

Fig. 6.30: BSEI and X-ray mapping of the cross-section of weld regions of TIG weldment in
T22 boiler steel subjected to cyclic oxidation in Na;SO4 - 60% V205 at 900°C for 50

cycles, 200X.
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Fig. 6.31: BSEI and X-ray mapping of the cross-section of HAZ regions of TIG weldment in
T22 boiler steel subjected to cyclic oxidation in Na;SO4 - 60% V,0s at 900°C for
50 cycles, 200X.
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PART (B) HOT CORROSION STUDIES ON DIFFERENT
REGIONS OF STEEL WELDMENTS IN MOLTEN
SALT ENVIRONMENT

This part of chapter 6 deals with the critical examination of corrosion products and the
behaviour of different regions of steels weldments when subjected to high temperature cyclic
oxidation in Na;S04-60%V,0s at 900°C for‘50 cycles. The samples were visually exémined
at the end of each cycle during study. Efforts have been made to understand the mechanism
of corrosion. _

The corrosion products were analysed with XRD, SEM/EDAX and EPMA. The
results for different regions of weldment in steels have been reported under different
subheadings. In view of the thermogravimetric data for the each base metal is reported along
with the each regions of the weldment. The parabolic rate constants and scale thicknesses

have been evaluated.

6.2 RESULTS
6.2.1 Different Regions of SMAW Weldment i.e. Base Metal, Weld Metal
and HAZ exposed to Molten Salt at 900°C in GrA1 Steel

6.2.1.1 Visual Examination

Macro morphology of the oxide scale for different regions of SMAW weldment after hot
corrosion in NayS04-60%V,0s at 900°C for 50 cycles is shown in Fig. 6.32. For base metal the
sky grey colour scale appeared on the surface from 5™ cycle onward which was fragile and
started spalling. Exfoliation of the top scale was observed from 30" cycle onward. Scale cracked
around 36‘th cycle and there was gradual increase in the width of cracks for every subsequent
cycle. Whereas in case of weld metal black colour scale appeared on the whole surface from the
1% cycle itself and spalling was observed from the beneath during 22™ cycle. Similarly
appearance of blackish colour in the oxide scale of HAZ was noticed from the 1° cycle. Little
spalling of oxide scale in HAZ has appeared around 15™ cycle. Significant cracks were seen in

the oxide scale of HAZ from 42™ cycle onward.
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6.2.1.2 Thermogravimetric Data

Weight change expressed in mg/cm? has been plotted in Fig. 6.33 as a function of time
expressed in number of cycles for the weld metal, base metal and HAZ regions of SMAW
weldment in GrA1l steel. Total weight gain after 50 cycles of hot corrosion for base metal is
almost 3.4 times more than the total weight gain value of HAZ in GrAl steel. Although the
weight gain value'of base metal is around 2.8 times more than that of weld metal.

The (weight gain/unit area)” plot against number of cycles Fig. 6.34 further confirms that
parabolic law is followed by all the three regions. The values of parabolic rate constant, K (10°

g? cm™ s') are 49.394, 6.055 and 4.148 for base metal, weld metal and HAZ respectively.

6.2.1.3 X-ray Diffraction Analysis

X-ray diffraction analysis for corroded base metal, weld metal and HAZ is shown in Fig.
6.35 and these diffractograms has almost similar phases for all the regions. As obvious from the
‘composition all the regions have indicated the formation of iron oxide (Fe.203). Where as intense

peaks of Fe,03 along with Fe;O4 are indicated in the oxide scale of the base metal.

6.2.1.4 Scale Thickness Measurement

Scanning electron back scattered micrographs for different regions of SMAW weldment
in GrAl steel after hot corrosion in molten salt at 900°C for 50 cycles are shown in Fig. 6.36.
Very thick oxide scale was identified in case of base metal and was around 2.6 times more than
the scale thickness measured for HAZ. The oxide scale thickness values for base metal, weld

metal and HAZ are 2.177, 0.9 and 0.821 mm respectively.

6.2.1.5 SEM/EDAX Analysis
6.2.1.5.1 Surface Morphology

SEM morphology and EDAX analysis for different regions of SMAW weldment in GrAl
steel after cyclic hot corrosion are shown in Fig. 6.37. The oxide scale of weld metal contains
nodules both large and small in size as can be seen in Fig. 6.37(a). The composition of the top scale
is mainly Fe;O3 (96.41%) and MnO (3.28%) whereas inner scale contains Fe;O03 (91.34%) with
Na,O (2.60%), MnO (2.82%), SiO; (1.30% and S (1.12%). SEM micrograph Fig. 6.37 (b) for HAZ
in steel also indicates the formation of similaf types of oxides contains Fe;O3 (97.11%), MnO
(1.23%) and NayO (1.16%) at point 2. The grain boundary are rich in Fe;03 (96.98%) and MnO
(2.31%) point 1.
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Fig. 6.32: Macrographs of different regions of SMAW weldments in GrA1 steel subjected
to cyclic hot corrosion in Na;S04-60%V,0s at 900°C for 50 cycles (a) Base
Metal, (b) Weld Metal and (c) HAZ.
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Fig. 6.33: Weight gain plot for different regions of SMAW weldment in GrAl steels
exposed to Na;S04-60%V,0s5 at 900°C for 50 cycles.
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Fig. 6.34: Weight gain square (mg%cm®*) plot for different regions of SMAW weldment in
GrAl steel exposed to cyclic hot corrosion in Na;S04-60%V20s at 900°C for 50

cycles.
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Fig. 6.35: X-ray diffraction profiles for different regions of SMAW weldment in GrAl steel
exposed to cyclic hot corrosion in Na;S04-60%V,0s at 900°C for 50 cycles.
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SEM back scattered image of the cross section of different regions of SMAW
weldment in GrAl steel exposed to cyclic hot corrosion in NayS0O4-60%V,0s at

900°C for 50 cycles (a) Weld Metal, 200X (b) HAZ, 200X.
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Fig. 6.37: Surface morphology and EDAX analysis for different regions of 'SMAW
weldment in GrAl steel exposed to Na,SO4 -60% V,0s at 900°C for 50 cycles (a)
Weld Metal, 1000X and (b) HAZ, 1000X.
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Fig. 6.38: BSEI and X-ray mapping of the cross-section of weld metal of SMAW weldment
in GrAl steel subjected to cyclic oxidation in Na;SO4 -60% V05 at 900°C for 50
cycles, 200X.
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Fig. 6.39: BSEI and X-ray mapping of the cross-section of HAZ of SMAW weldment in
GrAl steel subjected to cyclig oxidation in Na;SO,; -60% V,0s at 900°C for 50
cycles, 200X.
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6.2.1.6 EPMA Analysis

The EPMA of the cross-section of the exposed specimen (weld metal) Fig. 6.38 indicates
mainly presence of iron in the upper and lower part of the scale with internal oxidation formed
near the interface of metal and oxide. The EPMA analysis for the exposed cross-section of HAZ
is shown in Fig. 6.39. EPMA indicates the scale mainly consists of oxides of iron with some
vanadium, sodium, Mn and Si. Concentration of Vanadium is more in upper scale where as

sodium is scattered in both scale equally. Little amount of Mn was also found in the scale.

6.2.2 Different Regions of SMAW Weldment i.e. Base Metal, Weld Metal
and HAZ exposed to Molten Salt at 900°C in T11 Steel

6.2.2.1 Visual Examination |

Macro rriorphology of the oxide scale for base metal, weld metal and HAZ regions of
SMAW weldments after hot corrosion in Na,S04-60%V,05 at 900°C for 50 cycles is shown in
Fig. 6.40. For weld metal upto 5™ cycle the colour of scale turned completely to dark blackish
grey. Whereas purplish look appeared in the scale during 42™ cycle and disappeared latter on.
Similarly appearance of black colour in the oxide scale of HAZ was noticed from the beginning
and remains same in the whole experirﬁent. Little spalling of oxide scale at the edges has
appeared around 37" cycle for HAZ. Whereas in case of weld metal scale cracked and started
spalling after 29" cycle and there was signiﬁcént increase in the number of cracks as well as
increase in width of these cracks upto 39™ cycle. Oxides, light blackish grey in colour started

oozing out from the edges below through these cracks after 42™ cycle.

6.2.2.2 Thermogravimetric Data

Weight change (mg/cmz) variation as a function of time expressed in number of cycles
for SMAW weldment in T11 steel after hot corrosion in Na2$O4-6O%V205 at 900°C for 50
cycles are as shown in Fig. 6.41. HAZ regions showed lesser weight gain as compared to
base metal and weld metal specimens in the given molten salt environment. The total weight
gain (mg/cmz) for base metal, weld metal and HAZ regions at the end of 50 cycles is 135.801,
144.532 and 93.787 respectively. Extensive spalling and sputtering has limited the study upto 50
cycles. The plot for all the three regions of the steel weldment shows same weight gain during the
first few cycles. The behaviour for base metal, weld metal and HAZ regions was almost
parabolic with parabolic rate constants; K, is 10.416, 11.608 and 4575 x 107 g2 em™ s

respectively as shown in Fig. 6.42.
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6.2.2.3 X-ray Diffraction Analysis

The XRD analysis for different regions of SMAW weldment in T11 steel after exposure to
Na,S0,-60%V,0s at 900°C for 50 cycles is shown in Fig. 6.43 and these diffractograms has
almost similar phases for all the three regions. As obvious from the composition all the regions
have indicated the formation of iron oxide (Fe;O3). Where as some strong peaks of Fe;O3 along

with MnO are indicated in the oxide scaie of weld metal and HAZ.

6.2.2.4 Scale Thickness Measurement

The scale thickness was measured from SEM back scattered images as shown in Fig.
6.44. Very thick oxide scale was identified in case of base metal and was around 1.27 times more
than the scale thickness measured for weld metal. The scale thickness values are 1.157, 0.905 and
0.993 mm for base metal, weld metal and HAZ regions respectively. Wider internal oxidation

was found in case of HAZ than weld metal.

6.2.2.5 SEM/EDAX Analysis
6.2.2.5.1 Surface Morphology

SEM micrograph of the scale formed after 50 cycles of hot corrosion in molten salt at
900°C for different regions of SMAW weldment in T11 steel are shown in Fig. 6.45. The
micrograph of top surface of the scale in case of weld metal indicates intergranular cracking.
EDAX analysis shows the presence of little amount of MnO (2.83%) in the scale at point 2 in
nﬁcrograph of Fig. 6.45 (a). The subscale has less content of MnO (2.42%) with main phase
being Fe,03 (96.36%) point 1. Whereas in case of HAZ inner scale is mainly Fe;O3 (94.93%)
with MnO (1.58%), Na,O (2.50%) at point 1. At point 2 on micrograph in Fig. 6.45 (b) presence
of Fe,03 (43.60%) with MoOs (11.98%), Na,O (38.14%), SiO; (4.79%) and P>0s (1.13%).

6.2.2.6 EPMA Analysis

The EPMA of the cross-section of the exposed weld metal specimen (SMAW weldment in
T11 steel) Fig. 6.46 indicates mainly presence of iron in the whole of the scale, some sodium has
diffused into scale through the cracks. There is presence of very thin irregular layer of Cr just
above the metal in the lower oxide scale.

EPMA shows the thick scale for HAZ where iron is present throughout the scale (Fig.
6.47). Na is seen in the lower scale where the more cracks are present in the scale. Concentration

of Mn is very small in the scale.
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Fig. 6.40: Macrographs of different regions of SMAW weldments in Ti1 steel subjected to
cyclic hot corrosion in Na;S04-60%V,0s at 900°C for 50 cycles (a) Base Metal, (b)
Weld Metal and (¢) HAZ.
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Fig. 6.41: Weight gain plot for different regions of SMAW weldment in T11 steels exposed
to Na,S04-60%V,05 at 900°C for 50 cycles.
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Fig. 6.42: Weight gain square (mg*/cm”) plot for different regions of SMAW weldment in T11
steel exposed to cyclic hot corrosion in Na;S04-60%V,0s at 900°C for 50 cycles.
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Fig. 6.43: X-ray diffraction profiles for different regions of SMAW weldment in T11 steel
exposed to cyclic hot corrosion in Na;SO4-60%V,Os at 900°C for 50 cycles.
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Fig. 6.44: SEM back scattered image of the cross section of different regions of SMAW

weldment in T11 steel exposed to cyclic hot corrosion in Na;S04-60%V,0s at
900°C for 50 cycles (a) Weld Metal, 200X (b) HAZ, 250X.
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Fig. 6.45: SEM micrographs showing surface morphology and EDAX analysis for different
regions of SMAW weldment in T11 steel exposed to Na,SO; -60% V,0s at 900°C
for 50 cycles (a) Weld Metal, 1000X and (b) HAZ, 1000X.
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Fig. 6.46: BSEI and X-ray mapping of the cross-section of weld metal of SMAW
weldment in T11 steel subjected to cyclic oxidation in Na;SO4 -60% V,0s at

900°C for 50 cycles, 200X.
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Fig. 6.47: BSEI and X-ray mapping of the cross-section of HAZ of SMAW weldment in
T11 steel subjected to cyclic oxidation in Na,S04 -60% V,05 at 900 °C for 50
cycles, 200X.
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6.2.3 Different Regions of SMAW Weldment i.e. Base Metal, Weld Metal
and HAZ exposed to Molten Salt at 900°C in T22 Steel

6.2.3.1 Visual Examination

Surface macrographs for different regions of SMAW weldment in T22 steel are shown in
Fig. 6.48. The colour of surface of all samples after exposure changed from blackish gray to
blackish brown colour and thereafter up to the end of the study all the samples retained in this
colour. In case of weld metal some spalling of scale was indicated in the form of very small
particles from 10" cycle on ward. Little increase in spalling was observed during 16" cycle.
Very small cracks were observed in the scale around 33" cycle. Little oxide protrusions from the
beneath were noticed during last four cycles.

In case of HAZ the spalling started after 8™ cycle. Oxide scale cracked at surface and
edges just after 28" cycle and slight increase in the number and width of these cracks has been

seen for the subsequent cycles. Material from the inside oozed out through these cracks.

6.2.3.2 Thermogravimetric Data

The weight gain/unit area for the different regions of SMAW weldment in T22
stg:el.is plotted as a function of time expressed in number of cycles in Fig. 6.49. Base
metal show more weight gain as compared to weld metal and HAZ specimens in the given
molten salt environment. Total weight gain of base metal is 2.93 times more than that of
weld metal. These regions have followed the parabolic rate law with parabolic rate
constants (K,) 76.233, 9.388 and 14.818 x 10°® g’ cm™ s7! for base metal, weld metal and
HAZ respectively (Fig. 6.50).

6.2.3.3 X-ray Diffraction Analysis

The X-ray diffractograms for base metal, weld metal and HAZ regions after
cyclic hot corrosion in Na,;S04-60%V,05 at 900°C are shown in Fig. 6V.51. Identical
phases have been revealed in the surface scale of all the three regions. The XRD
analysis revealed the formation of weak peaks of MnO, Cr,0; along with iron oxide

(Fe;03) as main phase for HAZ.
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6.2.3.4 Scale Thickness Measurement

SEM back scattered micrographs for the corroded cross-sections of weld metal and HAZ
steel are shown in Fig. 6.52. The scale thickness values are 1.104 and 0.931 mm for weld metal
and HAZ respectively. The scale of base metal which has completely undergone spalling and

cracking and so its thickness can not be estimated.

6.2.3.5 SEM/EDAX Analysis
6.2.3.5.1 Surface Morphology

After hot corrosion the top scale of weld metal consists of MnO (4.06%), SiO;
(0.94%) and Fe,O; (94.82%) as shown by SEM/EDAX analysis Fig. 6.53 (a). It has cracks
running across the scale and EDAX analysis of these cracks indicates of Fe;O; (92.86%) and
MnO (6.12%) point 1. SEM of the HAZ corroded in Na;S04-60%V,0s environment indicated a
massive scale having a large crack running through it as evident from Fig. 6.53 (b). The EDAX
of the top scale indicates mainly Fe,O3 (95.43%) along with Cr,O; (2.86%) and MnO (1.26%).
Whereas inner scale presented in Fig. 6.53 (b) shows massive scale along with indication of
oozing out of some material through the cracks in the scale. The material fhat has oozed out from

inside is maihly Fe,03 (90.78%) with MnO (5.00%), Cr,03 (2.22%) and SiO; (1.36%).

6.2.3.6 EPMA Analysis

The Elemental X-ray mapping of corroded cross-section of weld metal exposed to Na;SOs-
60%V,0s environment at 900°C indicates mainly iron rich layer at through out of the scale (Fig.
6.54). Where sodium and vanadium are scattered in both of scale but little higher concentration
present near to the oxide/metal interface. Chromium is present in very small concentration near
substrate metal. Elemental X-ray maps for the corroded cross-section of HAZ shown in Fig. 6.55
indicate the distribution of elements in the scale almost identical to the weld metal. Little higher
concentration of chromium is present in top and bottom scale as a thin layer. Whereas Mo and Mn

are also present in the scale. Vanadium seems more in bottom scale.
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Fig. 6.48: Macrographs of different regions of SMAW weldments in T22 steel subjected to
cyclic hot corrosion in Na;S04-60%V,0s at 900°C for 50 cycles (a) Base Metal,
(b) Weld Metal and (c) HAZ.
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Fig. 6.49: Weight gain plot for different regions of SMAW weldment in T22 steels exposed
to Na;S04-60%V,0s at 900°C for 50 cycles. '
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Fig. 6.50: Weight gain square (mg*/cm®) plot for different regions of SMAW weldment in
T22 steel exposed to cyclic hot corrosion in Na,S04-60%V,05 at 900°C for 50

cycles.
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Fig. 6.51:

X-ray diffraction profiles for different regions of SMAW weldment in 122 steel

exposed to cyclic hot corrosion in Na,S04-60%V,05 at 900°C for 50 cycles.
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Fig. 6.52: SEM back scattered image of the cross section of different regions of SMAW

weldment in T22 steel exposed to cyclic hot corrosion in Na,S04-60%V,0s5 at
900°C for 50 cycles (a) Weld Metal, 200X (b) HAZ, 200X.
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Fig. 6.54: BSEI and X-ray mapping of the cross-section of weld metal of SMAW weldment
in T22 steel subjected to cyclic oxidation in Na;SO4 -60% V205 at 900°C for 50
cycles, 200X.
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Fig. 6.55: BSEI and X-ray mapping of the cross-section of HAZ of SMAW weldment in T22
steel subjected to cyclic oxidation in Na;SO4 -60% V,0s at 900°C for 50 cycles,
200X.
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6.24 Different Regions of TIG Weldment i.e. Base Metal, Weld Metal
and HAZ exposed to Molten Salt at 900°C in GrA1 Steel

6.2.4.1 Visual Examination

Macro morphology of the oxide scale for different regions of TIG weldment in GrAl
steel after hot corrosion in Na,;S04-60%V,0s at 900°C for 50 cycles is shown in Fig. 6.56. For
weld metal the colour of scale was completely black. Cracks were observed during 14™ cycle.
Significant increase in the number of cracks as well as its width on surface and edges were
noticed during 27" cycle. Little spalling was observed after 25 cycle.

In case of HAZ the colour of scale seems black during 1% cycle and it turned into blackish
gray with increasing cycle. Spalling and cracking were observed during 14™ cycle. Oxides have

oozed out to the surface from beneath.

6.2.4.2 Thermogravimetric Data

Weight change expressed in mg/cm2 has been plotted in Fig. 6.57 as a function of time
expressed in number of cycles for the weld metal and HAZ along with base metal. The base
metal seems to be more weight gain than weld metal and is only around 1.55 times of that for
weld metal.

The square of total weight gain values per unit area (mg’/cm?) is plotted in Fig. 6.58, t0
under stand the behaviour of corrosion for different regions of TIG weldment in GrAl steel. The
different regions followed the parabolic rate law for the whole range of cyclic study with
parabolic rate constant (Kp) of 49.394, 20.335 and 22.531x 10™® g* cm™ s for base metal, weld

metal and HAZ respectively.

6.2.4.3 X-ray Diffraction Analysis
The XRD profile of the scale of different regions of TIG weldment in GrAl steel after hot
corrosion in molten salt at 900°C for 50 cycle shows common phases for all the samples as could

be seen in Fig. 6.59. Fe304 was also observed along with Fe,O3 for weld metal and base metal.

6.2.4.4 Scale Thickness Measurement
Backscattered electron images across the cross-section of weld metal and HAZ after

cyclic hot corrosion are shown in Fig. 6.60. Very thick oxide scale was identified in case of
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base metal which is around 1.4 times more than that on HAZ. Average scale thickness
measured from these backscattered images is 2.177, 1.9 and 1.555 mm for base metal, weld
metal and HAZ regions respectively. Small cracks were seen along the cross-section of oxide

scale on the weld metal.

6.2.4.5 SEM/EDAX Analysis
6.2.4.5.1 Surface Morphology

Spongy scale is indicated with cracks running through it weld metal after hot corrosion
in the molten salt at 900°C after 50 cycles as shown in Fig. 6.61 (a). The spalling has been
observed. The top scale mainly contains oxides of Fe with small amounts of S (5.83%). At the
cracks scale has been identified only as Fe;O3 (99.45%).

SEM micrograph for HAZ after hot corrosion indicates granular scale as shown in Fig
6.61 (b). In this case the top scale consists mainly of Fe;O3 (99.07%). Inner scale mainly consists

of NayO (1.61%), MnO (0.96%) and Fe, 03 (96.75%).

6.2.4.6 EPMA Analysis

Elemental X-ray mapping for weld metal after hot corrosion in molten salt at 900°C
for 50 cycles indicates the foeration of scale cdntaining mainly iron. Na and V are present at
bottom scale. There is presence of silicon at some places as in pockets in the scale. Very
small concentration of Mn is distributed in the scale. Scale seems have more cracks near to
the metal/oxide interface as can be seen in Fig. 6.62.

EPMA for the cross-section of HAZ after hot corrosion in the given environment shows

only iron as main element. Big voids forms in the middle of the oxide scale Fig. 6.63.
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Fig. 6.56:  Macrographs of different regions of TIG weldments in GrA1 steel subjected to
cyclic hot corrosion in Na;SO4-60%V,0s at 900°C for 50 cycles (a) Base
Metal, (b) Weld Metal and (¢) HAZ.
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Fig. 6.57: Weight gain plot for different regions of TIG weldment in GrAl steels exposed
to NayS04-60%V,05 at 900°C for 50 cycles.
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Fig. 6.58: Weight gain square (mg’cm®*) plot for different regions of TIG weldment in
GrA1 steel exposed to cyclic hot corrosion in Na2804-60%V205 at 900°C for 50
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Fig. 6.59: X-ray diffraction profiles for different regions of TIG weldment in GrAlsteel
exposed to cyclic hot corrosion in Na;S04-60%V,05 at 900°C for 50 cycles.
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Fig. 6.60: SEM back scattered image of the cross section of different regions of TIG

weldment in GrAl steel exposed to cyclic hot corrosion in Na;SO4-60%V,0s5 at
900°C for 50 cycles (a) Weld Metal, 140X (b) HAZ, 150X.
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Fig. 6.61: SEM micrographs of surface morphotogy and EDAX analysis for different
regions of TIG weldment in GrAl steel exposed to Nay;SO4 -60% V,0s at 900°C

for 50 cycles (a) Weld Metal, 1000X and (b) HAZ, 1000X.
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Fig. 6.62: BSEI and X-ray mapping of the cross-section of weld metal of TIG weldment in
GrA1l steel subjected to cyclic oxidation in Na;SOs- 60% V205 at 900°C for 50
cycles, 200X.
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Fig. 6.63: BSEI and X-ray mapping of the cross-section of HAZ of TIG weldment in GrAl
steel subjected to cyclic oxidation in Na,SO4- 60% V,0s at 900°C for 50 cycles,
200X.
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6.2.5 Different Regions of TIG Weldment i.e. Base Metal, Weld Metal
and HAZ exposed to Molten Salt at 900°C in T11 Steel

6.2.5.1 Visual Examination

The macrographs for base metal, weld metal and HAZ regions of TIG weldment in
T11 steel after hot corrosion at 900°C for 50 cycles are shown in Fig. 6.64. It can be seen
from the macrograph given in Fig. 6.64(b) that intense spalling was there at the edges for
weld metal. Little cracks seen in the middle of the surface of oxide scale during 30" cycle.
The colour of oxide scale turhed black from blackish gray during fifth cycle. Spalling just
started after 18" cycle and gradually increased in the subsequent cycles. Intense spalling was
observed during 32" and 38™ cycle. |

For HAZ light black spot seen on the black oxide surface during 1** cycle. With
increasing number of cycles this spot disappeard. Very small spalling of scale was observed
during 10™ cycle. No cracks were seen in the scale upto the 50 cycle. Little increase in

spalling was noticed during 37" cycle.

6.2.5.2 Thermogravimetric Data

Weight gain per unit area expressed in mg/cm?® is plotted as a function of time
expressed in number of cycles for oxidized different regions of TIG weldment in T11 steel is
shown in Fig. 6.65. Weld metal showed the maximum weight gain and is around 1.55 times
than that of HAZ in given aggressive environment. Weight gain square (mg2/0m4) plotted as a
function of time (number of cycles) in Fig. 6.66, from where it can be inferred that all the
ihree regions followed almost parabolic behaviour. The parabolic rate constants, K, for base
metal, weld metal and HAZ are 10.416, 20.710 and 8.213x10°* g2 cm™ 7! respectively. The
parabolic rate constant of weld metal is larger than the other two regions and is around 2.5
times of that for HAZ.
6.2.5.3  X-ray Diffraction Analysis ’ _

The XRD analysis for different regions of TIG weldment in T11 steel after exposure to
molten salt at 900°C for 50 cycles is shown in Fig. 6.67 and these diffractograms has almost
similar phases for all the regions. As obvious from the composition all the regions of the

weldment have indicated the formation of iron oxide (Fe,O3) as a main phase.
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6.2.5.4 Scale Thickness Measurement

The samples were cut across the cross-section after exposure to molten salt at 900°C for 50
cycles and mounted. The scale thickness values were measured from SEM back scattered images
shown in Fig. 6.68. The SEM micrograph shows the fragile and cracked scale for weld metal and
HAZ. The scale was debonding at the scale/metal interface in the HAZ. Thick oxide scale was
identified ih case of weld metal. The scale thickness values are 1.157, 1.725 and 1.371 mm for

base metal, weld metal and HAZ respectively.

6.2.5.5 SEM/EDAX Analysis
6.2.5.5.1 Surface Morphology ‘

The SEM micrograph of the GrAl base steel exposed to Na;S04-60%V,0s environment at
900°C given in Fig. 6.69 (a) indicates the formation of predominantly Fe,O; scale on the weld metal.
EDAX analysis revealed that the top scale consists of mainly Fe,O3 (97.155%) with little amount of
Na,O (1.19%). Whereas the inner scale mainly consist of Fe;O3 (96.69%) with Si0; (1%).

The SEM and EDAX analysis indicate the top oxide scale on the HAZ consist of S (1.57%),
Cry03 (5.90%) with main phase Fe,O3 (91.35%) point 2. Spalled regions contains SiO; (10.30%), S
(1.02%), Cry03 (7.11%) and Fe,05 (80.42%) point 1 in Fig. 6.69 (b).

6.2.5.6 EPMA Analysis

BSEI and X-ray mapping for weld metal exposed to Na;SO4-60%V,0s at 900 oC for 50
cycles are shown in Fig. 6.70. The scale mainly contains iron oxide. Large irregular streaks of
chromium are also indicated. Na is also present in scattered manner in less quantity. V is present in
the middle of scale. EPMA analysis shows thick scale for weld metal.

The EPMA analysis for the exposed cross-section of HAZ steel is shown in Fig. 6.71.
EPMA indicates the formation of a multilayered scale, whole of the scale contains mainly iron. V
is distributed in little more concentration in middle of scale. Na is also scattered in the scale. Cr is
present near the metal/oxide interface as a thin layer. Silicon is seen as pockets in the scale. Mn is

absent in the scale.
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Fig. 6.64: Macrographs of different regions of TIG weldments in T11 steel subjected to
cyclic hot corrosion in Na,S04-60%V,0s at 900°C for 50 cycles (a) Base Metal,
(b) Weld Metal and (¢) HAZ.
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Fig. 6.65: Weight gain plot for different regions of TIG weldment in T11 steels exposed to
Na,S04-60%V,05 at 900°C for 50 cycles.
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Fig. 6.66: Weight gain square (mg?/cm®) plot for different regions of TIG weldment in T11
steel exposed to cyclic hot corrosion in Na; SO4-60%V,0s5 at 900°C for 50 cycles.
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Fig. 6.67: X-ray diffraction profiles for different regions of TIG weldment in T11 steel
exposed to cyclic hot corrosion in Na;S$04-60%V 205 at 900°C for 50 cycles.
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Fig. 6.68: SEM back scattered image of the cross section of different regions of TIG weldment
in T11steel exposed to cyclic hot corrosion in Na;S04-60%V,0s at 900°C for 50
cycles. (a) Weld Metal, 140X (b) HAZ, 200X.
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Fig. 6.69: Surface morphology and EDAX analysis for different regions of TIG
weldment in T11 steel exposed to Na;SO4 -60% V,0s5 at 900°C for 50 cycles
(a) Weld Metal, 1000X and (b) HAZ, 1000X. |
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Fig. 6.70: BSEI and X-ray mapping of the cross-section of weld metal of TIG weldment in
T11 steel subjected to cyclic oxidation in Nay;S04-60% V,0s at 900°C for 50
cycles, 200X.
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6.2.6 Different Regions of TIG Weldment i.e. Base Metal, Weld Metal and
HAZ exposed to Molten Salt at 900°C in T22 Steel
6.2.6.1 Visual Examination
The macrographs for the corroded surfaces of different regions of TIG weldment in T22
steel are shown in Fig. 6.72. It was observed that for weld metal, the colour of the scale surface
turned black during first cycle. Spalling of oxide scale was indicated during the 3" ¢cycle. Even
little cracks appeared on the scale at 13" cycles, after that there was increase in the number and
width of these cracks and oozing out of oxides from these cracks was observed. Intense cracking
was observed. Colour of the scale was dark blackish gray after 50" cycles.
In case of HAZ blackish gray colour was observed on this region during 1** cycle. A thin
layer of oxide scale got spalled during 17" cycle. The scale of HAZ speciemen started cracking
during 32™ cycle. Scale was oozing out at the edges in the consequent cycles. Whereas in case of

base metal intense spalling and cracking was observed upto 50™ cycle.

6.2.6.2 Thermogravimetric Data

Weight gain (mg/cmz) data plotted with time expressed in number of cycles for
different regions of TIG weldments in T22 steel is given in Fig. 6.73. It can be inferred from the
plots that the weight gain for base metal is very much larger as compared to weld metal. The total
weight gain after 50 cycles for base metal is around 1.78 times more than that of weld metal. All
the regions of TIG weldment followed the parabolic behaviour as can be inferred from the square
of weight change (mg2/cm4) plotted with number of cycles in Fig. 6.74. The parabolic rate
constants (K, in 10°® g2 cm™ s for these regions are 76.233 (base metal), 23.098 (weld metal)
and 65.408 (HAZ).

6.2.6.3 X-ray Diffraction Analysis

The XRD analysis for different regions of TIG weldment in T22 steel after exposure to
Na,S04-60%V,05 at 900°C for 50 cycles is shown in Fig. 6.75 and these diffractograms has
almost similar phases for all the regions. As obvious from the composition all the regions of the
weldment have indicated the formation of iron oxide (Fe,O3). Where as weak peaks of Cr,O3

along with Fe,0j3 are indicated in all the oxide scale of three regions.

6.2.6.4 Scale Thickness Measurement
Scanning electron back scattered micrographs for different regions of TIG weldment

in T22 steel after hot corrosion in molten salt at 900°C for 50 cycles are shown in Fig. 6.76.
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Oxide scale was debonding at the interface of oxide/metal in HAZ Fig.6.76 (b). Big cracks
"along the cross-section of oxide scale were identified in case of the scale on the weld metal Fig.
6.76 (a). The oxide scale thickness values for weld metal and HAZ are 1.3 mm, and 1.17 mm

respectively.

6.2.6.5 SEM/EDAX Analysis
6.2.6.5.1 Surface Morphology
SEM micrograph and EDAX analysis for different regions of TIG weldment in T22 steel
after cyclic hot corrosion are shown in Fig. 6.77. EDAX analysis indicates the top scale of weld
metal consists of mainly Fe;O3; (96.57%) with MnO (2.85%), whereas inner scale contain SiO;
(3.17%), Cr,05 (1.24%), MnO (1.88%) along with main phase Fe,03 (92.83%) in Fig. 6.77 (a)
SEM micrograph of the scale on HAZ region show more corrosion of grain boundary
Fig.6.77 (b). The upper oxide scale mainly consists of MnO (4.59%) and Fe,03 (94.64%). The
inner scale along the boundary contains little amount of SiO; (9.87%), MnO (3.80%) with iron
oxide Fe;03 (85.63%) point 1 Fig. 6.77 (b).

6.2.6.6 EPMA Analysis

The EPMA of the cross-section of the exposed specimen (weld metal of TIG weldment in
T22 steel) Fig. 6.78 indicates mainly presence of iron in the whole oxide scale. EPMA analysis
of scale on the weld metal revealed that chromium is indicated as layer in the lower part of scale.
Vanadium is also distributed in very small concentration in the bottom scale. At some places
small concentration of Na is also indicated in the upper and lower part of the scale.

EPMA shows in Fig.6.79 for scale on the HAZ where iron is main element present
throughout the scale. Sodium and Vanadium are also scattered in the whole scale. Small
concentration of Cr is also indicated in the upper scale. Mn is present in the upper layer of

oxide scale.
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' Fig.6.72: Macrographs of different regions of TIG weldments in T22 steel subjected to
cyclic hot corrosion in Na;S04-60%V-0s at 900°C for 50 cycles (a) Base Metal,
(b) Weld Metal and (c) HAZ.
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Fig. 6.73: Weight gain plot for different regions of TIG weldment in T22 steels exposed to
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Fig. 6.75: X-ray diffraction profiles for different regions of TIG weldment in T22 steel

exposed to cyclic hot corrosion in Na;S04-60%V,0s5 at 900°C for 50 cycles.
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Fig. 6.76: SEM back scattered image of the cross section of different regions of TIG
weldment in T22 steel exposed to cyclic hot corrosion in Na;SO4-60%V,0s at
900°C for 50 cycles (a) Weld Metal, 150X (b) HAZ, 150X.
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Fig. 6.78: BSEI and X-ray mapping of the cross-section of weld metal of TIG weldment in
T22 steel subjected to cyclic oxidation in Na,SOs- 60% V205 at 900°C for 50
cycles, 200X.
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Fig. 6.79: BSEI and X-ray mapping of the cross-section of HAZ of TIG weldment in T22 steel
subjected to cyclic oxidation in Na; SO, -60% V,0s at 900°C for 50 cycles, 200X.
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6.3 SUMMARY OF RESULTS

Results as obtained after hot corrosion of weldments, different regions of weldment and
unwelded steels in molten salt environment are summarised in Table 6.1. These tabulated results
are ready reference to compare the hot corrosion behaviour of weldments, different regions of

weldments and unwelded steels.

Table 6.1: Summary of the results for weldments, different regions of weldments and
unwelded steels oxidised in molten salt (Na;SQ04-60%V,0s) at 900°C for SO
cycles.

Base Base Metal Scale thickness Weight gain K,,.(l 0¥ XRD analysis Remarks
steel Weldments mm mg/em? glom™s™)
GrAl Base Metal 2177 288.480 49.394 Fe,O; and Fe;O4 | Spalling indicated.
Scale cracked during 36™ cycle.
SMAW 1.190 (weld) 231.921 31.686 Fe 0, Dark black shining spot on weld
weldment 1.297 (HAZ) region, spalling during 7" cycle.
Scale cracked during 29" cycle.
TIG weldment 1.092 (weld) 283.288 47.731 Fe,O; and Fe;O, | Weld region indicated cracks
1.228 (HAZ) during 5™ cycle.
Dark blackish gray colour of scale.
Weld metal 0.9 101.347 6.055 FezO_x. Scale seen black from I* cycle.
(SMAW) Little spalling indicated.
No cracks upto 50 cycle.
HAZ 0.821 84.307 4.148 Fe 05 Spalling indicated in form of very
(SMAW) fine particles. .
Scale cracked during 42™ cycle.
Weld metal 19 185.407 20.335 Fe,0; and Fe;Q, | Black colour of oxide scale.
(TIG) Oxide scale cracking and oozing
out at edges during 27" cycle.
HAZ (TIG) 1.555 197.368 22.531 Fe;Os Spalling and cracking indicated.
' Scale oozing out at edges as stick.
T11 Base Metal 1.157 135.801 10.416 Fe,05 Spalling indicated.
Scale is lustrous and cracked
during 32™ cycle only.
SMAW 0.975 (weld) 154.772 13.186 Fe,O; and Fe;0, | Dark black shining spot on weld
weldment 0.994 (HAZ) region.
Scale cracked during 12" cycle.
TIG weldment 0.893 (weld) 172.193 15.797 F,05 and MnO Muinor cracks appeared during 8"
1.793 (HAZ) cycle.
Weld metal 0.905 144.532 11.608 F,0; and MnO Dark blackish gray colour of oxide.
(SMAW) Cracking and spaliling noticed
during 29" cycle.
HAZ (SMAW) 0.993 93.787 4.575 Fe,Osand MnO | Colour of Oxide scale appeared
' black.
Spalling ﬁoticed at the edges.




Weld metal
(TIG)

1.725

186.258

20.710

Fea0s

Intense spalling at edges during
38" cycle:
Little cracks appeared after 30"

cycle.

HAZ (TIG)

1.371

119.606

8.213

F€203

Shining black spot appeared on

1¥ cycle.

oxide during
Spalling noticed.

No cracks.

T22

Base Metal

Intense spalling

361.105

76.233

Fe;O;, Cr203

Intense spalling and sputtering
indicated.

Almost all the scale spalled off.

SMAW

weldment

1.955 (weld)
1.862 (HAZ)

377.307

84.372

Fe203, CrzO;
and Fe;0,

Cracks appeared just after 1* cycle
and spalling was indicated.
Drastic increase in cracks

appeared during 27" cycle.

TIG weldment

1.242 (weld)
2.274 (HAZ)

309.250

57.738

FC;O;;, Cr203
and FeS

Weld region seem shining black
during 2™ cycle.
Cracks and spalling appeared just

after 4" cycle.

Weld metal
(SMAW)

1.104

122.836

9.388

Fe,Osand Cr0s

Blackish brown colour of oxide.
Spalling noticed during 10" cycle.
Cracks appeared during 33 cycle.

HAZ (SMAW)

0.931

155.821

14.818

Fe;05, CryO;.
and MnO

Spalling noticed during 8™ cycle.
Cracks appearcd on surface and

edges just after 28" cycle.

Weld metal
(TIG)

202.704

23.098

I F6203 and Cl’zO_‘;

Colour of scale appeared black
during 1* cycle.

Spalling noticed during 3" cycle.
Cracks appeared during 13" cycle.
and intense cracks observed for
subsequent cycle.

Dull appearance of oxide surface.

HAZ (TIG)

1.170

340.131

65.408

FCzO_‘; and Cl'zO}

Thin layer of oxide scale spalled
during 17" cycle.

Little Cracks appeared during 32"
cycle.

Spalling observed at edges.
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6.4 DISCUSSION
6.4.1 Unwelded Steels

The unwelded steels after cyclic oxidation in the molten salt mixture at 900°C have
shown parabolic behaviour. Whereas intense spalling and higher corrosion rate was noticed for
T22 type of steel. Parabolic rate constant of this type of steel is approximately 7.3 times more
than the T11 typé of steel. The higher corrosion rate for this steel inspite of more amounts of
chromium than other two boiler steels might be attributed to the presence of molybdenum
(1.06%) in this steel. This might have led to the acidic fluxing of the protective oxide scale.
Identical results have been reported by Peters et al (1976), Fryburg et al (1982), Pettit and Meier
(1984) and Misra (1986). This has been further confirmed by the absence of Mo in the final
scale. The same condition was also discussed by Sidhu (2003A) in his Ph.D. thesis.

The severe corrosion observed in the present study in case of T22 steel upto the end of
exposure may be in accordance with the findings of Misra (1986). During his hot corrosion
studies for molybdenum containing nickel base alloy in Na,SO4 environment at 750-950°C, the
author reported that higher the concentration of Mo, the sooner the melt would attain the MoO;
activity necessary for the formation of solid NiMoOy and this would cause a decrease in the
length of the period of accelerated corrosion. Lower percentage of Mo (1.06) in the concerned
alloy for the present study might have increased the period of accelerating corrosion upto the end
of 50 cycles. Probably this factor is responsible for the higher Weight' gain for this steel as
compared to the other two steel inspite of more amount of chromium than other two boiler steels.
Whereas lesser weight gain in case of T11 steel as compared to GrAl steel might be due to some
amount of chromium in the alloy. The protection might have been due to the formation of iron
chromium spinel in the scale presence of which has further been confirmed by the EDAX
analysis. The presence of some percentage of chromium in the subscale as revealed by the EDAX
and EPMA analysis across the cross-section for T11 and T22 steel is in accordance with the
findings of Sadique et al. (2000). The authors have reported that Fe-Cr alloys in oxygen at
higher temperature (950-1050°C) form spinel (FeCr;04) and Cr203 on the inner side and Fe,0;3
on the outer side of the scale. This can also be attributed to depletion of iron due to oxidation to
form the upper scale thereby leaving chromium rich pockets those further get oxidised to form
iron chromium spinel

The surface XRD indicated the formation of Fe,Os as the main constituent of the top scale.
The formation of Fe,Os has also been observed by Shi (1993) for the oxidation of iron by NaxSO4
at 750°C and by Sidhu (2003A) during hot corrosion of boiler steel in the Na;SO4-60%V70s
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environment at 900°C. Weak intensity peaks of Cr,O; in the scale of T22 steel may due to the
pfesence of some amount of chromium in the alloy steel. The presence of Fe;O4 in the scale of

GrA1 steel is identical with the findings of Shi (1993).

6.4.2 SMAW Weldment

Exposure to the given salt environment resulted in internal oxidation, cracking and
oozing out of material from beneath for the welded boiler steel identical to the results
observed during oxidation of this weldment as reported in Chapter 5. The presence of
blackish gray colour look in the surface scale of all the three type of steels might be
attributed to the formation of Fe,Os. This has further been supported By the results of XRD
analysis where Fe, O3 peaks are more intense in all the three type of steels. Internal oxidation
in the scale of weldment might be attributed to the pits and cracks. Intense spalling and
cracking has also been observed in unwelded specimen and its weldment of 2.25 Cr-1Mo
(SA-213T-22) type of steel reported by Kumar et al. (2007).

Further, the presence of cracks in the scale for given molten salt environment can also
be contributions to the penetration of species containing sodium through the pores as
observed by EPMA for most of the welded steels. It is further observed that the
decomposition of Na;SO4 gives rise to the penetration of SO, in the oxide of weldment and
diffuse to the metal. This diffusion will be blocked by the metal which possesses high
density. Therefore, SO, temporarily piles up in the oxide/metal interface region. The pile up
of SO; in this region might be very harmful to the metal. It reacts with carbon and iron in the
substrate at hot corrosion temperature and results in the formation of FeS, which leads to the
internal sulphidation of the metal as also discussed by (Ahila, et al, 1994 A) in case of welded
2.25 Cr-1Mo stéel at 650 °C.

However, presence of more cracks in case of welded T22 steels may be attributed to
the existence of 1.06% molybdenum. The presence of a gap at the metal/oxide interface for
welded T22 steels might be contributed by formation and evaporation of MoOj3. From the
weight gain values indicated in Fig. 6.10 the resistance indicates better welded T11 steel to above
environment. All the welded GrAl, T11 and T22 steels followed the parabolic rate law.
Comparatively lesser hot corrosion is observed to welded T11 steel but still its weight gain is
more than that for unwelded steel. The rate of corrosion for welded T22 steel is nearly equal
to unwelded T22 steel during initial period of oxidation. This may be attributed to the

development of cracks in the scale on the weld region of T22 steel as large numbers of cracks
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were observed visually after 28" cycle. The better resistance to hot corrosion for welded T11
steels is further confirmed from BSEI (Fig. 6.13 (¢, d)), where the oxides scale is intact with
the metal. Whereas oxide scale of welded T22 steel seems to be fragile and got cracked as
can be seen in Fig. 6.13 (e, f).

X-ray diffraction analysis indicate the formation of Fe;03, Cr;03, and Fe3O4 phases
for welded T22 steel, those are in good agreement with the findings of Ahila et al (1994) in
molten salt (K;SO4-NaCl) environment at 650°C. The resistance to hot corrosion might be
due to ;he adherent oxides. Surface EDAX analysis of the corroded steels also supported the
formation of such phases. Presence of Fe;04 might be attributed to the diffusion of iron from
the metal surface. .

The EPMA results further confirm the formation of these oxides throughout the cross-
section of scale. Some diffusion of vanadium through the cracks has been indicated. Diffusion
of sodium into the oxide scale was there. Chromium rich layer in the bottom scale revealed that
the accumulation of chromium during welding and form 6xides in the scale.

The SMAW weldment followed the parabolic behaviour for the whole range of exposure. The
weight gain for SMAW welded boiler steels followed the trend: '
T22 > GrAl1 > T11

6.4.3 TIG Weldment

TIG welded steel have shown better corrosion resistance than unwelded steels. Minimum
corrosion rate has been indicated by TIG welded T11 steel and followed by welded GrAl steel.
Whereas slightly higher corrosion rate is indicated by welded T22 steel, but still it is less than the
similar unwelded steel. The reason of relatively more attack in case of T22 steel weldment might
be attributed to the presence‘ of molybdenum. The cracks in the scale on weldment have been
noticed for welded T22 steel just after 15" cycle which might have been responsible for
comparatively higher corrosion rate than other welded steels. The corrodi'ng species might have
passed through these cracks to reach the metal for further attack. The development of cracks in
the scale of welded steel might have originated due to ureren expansion and contraction.

The TIG v;feldment followed the almost parabolic behaviour for the whole range of
exposure. The weight gain for TIG welded boiler steels followed the trend:

| T22 > GrAl > T11
This sequence is further supported by the SEM backscattered image of the corroded

cross-section of oxide scale in the welded steels as shown in Fig. 6.24. The scale is intact with
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the GrA1 and T11 steels except for welded T22 steel where it is fragile and contributed to more
weight gain value for this welded steel. |

X-ray diffraction analysis indicate the formation of Fe;Os, Cr,03;, and FeS phases for
welded T22 steel, These results are in accordance with the '.surface EDAX analysis. In case of
welded T11 steel MnO phase has been identified by the X-ray diffractograms in addition to the
Fe,05. The similar phases have also been reported by Sidhu and Prakash (2003) for hot corrosion
of substrate boiler steel in molten salt environment at 900°C. The formation of the vanadates has
been confirmed by the Electron Probe Micro Analyser (Fig. 6.29) where Fe, Na and V are
coexisting in the outer scale. <

The scale on welded T22 steel was composed of three layers, an inner continuous layer of
Cr,O3 with Fe;Os, thickness of which increases with increase in temperature, an outer Fe;Os layer
and an intermediate layer composed of oxides rich in iron. The presence of such layer“in this study
has also been confirmed by fhe surface EDAX analysis (Fig. 6.25 (e, ). Intergranular attack is
indicated by the EDAX analysis of welded T11 type of steel (Fig. 6.25 (c, d)).

6.4.4 Different Regions of SMAW and TIG Weldment in GrA1 Steel
The visual observation has indicated lower extent of cracking for the scale on HAZ in

case of TIG weldment as compared to SMAW weldment. The XRD analysis of the scale
revealed the oxides of iron in all the regions. More oxidation rate of base metal is observed
due to the formation magnetite (Fe30,). The cracks in the oxide scale were only noticed for
weld metal of SMAW. The material oozing out from these cracks has been identified by the
EDAX analysis to be mainly iron oxide (Fe2Os3) along with MnO and SiO; as shown in Fig.
6.37 (a). It is further confirmed by EPMA the oxide scale mainly consists of iron oxide. The
penetration of vanadium is indicated in the upper oxide scale in case of HAZ (SMAW) Fig.
6.39. The voids in the inner scale were confirmed by EPMA Fig. 6.63. From the weight gain
values it can be inferred that the weld metal has been observed to have better resistance to the
hot corrosion in TIG welding processes. The sequence of hot corrosion in terms of weight gain
for different region of SMAW and TIG weldment in GrA1l steel is as follows:

Base metal >Weld Metal > HAZ for SMAW weldment

Base metal > HAZ > Weld Metal for TIG weldment.
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6.4.5 Different Regions of SMAW and TIG Weldment in T11 Steel

It can be inferred from the weight gain data that corrosion rates of different regions of
SMAW weldment in T11 type of steels are comparable to each other. '

The XRD analysis indicates the formation of iron oxides along with the MnO in case
of SMAW. The visual observation has indicated lower extent of cracking of scale in case of
TIG welding as compared to SMAW welding. The cracks were noticed for scale on the weld
metal of SMAW. The cracks in the scale on the weld metal have been identified by the
EDAX analysis to be mainly iron oxide along with MnO as shown in Fig. 6.45 (a). Further
EPMA has revealed the formation of noncontinuous chromium layer near the oxide
scale/metal interface of weld metal Fig. 6.46. The voids and internal oxidation must have
contributed to higher corrosion rate.

From the weight gain values it can be inferred that the weld metal has provided better to
resistance to the hot corrosion. The sequence of hot corrosion in terms of weight gain for
different region of SMAW and TIG weldment in T11 steel is as follows:

Weld metal > base metal > HAZ for SMAW and TIG weldment -

6.4.6 Different Regions - of SMAW and TIG Weldment in T22 Steel

The XRD analysis revealed the oxides of iron along with the chromium oxide (Cr203)
as also suggested by (Ahila et al, 1993) in molten salt hot corrosion study. The visual
observation has indicated lower extent of cracking of the scale in case of weld metal of TIG
weldment as compared to SMAW weldment. The cracks were noticed in the scale on:the weld
metal of SMAW. The material oozing out from these cracks has been identified by the EDAX
analysis to be mainly iron oxide (Fe,Os) along with MnO as shown in Fig. 6.53 (a). Whereas in
case of HAZ the scale mainly consists of Fe;O3 along with MnO, Si10; and Cr,0; Fig. 6.53 (b).

From the weight gain values it can be inferred that the weld metal has been indicated
better to resistance to the hot corrosion. The sequence of hot corrosion in terms of weight gain
for different region of SMAW and TIG weldment in T22 steel is as follows:

Base metal > HAZ > weld metal for SMAW and TIG weldment

It can be inferred from the weight gain data that corrosion rates of different regions of
SMAW weldment in T22 type of steel are comparable to each other. The base metal showed the
more weight gain than that of HAZ and weld metal and the reason may be the intense spalling
and cracking of the oxide scale. From the scale thickness measurement (BSEI) it can be
concluded that the multilayer scale on the HAZ specimen was thicker as compared to scale on the
weld metal. Fuﬁher it is confirmed by EPMA that the scale mainly contained oxide of iron with

small concentration of chromium as shown in case of the scale on HAZ Fig. 6.79.



Chapter 7
COMPREHENSIVE DISCUSSION

The important results of the present investigations covering all the two environments
are discussed in this chapter. It includes comparative discussion for the results obtained in air
and molten salt environment in view of the existing literature. Efforts have been made to find
out the mechanisms and mode of corrosion wherever possible. Further the comparative
corrosion resistance of different regions of weldments in boiler steel in similar en\./ironments
has also been discussed.

The weldments were obtained in the different boiler steel by SMAW and TIG welding
technique. The macrostructure shown that the all the weldments made by SMAW and TIG
process were of ‘V’ shape with good penetration (Fig. 4.2 and 4.3). Heat affected zone in
SMAW weldments is wider as compared HAZ in case of TIG weldments.

The weld zone of T22 weldment made by SMAW and TIG is 12 mm and 10 mm
respectively, which is higher‘as compared to weld zone of T11 and GrA1 weldment (Table
4.3). The porosity measurement indicated that the SMAW weldment showed higher porosity
as compared to TIG weldment (Table 4.4).

The average hardness value across the weld zone for T22 weldment made by SMAW
and TIG is 350 (HV). Whereas. the hardness value of T11 and GrAl weldments were around
225 (HV). The fluctuation in hardness profile is more across the weldment made by TIG
process as compared to the weldment made by SMAW (Fig. 4.4 and 4.5).

The ultimate tensile strength for all the boiler steel weldment made by SMAW is
around 600 MPa. Whereas the same for one made by TIG process was found to be around
500 MPa. The percentage of elongation for the weldment made by SMAW is higher as
compared to the weldments made by TIG.. Also it was observed that the failure of the test
samples occurred on HAZ during tensile test for all the weldments (Table 4.5).

The microstructure plots for all the weldments made by SMAW and TIG indicates the
dendrite formation in the weld zone and the grain growth was observed in HAZ region. Some

carbides precipitation in the interface was also revealed.
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The histograms showing the weight gains in air and molten salt environments, for
unwelded, weldments and its different regions in steels are presented in Figs. 7.1 and 7.2
respectively. From these histograms it can be inferred that TIG weldment provided maximum
resistance to degradation.

The weldments of different boiler steels made by SMAW and TIG exposed in air at
900°C. The weight gain was noted after 50 cycles for different steels and arranged in the

following order.

Table 7.1: The weight gain for different steel when exposed in air at 900 °C.
N

Weight gain for different steels
Welding technique ]
‘Weldment Weld zone HAZ
SMAW T22>GrA1>T11 GrA1>T22>T11 T22>T11 > GrAt
TIG T22>GrA1>Tl11 T22>GrA1>T11 T22>GrA1>T11

The weldment of different boiler steels made by SMAW and TIG exposed in Na;SOas-
60% V,0s at 900 °C. The weight gain was noted after cycles for different steels and arranged

in the following order.

Table 7.2: The weight gain for different steels when exposed in Na;S04-60% V05 at 900

oC.
Weight gain for different steels
Welding technique
Weldment Weld zone HAZ
SMAW T22>GrA1>T11 T11>T22>GrAl T22>T11>GrAl
TIG T22>GrA1>T11 T22>T11 >Gril T22> GrA1>Tii

The hot corrosion of parent boiler steel was also studied under air and molten salt ’
' (NayS04-60% V,0s) environment at 900 °C for comparison. The weight gain for different
steels is arranged in the following order.

GrA1> T11>T22 in air

T22>GrA1>T11 in molten salt
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Fig.7.1 Bar chart indicating weight gain (mg/cm®) for weldments, different
regions of weldment and unwelded steels exposed to cyclic oxidation in
air at 900°C for 50 cycles.
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Fig. 7.2 Bar chart indicating weight gain (mg/cm®) for weldments, different regions of
weldment and unwelded steels exposed to cyclic hot corrosion in Na,SQ;-
60%V,0s at 900°C for 50 cycles.
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Most of the weldments had behaved well during testing in air and molten salt
environment. The damage occurring in the base metal provides paths by which corrosive
gases can actively react with the grain boundary and will thus allow significant grain
boundary corrosion attack. Raman and Gnanamoorthy (1993) subjected microstructurally
different regions of weld metal, heat affected zone (HAZ) and base metal to oxidation for
different durations from 2 to 500 h in air at 773 K. They reported that all three types of
specimens followed parabolic kinetics until the weld metal suffered spallation. They
further observed the oxidation rates of the base metal and the weld metal were similar, the
HAZ had a much higher rate than those in the other regions. The composite weldmént,
consisting of the three regions, when oxidized at 773 K, was found to have developed a
considerably thicker oxide scale over the HAZ as compared to those of the base metal and -
the weld metal. |

Chatterjee et al (2001) have proposed that the cracking of the scale results from the
enrichment by Mo at the substrate-scale interface where MoO, is formed. This oxide
converts into MoO3 on further okidation which is in liquid form ét the given temperature of
exposure and penetrates along the alloy-scale interface. They further opined that molten
MoO; exerts dissolving action on other oxides such as Fe;O3; and Cr,03 and this fluxing
may be further accelerated by the enthalpy of formation of Fe,O3 and Cr,03 which tends to
increase the temperature at the alloy-scale interface. In such a situation Fe;O3 and CrO3
transport through the molten MoO; layer and precipitation at the MoOj; (liquid)-solid oxide
'interface which is compératively cooler.

T22 steel which contains 2.64% chromium still has more resistance to oxidatién in air
at 900°C relative to T11 steel having only 0.91% chromium perhaps due to higher amount of
Mo (1.06%). Further this steel showed inferior resistance to Na;S04-60%V,05 which may be
attributed to reaction of molten salt with MoOs; to form lower melting point phase like
Na,MoOQ4 which could have led to acidic fluxing of the protective oxide scale as suggested by
Fryburg et al (1984) and Pettit and Meier (1984).

From the observation it was noted that the corrosion rate of the weldment (Base Metal
+Weld Metal +HAZ) under molten salt environment is higher aé compared to individual weld

metal as well as HAZ. This is because of the variation of microstructure and composition
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between base metals, weld metail and HAZ might have lead to a galvanic corrosion under
molten salt at 900 °C which acts as an electrolyte.

The higher oxidation rate of the HAZ and the formation of a thicker scale over it in case
of 2.25 Cr- 1Mo (T22) steel have been attributed to absence of a protective inner scale of Fe-
Cr oxides, due to the non-availability of free Cr in this region as suggested by Raman and

Gnanamoorthy (1993).

250



Chapter 8
CONCLUSIONS

The conclusions from the present study on shielded metal arc weldment and tungsten

inert gas weldment in three types of boiler tube steels namely SA210-Grade Al (GrAl),

SA213-T11 (T11) and SA213-T22 (T22) have been summarized here. The weldments, its

different regions and unwelded steels were further subjected to oxidation in air and molten

salt (Na;S04-60%V,0s) environment.

(M

@

)

4

)

(©)

@,

SMAW and TIG weldments were successfully made in the boiler tube steels with

minimum heat input to obtain narrow HAZ and minimum carbide formation.

All these weldments showed very less porosity (0.05-0.1%) indicating formation of
sound welds.

Total width of SMAW weldment was limited to approximately 11-12 mm whereas it
was 9-10 mm in case of TIG weldment.

Microhardness measurement across the cross-section of weldments for both as SMAW
and TIG welded samples showed that the weld region and HAZ have higher hardness
as compared to the base metal. This difference in hardness has been attributed to the
formation of carbides during weld thermal cycle.

All the above weldments showed appreciable higher corrosion rates in the air and
molten salt environment. SMAW and TIG welded T11 steel showed the lowest weight
gain és compared to same welded GrAl and T22 steels in case of air and molten salt
environment studies.

TIG weldment has showh lesser weight gain with oxidation in air and hot corrosion in
Na,S04-60%V,0s environment. XRD analysis has indicated the presence of Fe;O; as a
predominant phase in the oxidation in air and hot corrosion environment.

The cracks were observed nearly in all the scales on the welded steel specimens
subjected to cyclic oxidation in air and cyclic hot corrosion in molten salt environment.

This has been attributed to difference in the coefficients of thermal expansion of the
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base metal and scale. The oozing out of iron oxide from the cracks indicates that
through these cracks the ox.idizing environment could reach the substrates.
The chemical compositions of protrusions have been confirmed to be iron oxide by
EDAX analysis. This trend was seen for all the weldments.
The most common feature in case of TIG weldment where oxidation and hot corrosion
resistance is found to be better in the given environments is perhaps due to the presence
of chromium rich layer revealed in the scale just above the scale-metal interface.
In case of studies in air the general trend regarding the oxidation resistance provided by
these SMAW and TIG weldments in boiler tube steels is as follows: T11 > GrAl >
T22
All the given weldments show the parabolic behaviour in both air and molten salt
environment, so far as the corrosion. kinetics is concerned.
Oxidation resistance in.hot corrosion environment of base metal, weld metal and HAZ
varied with the weldments obtained by SMAW and TIG welding process. The trend of
oxidation resistance of various specimen from different regions of the welds in the
steels are as follows:
Base metal< Weld Metal « HAZ for SMAW weldment in GrA1l steel
Base <« HAZ < Weld metal for TIG weldment in GrA1 steel
Weld metal < Base metal <HAZ for SMAW and TIG weldment in T11 steel
Base metal < HAZ < Weld metal for SMAW and TIG weldment in T22 steel
In case of welded and unwelded T11, T22 steels samples subjected to molten salt
environrﬁent, presence of chromium layer have been identified at scale/metal interface
and at the bottom of the scale in some cases.
The over all trend of corrosion resistance in the given environment is as follows:
TIG > SMAW weldment in air oxidation for all the three steels
SMAW > TIG weldment in the molten salt environment in case of GrA1 and T11 steel

TIG > SMAW weldment in the molten salt environment in case of T22 steel.

-
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SUGGESTIONS FOR FUTURE WORK

Q)

&)

(6)

(M

Studies on hot corrosion behavioﬁr of these weldments should also be done in the
actual industrial environment such as in the actual running boiler for longer durations
with longer cycles.

Modeling and Simulation of the Corrosion criteria of the weldments may be performed
to establish the corrosion phenomenon in weldments.

Other welding techniques like electron beam welding and friction welding may be used
to form the welds and they may be compared with the present investigation.

Corrosion studies on weldments may be performed in different aggressive chloride
containing environments at high temperature.

Corrosion studies on weldments and its different regions should be done in aqueous
environment also.
Mechanical properties of the obtained weldment may be studied in order to study the
correlation of Mechanical properties with the Corrosion and Corrosion mechanism like
measurement of residual stresses.

Attempts can Be made to estimate the useful life of the weldments by extrapolation of

the laboratory data by mathematical modeling.
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APPENDIX

Table A.1: Thermal expansion coefficients and Thermal diffusivity of substrate steels.

Alloy Thermal expansion coefficient Reference /
(10°° per °C)
1Cr-0.5 Mo steel (T11) 13.9 ' Metal Hand Book
2.25Cr-1Mo steel (T22) 14.2 (1961)
Thermal Diffusivity (ft*/hr)
C-Mn-Si steel (GrAl) 0.454 ASME  Boiler and

1Cr-0.5Mo steel (T11)

0.502

2.25Cr-1Mo steel (T22)

0.408

Pressure vessels code

(1978)

Table A.2: Values of parabolic rate constant K, (1 0% g’em™s™) for weldments, different
regions of weldment and unwelded steels exposed to air and molten salt
environment for 50 cycles at 900°C.

Weldments Air, 900°C Molten salt environment, 900°C
Parabolic rate constant (K,;) Parabolic rate constant (K)
SA-210 SA-213 SA-213 SA-210 SA-213 SA-213 T22
Grade T11 T22 Grade Al T11
Al
Base Metal 10.282 9.384 8.515 49.394 10.416 76.233
SMAW 20.365 8.832 36.447 31.686 13.186 84.372
weldment :
TIG 13.074 8.348 20..371 47.731 15.797 57.738
weldment (The behaviour
was parabolic
from 22"to
50t cycle)
Weld metal 5.558 2.469 4.859 6.055 11.608 9.388
(SMAW)
HAZ 3.102 3.344 9.826 4.148 4.575 14.818
(SMAW)

Weld metal 10.927 6.962 17.107 20.335 20.710 23.098
(TIG) (The '
behaviour was
‘not parabolic
from 38" to
50™ cycle)

HAZ (TIG) 11.656 8.323 19.752 upto 22.531 8.213 65.408
40" cycle
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Table A.3:

Scale thickness values of weldments, different regions of weldment and
unwelded steels exposed to air and molten salt environment for 50 cycles at

900°C.
Weldments Air, 900°C Molten salt enviromﬁent, 900°C
Scale thickness (mm) Scale thickness (mm)
SA-210 SA-213 T11 SA-213 SA-210 SA-213 T11 SA-213
Grade Al T22 Grade Al T22
Base Metal 1.1 1.289 0.763 2.177 1.157 Intense
spalling
SMAW 1.110(weld) | 1.250 (weld) 1.333 (weld) { 1.190 (weld) | 0.975 (weld) 1.955(weld)
weldment 1.196(HAZ) | 1.373 (HAZ) |1.386 (HAZ) |1.297 (HAZ) | 0.994 (HAZ) 1.862(HAZ)
TIG 0.704(weld) | 1.080(weld) 1.095 (weld) | 1.092 (weld) | 0.893 (weld) 1.242(weld)
weldment 0.843(HAZ) | 0.795(HAZ) |0.940 (HAZ) | 1.228 (HAZ) | 1.793 (HAZ) |2.274(HAZ)
Weld metal 0.866 0.618 0.689 0.9 0.905 1.104
(SMAW)
HAZ 0.822 0.726 0.735 0.821 0.993 0.931
(SMAW)
Weld metal 0.812 1.334 0.8 1.9 1.725 1.3
(TIG)
HAZ (TIG) 1.370 1.050 0.831 1.555 1.371 1.170
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