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ABSTRACT

Dissimilar-metal joints are used widely in various industrial applications due to
both technical and economic reasons. The adoption of dissimilar-metal combinations
provides possibilities for the flexible design of the product by using each material
efficiently, i.e., benefiting from the specific properties of each material in a functional
way. Fusion welding is 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.
In all arc welding processes, the intense heat source produced by the arc and the
associated local heating and cooling results in a number of consequences in material
corrosion behaviour and several metallurgical phase changes occur in different zones of a
weldment. Because the occurrence of corrosion is due to electrochemical potential

gradient developed in the adjacent site of a weld metal.

The materials used for high temperature applications are subjected to hot
corrosion and high temperature wear. Hot corrosion can be defined as deposit modified,
gas induced degradation of materials at high temperatures. For example, during the
combustion stage in heat engines, particularly in gas turbines, sodium and sulphur
impurities present either in fuel or in combustion air, react to form sodium sulphate
(NazSOg). If the concentration of the sulphate exceeds the saturation vapor pressure at
the operating metal temperature for turbine blades and vanes (700-1100°C), then
deposition of the Na,SO,; will occur on the surface of these components. At higher
temperatures the deposits of Na;SO4 are molten (m. p. = 884°C) and can cause
accelerated attack. This type of attack is commonly called “Hot Corrosion”. The
accelerated corrosion can also be caused by the other salts, viz. vanadates or sulphates-
vanadate mixtures as in oil ash corrosion and in the presence of solid or gaseous salts

such as chlorides.

Low alloy steel and austenitic stainless steel possess a good combination of
mechanical properties, formability, weldability, and resistance to stress corrosion
cracking and other forms of corrosion. Owing to these attributes at moderately high
temperatures, Cr-Mo steels are an extensively used family of engineering materials for
applications such as steam generation/handling, petroleum processing/refining, thermal
reforming/polymerization/cracking, However, the strength of the weldments'of Cr-Mo

steels is generally inferior, and most of the in-service failures are reported to take place



in the weld region ASME (1986). Given that the weldments are an indispensable part of
most component fabrication, the frequent occurrence of weld failures has ensured
ongoing research interest in the past few decades. However, most of the research effort
has been directed to the correlation of the in-service failure of these steels to the
microstructural degradation caused during welding. In recent years, first-ever systematic
investigations have been initiated to study the influence of variation in alloy
microstructure on gaseous corrosion of Cr-Mo steel weldments, with a view to
developing a rather complete understanding of the complex interplay of the mechanical
stress, microstructure, and environment which result in weld failure.

The present study is an attempt to evaluate the hot corrosion behaviour of
dissimilar weldment of AISI 4140 and AISI 304 made by FRW, TIG and EBW in the
temperature range from 500 to 900 °C with and without salt mixture of Na>SO4+ V5,05
(60%); NaxSO4 + NaCl (50%), K2SO4 + NaCl (60%) and  NazSO4 (40%) + K2SO4
(40%) + NaCl (10%) + KCI1 (10%) under cyclic conditions.

The welding work was carried out at Defence Metallurgical Research Laboratory
(DMRL-Hyderabad) on the AISI 4140 and AISI 304 by FRW, EBW and TIG welding
processes. The dissimilar alloy weldments in as welded condition were characterised by
metallography, micro hardness across the weldment, tensile strength, impact toughness.
XRD and EPMA analysiss have also been carried out.

The behaviour of dissimilar alloy weldment has been studied in the air and
molten salt. Air and molten salt studies performed in the laboratory furnace for 50 cycles
each cycle cohsistihg of 1 hour heating at different temperatures of exposure followed by
20 minutes cooling. At the end of each cycle the samples were critically examined and
the change in weight was recorded. In case of studies under the molten salt, a uniform
layer (3-5 mg/cm?) of the mixture of varying composition of  Na»SO,, V,0s, NaCl,
K>SO4 and KCl was coated on the samples with the help of camel hair brush by
preheating the sample at 200°C.

At the end of each hot corrosion cycle the samples were critically examined
regarding the colour, lustre, tendency to spall and adherence of scale and then subjected
to weight change measurements. XRD and SEM/EDAX techniques were used to identify
the phases obtained and the elemental analysis of the surface scale. These corroded
samples were then cut across the cross-sections and mounted to study the cross-sectional
details by EPMA. |

The peak hardness on the weld zone made by FRW is less as compared to TIG

and EBW. This can be attributed to more formation of carbides and intermetallic
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compound in the weld zone when made by TIG and EBW which is also supported by
XRD analysis.

The yield strength of dissimilar weldment made by EBW is higher as compared
to the once made by TIG and FRW. Tensile testing of FRW weldment shows that the
failure took on 4140 side, where as in the case of weldment made by EBW and TIG, the
failure occurred on the HAZ of AISI 4140. From the investigation in the friction welded
dissimilar metals it was observed that nature of fracture become more brittle with
increase in the burn off length. Whereas the SEM fractogaphy of Impact tested dissimilar
weldment made by EBW and TIG shows cleavage fracture.

In case of friction welded specimens the increase of burn off length led to more
brittle fracture, which may due to formation of more carbides and intermetallics. In case
of EBW and TIG weldments the fractured surface indicates ductile nature.

The scale on the weldment was observed to be fragile and had tendency for
spalling perhaps due to differences in the thermal-expansion coefficients of weld zone,
and the two base metals and their oxides. From the X-ray mapping and elemental
analysis on hot corroded sample, enrichment of Fe, Cr, Ni and C was observed in the
weld region.

From the bar charts, it can be inferred that the friction welded dissimilar metals
have shown low corrosion resistance against the given molten salt environments as
compared to that against the air under cyclic conditions. The maximum weight gain in
Na;SO4 + V205 (60%) environment at 600 °C is 50 times higher than that of one exposed
under air under cyclic condition. Where as it is 190 times in the environment of K>SO, +
NacCl (60%). In the case of Na;SO4 (40%) + K,SO4 (40%) + NaCl (10%) + KCI (10%)
the weight gain is around 100 times as compared to the weldment exposed to air. Where
as it is around 50 times in the environment of Na,SO, + NaCl (50%). XRD
diffractograms and EDAX analysis have indicated the phases formed identical to those
formed during oxidation in molten salt in almost all the corroded samples. At 700 and
900 °C higher corrosion rates were observed due to rapid reaction of molten salt when
the friction welded dissimilar metals exposed to Na;SO,4 + V205 (60%) environment.

The sequence for the overall resistance to hot corrosion behaviour of dissimilar
weldment with variation of burn off length in all the molten salt environments used in
this study has been observed as given below:

B5>B7>B9>BI12
The weight gain after 50 cycles of hot corrosion studies in all the environments could be

arranged in the following order:
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K>S0, + NaCl (60%) > Na,SO4 (40%) + K,SO4 (40%) + NaCl (10%) + KC1 (10%) >
Na;SO4 + V7,05 (60%) > Nay;SO4 + NaCl (50%) > Air

The weight gain of weldment made by EBW and TIG exposed to Na,SO, + V205 (60%)
is around 1.5 times higher than that of the weight gain of weldment made by FRW. The
weight gain of weldment made by FRW exposed to K;SO, + NaCl (60%) is around 1.2
times higher than that of the weight gain of the weldment made by EBW and TIG. It
shows that the environment of K>SOy + NaCl (60%) is more aggressive for the weldment
made by FRW as compared to one made by EBW and TIG. From the investigation it was
observed that the weight gain for the weldment made by EBW and TIG, exposed to
K,SO4 + NaCl (60%) is around 2 times higher than that of the weldment exposed to
Na>SOs + V205 (60%). The sequence for the overall resistant to hot corrosion
behaviour of dissimilar weldment in molten salt environment has been observed as
given below:

At 600 C exposed to Na,SO4 + V2,05 (60%):

FRW-BS5 > FRW-B7 > FRW-B9 > FRW-B12 > EBW > TIG

At 600 C exposed to K,SO4 + NaCl (60%):

EBW > TIG > FRW-B5 > FRW-B7 > FRW-B9 > FRW-B12

Overall analysis of exposed samples in the three environments of study, formation of
oxides of iron, chromium on the scale of the weldment has been identified by X-ray
diffractograms and confirmed by the EDAX analysis. From the EDAX data, the scale on
the weld zone of EBW and TIG weldment contains higher amount of Cr,O3; and NiO,
which is also higher as compared to Friction weldment when exposed under K,SO4 +
NaCl (60%) at 600 °C. It can be inferred from this that EBW and TIG weldment have
provided maximum resistance to corrosion as compared to friction welded weldment in
the above said environment. This may be-attribbuted to the fast formation of a continuous
chromia scale on the weld zone due to the easy diffusion of Cr, and Ni towards the weld
zone from alloy 304 sides. The EPMA elemental analysis for most of the cases indicated
the higher content of Fe; O3z and Cr, O3 on scale over weldment which may be due to

enrichment of this zone with Fe and Cr.
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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 faced by
the various industries and especially in coal fired boilers. The ways to counteract this -
problem are also briefly discussed.

Chapter-2 begins with exhaustive survey of literature regarding various aspects
and mechanism of hot corrosion in different degrading environments. The various aspects
for the problems of dissimilar alloy weldment and their degradations have also been
reviewed. After reviewing the available literature the problem has been formulated.

Chapter-3 deals the experimental procedure to obtain the dissimilar alloy
weldment, their characterisation, the hot corrosion studies and the analysis of final
corrosion products in systematic way.

Chapter-4 presents the characterisation of dissimilar alloy weldment made by
FRW, EBW and TIG welding process.

Chapter-5 contains the data regarding the cyclic oxidation studies performed on
friction welded dissimilar metals in air at 500 and 600 °C also isothermal oxidation at
500, 700 and 900°C for 50 hours.

Chapter-6 includes the findings regarding the behaviour of friction welded
dissimilar metals in cyclic hot corrosion in different molten salt environment of (i)
Na;SO4 + V205 (60%); (ii) K2SO4 + NaCl (60%); (iii) Na;SO4 (40%)+ K,SO4 (40%)+
NaCl (10%) + KCl (10%); (iv) Na,SO4 + NaCl (50%) at 500 550 and 600 °C along with
discussion of results.

Chapter-7 deals with the results and their discussion for the hot corrosion studies
performed on the weldments made by EBW and TIG exposed at the temperature of 600
'C under the Na;SO4 + V405 (60%) and K,SO4 + NaCl (60%) mixture of molten salt for
50 cycles. ‘

Chapter-8 presents the comprehensive discussions on the results of mechanical
properties of dissimilar welded metals. The results obtained in air and molten salt

environment have been discussed incorporating the existing literature.



Chapter-9 compiles the results of the study are concluded in which begins with
the key results of characterisation of dissimilar alloy weldment. Major conclusions of the
study on the effect of various welding process on their behaviour in the corrosive

environments under cyclic studies have been presented.
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Hardness measurement along the weld

Charpy ‘V’ notch impact test sample

Tensile specimen preperarion by EDM wire cut

Tensile specimen for friction weldment,
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Burn off length ‘B’ 5, 7, 9 and 12 mm

Tensile specimen for EBW and TIG welded sample

Friction welded specimen (Burn-off length B5, B7, B9 and B12)
Effect of burn — off length on flash formation (Material on left side in
the macrographs is AISI 304 stainless steel.) burn-off length: B5, B7,
B9 and B12.

Microstructure at centre and perphery of the friction weld joint for BS,
B7, B9 and B12. ( B-Burn off length in mm)

Microstructures in different regions of AISI 304 in burn-off length 12
X-Ray diffraction patterns for friction weldment as welded condition
burn-off length B5 and B7

X-Ray diffraction patterns for friction weldment as welded condition
Burn-off length B9 and B12

Elemental distribution across the weld centre in 4140-304 weld joint
(B5 and B12)

Effect of burn-off length (B5 and B7) on hardness distribution across
the weldment.

Effect of burn-off length (B9 and B12) on hardness distribution across
the weldment.

Fractographs of AISI 304 and AISI 4140 parent metal at the center
Fractographs of 304 - 4140 weld, BS5, B7 at the center (Burn-off
length 5, 7 mm)

Fractographs of 304 - 4140 weld, B9, B12 at the center (Burn-off
length 9, 12 mm)

Photograph for fractured tensile specimen of friction welded specimen
Tensile Fractographs of friction welded AISI 304 and AISI 4140 by
keeping burn off length 5 mm. ’

Tensile Fractographs of friction welded AISI 304 and AISI 4140 by
keeping burn off length 7 mm.

Tensile Fractographs of friction welded AISI 304 and AISI 4140 by
keeping burn off length 9 mm.

Tensile Fractographs of friction welded AISI 304 and AISI 4140 by
keeping burn off length 12 mm.

Stress Vs Strain curve for tensile specimen for friction welded AISI
4140 and AISI 304

photograph of Electron Beam Welded specimen

Macro structure of electron beam welded AISI 4140 and AISI 304
dissimilar metals.

Microstructure of electron beam welded dissimilar AISI 4140 and
AISI 304 metals

X-Ray diffraction patterns for Electron Beam weldment as welded
condition.

Elemental distribution across the weld centre in 4140-304 of Electron
Beam Weld joint

Hardness distribution across the EBW weldment of AISI 4140 and
AISI 304

Photograph of Charpy ‘V’ notch tested sample for Electron Beam
Welded Sample

Fractographs of Electron beam welded AISI 304 — AISI 4140 metals
SEM Fractographs of Electron beam welded AISI 304 — AISI 4140
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metals

Fractographs of Electron beam welded AISI 304 — AISI 4140 metals
Photograph for tensile fractured weldment made by EBW

SEM fractographs for tensile specimen for EBW welded AISI 4140
and AISI 304

SEM fractograph for tensile specimen for EBW welded AISI 4140
and AISI 304

Stress Vs Strain curve for EBW welded AISI 4140 and AISI 304
weldment

TIG Welded specimen

Macro structure of TIG welded AISI 4140 and AISI 304 dissimilar

“metals

Microstructure of TIG welded AISI 4140 and AISI 304 dissimilar
metals
X-Ray diffraction patterns for TIG weldment as welded condition
Elemental distribution across the weld centre in 4140-304 TIG weld
joint
Hardness distribution across the TIG weldment of AISI 4140 and AISI
304

SEM Fractograpy of V notch Impact tested TIG weldment of AISI
4140 and AISI 304

SEM Fractograpy of V notch Impact tested TIG weldment of AISI
4140 and AISI 304
Photograph for tensile fractured TIG welded AISI 4140 and AISI 304
SEM fractograph for TIG welded AISI 4140 and AISI 304 tensile
specimen

Stress Vs Strain curve for TIG welded tensile specimen

Photograph after complete the high temperature corrosion of friction
welded AISI 4140 and AISI 304, exposed under air. (A) Cyclic
oxidation at 500 °C, (B) Cyclic oxidation at 600 °C, (C) Isothermal
Oxidation at 500 °C, (D) Isothermal Oxidation at 700 °C, (E)
Isothermal Oxidation at 900 °C.

Plots of cumulative weight gain (mg/cm?®) as a function of time
(number of cycles) for 500 and 600 °C after 50 cycles

X-Ray diffraction patterns for dissimilar friction weldment made by
AISI 4140 and AISI 304, exposed under cyclic air oxidation at 500
and 600 °C

X-Ray diffraction patterns for dissimilar friction weldment made by
AISI 4140 and AISI 304, exposed under cyclic air oxidation at 500
700 and 900 °C ,

Back Scattered Image after complete the high temperature corrosion
of friction welded AISI 4140 and AISI 304, exposed under air. (i)
Cyclic oxidation at S00 °C, (i1) Cyclic oxidation at 600 °C, (ii1)
Isothermal Oxidation at 500 °C, (iv) Isothermal Oxidation at 700 °C,
(v) Isothermal Oxidation at 900 °C.

EDAX on the weldment of 4140-304. Note: 500 °C cyclic oxidation,
A- 4140, B- HAZ (4140), C-Weld, D- HAZ (304), E- 304.

EDAX on the weldment of 4140-304. Note: cyclic oxidation at 600
°C,A- 4140, B- HAZ (4140), C-Weld, D- HAZ (304), E- 304.

EDAX on the weldment of 4140-304. Note: 50 hours Isothermal
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5.5(d)

5.5(e)

S.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

6.1

6.2

6.3

6.4

6.5

oxidation at 500 °C. A- 4140, B- HAZ (4140), C-Weld, D- HAZ
(304), E- 304.

EDAX on the weldment of 4140-304. Note: 50 hours Isothermal
oxidation at 700 °C. A- 4140, B- HAZ (4140), C-Weld, D- HAZ
(304), E- 304.

EDAX on the weldment of 4140-304. Note: 50 hours Isothermal
oxidation at 900 °C. A- 4140, B- HAZ (4140), C-Weld, D- HAZ
(304), E- 304. ‘

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 4140 and AISI 304 subjected to cyclic oxidation at
500°C in air after 50 cycles.

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 4140 and AISI 304 subjected to cyclic oxidation at
600°C in air after 50 cycles.

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 4140 and AISI 304 subjected to isothermal oxidation at
500°C in air after 50 cycles.

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 4140 and AISI 304 subjected to isothermal oxidation at
700°C in air after 50 cycles.

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 subjected to isothermal oxidation at
900°C in air after 50 cycles.

BSEI and X-ray mappings of the cross-section of dissimilar friction

welded AISI 304 and AISI 4140 subjected to isothermal oxidation at
700°C in air.

BSEI and Elemental Distribution curve on the cross-section of
dissimilar friction welded AISI 304 and AISI 4140 subjected to
isothermal oxidation at 700°C in air.

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 subjected to isothermal oxidation at
900°C in air

BSEI and Elemental Distribution curve on the cross-section of
dissimilar friction welded AISI 304 and AISI 4140 subjected to
isothermal oxidation at 900°C in air.

Macrographs dissimilar friction welded AISI 4140 and AISI 304
subjected to cyclic hot corrosion exposed under Na,SO4 (40%) + V205
(60%) at 500, 550, 600, 700 and 900 °C after 50 cycles.

Plots of cumulative weight gain (mg/cm?) as a function of time
(number of cycles)

Plots of cumulative weight gain (mg/cm?) as a function of time
(number of cycles)

X-ray diffraction patterns for the hot corroded surfaces of friction
welded samples by keeping four different burn-off length (BS5, B7,
B9 and B12 mm) exposed to the Na;SO4— 60% V,0s5 environment
at exposure temperature of 500 after 50 cycles.

X-ray diffraction patterns for the hot corroded surfaces of friction
welded samples by keeping four different burn-off length (BS, B7,
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6.6
6.7

6.8

6.9

6.10(A)
.6.10(B)
6.10(C)
6.10(D)
6.10(E)
6.10(F)

6.10(G)

6.10(H)
6.10(1)

6.10(3)

B9 and B12 mm) exposed to the Na,SO;— 60% V,0Os environment
at exposure temperature of 550 after 50 cycles.

X-ray diffraction patterns for the hot corroded surfaces of friction
welded samples by keeping four different burn-off length (BS, B7,
B9 and B12 mm) exposed to the Na,SO4— 60% V05 environment
at exposure temperature of 600 after 50 cycles.

X-ray diffraction patterns for the hot corroded surfaces of friction
welded samples by keeping four different burn-off length (B5 mm)
exposed to the Na,SO4—~ 60% V,0s environment at exposure
temperature of 700 and 900 °C after 50 cycles.

BSEI for hot corroded friction weldment exposed temperature of 500,
550, 600,

(1), (i1) and (iii): Exposed temperature 500, 550 and 600 °C
respectively for weldment made by keeping 5 mm Burn off length.
(iv), (v).and (vi): Exposed temperature 500, 550 and 600 °C
respectively for weldment made by keeping 12 mm Burn off length.
BSEI for hot corroded friction weldment exposed temperature of 700
and 900 °C -

(vii) and (viii) Exposed temperature 700 and 900 °C respectively for
weldment made by keeping 5 mm Burn off length.

SEM/EDAX graph shows the friction weldment by keeping 5 mm
burn off length, exposed at 500 °C under NaSOs— 60% V.05 after
50 cycles

SEM/EDAX graph shows the friction weldment by keeping 7 mm
burn off length, exposed at 500 °C under Na,SO4s~ 60% V.05 after
50 cycles ,
SEM/EDAX graph shows the friction weldment by keeping 9 mm
burn off length, exposed at 500 °C under Na,SO4— 60% V,05 after
50 cycles.

SEM/EDAX graph shows the friction weldment by keeping 12 mm
burn off length, exposed at 500 °C under Na;SOs— 60% V.05 after
50 cycles

SEM/EDAX graph shows the friction weldment by keeping 5 mm
burn off length, exposed at 550 °C under Na2S0O4- 60% V,0s after
50 cycles _
SEM/EDAX graph shows the friction weldment by keeping 7 mm
burn off length, exposed at 550 °C under Na,SOs— 60% V,0s after
50 cycles

SEM/EDAX graph shows the friction weldment by keeping 9mm burn
off length, exposed at 550 °C under Na;SO4— 60% V,Os after 50
cycles

SEM/EDAX graph shows the friction weldment by keeping 12 mm
burn off length, exposed at 550 °C under Na;SO4s— 60% V,0s after
50 cycles -

SEM/EDAX graph shows the friction weldment by keeping 5 mm
burn off length, exposed at 600 °C under Na,SOs— 60% V,Os5 after
50 cycles .

SEM/EDAX graph shows the friction weldment by keeping7mm burn
off length, exposed at 600 °C under NaSO4~ 60% V,0Os after 50
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6.10(K)

6.10(L)

6.11(A)
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6.12(C)

6.12(D)

6.12(E)

cycles

SEM/EDAX graph shows the friction weldment by keeping 9 mm
burn off length, exposed at 600 °C under Na;SO4— 60% V,0s after
50 cycles

SEM/EDAX graph shows the friction weldment by keeping 12 mm
burn off length, exposed at 600 °C under Na;SO4— 60% V,05 after
50 cycles.

SEM/EDAX graph shows the friction weldment by keeping 5 mm
burn off length, exposed at 700 °C under Na,SO4— 60% V,0Os after
50 cycles,

SEM/EDAX graph shows the friction weldment by keeping 5 mm
burn off length, exposed at 700 °C under Na;SO4— 60% V,0s after
50 cycles.

EDAX data shows the effect of burn off length and temperature on
formation of Cr,Os; on the friction weldment under molten salt
environment of Na;SO4—60% V205,

EDAX data shows the effect of burn off length and temperature on
formation of Fe,O; on the friction weldment under molten salt
environment of Na;SQ4~60% V,0s ,
EDAX data shows the effect of burn off length and temperature on
formation of NiO on the friction weldment under molten salt
environment of Na,S04—60% V,05.

EDAX data shows the effect of burn off length and temperature on
formation of MoO3 on the friction weldment under molten salt
environment of Na;SO4—60% V205

EDAX data shows the effect of burn off length and temperature on
formation of SiO2 on the friction weldment under molten salt
environment of Na;SO4—60% V,0s.

EDAX data shows the effect of burn off length and temperature on
formation of MnO on the friction weldment under molten salt
environment of Na;SO4—~60% V,05

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 5 mm, subjected to cyclic oxidation in Na;SO4-60%V,0s5 at
500°C for 50 cycles, 800 X.

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 5 mm, subjected to cyclic oxidation in Na>S0;-60%V,0s at
550°C for 50 cycles, 700 X

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 5 mm, subjected to cyclic oxidation in Na>SO,;-60%V,0s at
600°C for 50 cycles, 500 X.

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 12 mm, subjected to cyclic oxidation in Na;SO4-60%V,0s5 at
600°C for 50 cycles, 500 X.

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 5 mm, subjected to cyclic oxidation in Na;S04-60%V,0s at
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6.12(F)

6.12(G)
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900°C for 50 cycles, 500 X.

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 by keeping burn-off length Smm
exposed to Na,S04-60%V,05 at 600 °C for 50 cycles

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 by keeping burn-off length 7mm
exposed to Na;S04-60%V,0s at 600 °C for 50 cycles.

BSEI and EDAX of the cross-section of dissimilar friction welded
AISI 304 and AISI 4140 by keeping burn-off length 7mm exposed to
NaySO4-60%V,0s at 600 °C for 50 cycles.

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 by keeping burn-off length 5mm
exposed to Na;S04-60%V,0s at 700 °C for 50 cycles.

BSEI and EDAX of the cross-section of dissimilar friction welded
AISI 304 and AISI 4140 by keeping burn-off length Smm exposed to
Na,S04-60%V,0s at 700 °C for 50 cycles.

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 by keeping burn-off length Smm
exposed to Na,;S04-60%V,0;5 at 900 OC for 50 cycles.

BSEI and EDAX of the cross-section of dissimilar friction welded
AISI 304 and AISI 4140 by keeping burn-off length Smm exposed to
NaS04-60%V,05 at 900 °C for 50 cycles.

Macrographs dissimilar friction welded AISI 4140 and AISI 304

subjected to cyclic hot corrosion exposed under K>SO, + NaCl (60%).
after 50 cycles. (i-iii) Weldment made by keeping 5 mm burn off
length and exposed temperature of 500, 550, 600 °C respectively.

Plots of cumulative weight gain (mg/cm) as a function of time
(number of cycles).

X-ray diffraction patterns for the hot corroded surfaces of friction. .

welded samples by keeping four different burn-off length (B5, B7,

B9 and B12 mm) exposed to the K>SOy (40%) and NaCl (60 %).

environment at exposure temperature of 500 °C after 50 cycles.
X-ray diffraction patterns for the hot corroded surfaces of friction
welded samples by keeping four different burn-off length (B5, B7,
B9 and B12 mm) exposed to the K,SO4 (40%) and NaCl (60 %)
environment at exposure temperature of 550 °C after 50 cycles.
X-ray diffraction patterns for the hot corroded surfaces of friction
welded samples by keeping four different burn-off length (BS5, B7,
B9 and B12 mm) exposed to the K;SO4 (40%) and NaCl (60 %)
environment at exposure temperature of 600 °C after 50 cycles.
BSEI for hot corroded friction weldment under K;SO4 + NaCl (60%),
exposed temperature of 500, 550, 600. (i) and (i1): Exposed
temperature 500 and 600 °C respectively for weldment made by
keeping 5 mm Burn off length. (iii) and (iv): Exposed temperature
550 and 600 °C respectively for weldment made by keeping 12 mm
Burn off length.

SEM/EDAX graph shows the friction weldment made by keeping 5
mm burn off length, exposed at 500 °C under K,SO4 (40%) and NaCl
(60 %) after 50 cycles

SEM/EDAX graph shows the friction weldment made by keeping 7
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6.19(C)

6.19(D)

6.19(E)

6.19(F)

6.19(G)

6.19(H)

6.19(D)

6.19(J)

6.19(K)

6.19(L)

6.19(M)

6.19(N)

6.20(A)

6.20(B)

6.20(C)

mm burn off length, exposed at 500 °C under K,SO4 (40%) and NaCl
(60 %) after 50 cycles

SEM/EDAX graph shows the friction weldment made by keeping 9
mm burn off length, exposed at 500 °C under K,SO4 (40%) and NaCl
(60 %) after 50 cycles

SEM/EDAX graph shows the friction weldment made by keeping 5
mm burn off length, exposed at 550 °C under K,SO4 (40%) and NaCl
(60 %) after 50 cycles

SEM/EDAX graph shows the friction weldment made by keeping 7
mm burn off length, exposed at 550 °C under K,SO4 (40%) and NaCl
(60 %) after 50 cycles. A

SEM/EDAX graph shows the friction weldment made by keeping 12
mm burn off length, exposed at 550 °C under K,SO4 (40%) and NaCl
(60 %) after 50 cycles

SEM/EDAX graph shows the friction weldment made by keeping 5
mm burn off length, exposed at 600 °C under K;SO4 (40%) and NaCl
(60 %) after 50 cycles

SEM/EDAX graph shows the friction weldment made by keeping 7
mm burn off length, exposed at 600 °C under K,SO4 (40%) and NaCl
(60 %) after 50 cycles

SEM/EDAX graph shows the friction weldment made by keeping 9
mm burn off length, exposed at 600 °C under K»SO4 (40%) and NaCl
(60 %) after 50 cycles

SEM/EDAX graph shows the friction weldment made by keeping 12
mm burn off length, exposed at 600 °C under K>SO, (40%) and NaCl
(60 %) after 50 cycles.

EDAX data shows the effect of burn off length and temperature on
formation of Fe20O3 on the friction weldment under molten salt
environment of K;SO4—60% NaCl

EDAX data shows the effect of burn off length and temperature on
formation of Cr203 on the friction weldment under molten salt
environment of K»SO4-60% NaCl.

EDAX data shows the effect of burn off length and temperature on
formation of MnO on the friction weldment under molten salt
environment of K>S04—60% NaCl

EDAX data shows the effect of burn off length and temperature on
formation of NiO on the friction weldment under molten salt
environment of K;S0O;,—60% NaCl

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 5 mm, subjected to cyclic oxidation in K;SO4 (40%) and NaCl
(60 %) at 500°C for 50 cycles, 500 X.

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 5 mm, subjected to cyclic oxidation in K;SO4 (40%) and NaCl
(60 %) at 600°C for 50 cycles, 150 X.

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 12 mm, subjected to cyclic oxidation in K,SO4 (40%) and NaCl
(60 %) at 600°C for 50 cycles, 150 X.
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6.21(A)
6.21(B)
6.21(C)

6.22

6.23

6.24(A)

6.24(B)

6.25

6.26(A)
6.26(B)
6.26(C)
6.26(D)

6.26(E)

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 by keeping burn-off length 5Smm
exposed to K>SO, + NaCl (60%) at 500 °C for 50 cycles.

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 by keeping burn-off length 12mm
exposed to K»SO4 + NaCl (60%) at 600 °C for 50 cycles.

BSEI and EDAX of the cross-section of dissimilar friction welded
AISI 304 and AISI 4140 by keeping burn-off length 12mm exposed to
K>S0, + NaCl (60%) at 600 °C for 50 cycles.

Macrographs dissimilar friction welded AISI 4140 and AISI 304
subjected to cyclic hot corrosion exposed under K,SO,4 + NaCl (60%)
after 50 cycles. (i-iii) Weldment made by keeping 5 mm burn off
length and exposed temperature of 500, 550, 600 °C respectively. (iv)
Weldment made by keeping 12 mm burn off length and exposed
temperature at 600 °C.

Plots of cumulative weight gain (mg/cm®) as a function of time
(number of cycles) for 500, 550 and 600 °C.

The XRD patterns for the hot corroded surfaces of welded samples

by keeping four different burn-off length (BS, B7, B9 and B12 mm) -

exposed to the Na,SO4 (40%) + K2SO,4 (40%) + NaCl (10%) + KCl
(10%) environment at exposure temperature of 500, 550 and 600 °C
after 50 cycles

The XRD patterns for the hot corroded surfaces of welded samples
by keeping four different burn-off length (BS, B7, B9 and B12 mm)
exposed to the NaSO4 (40%) + K2SO04 (40%) + NaCl (10%) + KCl
(10%) environment at exposure temperature of 500 and 550 °C
after 50 cycles.

BSEI for hot corroded friction weldment under Na,SO, (40%) +
K2S0O4 (40%) + NaCl (10%) + KCI (10%) exposed temperature of
500, 550, 600. (i): Exposed temperature 500 °C for weldment made
by keeping 5 mm Burn off length. (ii) and (iv): Exposed temperature
550 °C for weldment made by keeping 5, 7 and 12 mm Burn off length
respectively. (v) and (vi): Exposed temperature of 600 °C for
weldment made by keeping 5, and 12 mm Burn off length
respectively.

SEM/EDAX graph shows the friction weldment made by keeping 5
mm burn off length, exposed at 500 °C under Na;SO; (40%) +
K>S04 (40%) + NaCl (10%) + KCI1 (10%) after 50 cycles.
SEM/EDAX graph shows the friction weldment made by keeping 5
mm burn off length, exposed at 550 °C under Na,SO; (40%) +
K5>S0O4 (40%) + NaCl (10%) + KCl (10%) after 50 cycles

SEM/EDAX graph shows the friction weldment made by keeping 9
mm burn off length, exposed at 550 °C under Na;SO; (40%) +
K>S0, (40%) + NaCl (10%) + KCl1 (10%) after 50 cycles

SEM/EDAX graph shows the friction weldment made by keeping 12
mm burn off length, exposed at 550 °C under Na,SO4 (40%) +
K32S04 (40%) + NaCl (10%) + KCl1 (10%) after 50 cycles

SEM/EDAX graph shows the friction weldment made by keeping 5
mm burn off length, exposed at 600 °C under Na;SO4 (40%) +
K>S04 (40%) + NaCl (10%) + KCI (10%) after 50 cycles
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6.26(F)
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6.26(A)

6.27(B)
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SEM/EDAX graph shows the friction weldment made by keeping 12
mm burn off length, exposed at 600 °C under Na,SO4 (40%) +
K>S804 (40%) + NaCl (10%) + K Cl1 (10%) after 50 cycles

EDAX data shows the effect of burn off length and temperature on
formation of Fe203 on the friction weldment under molten salt
environment of 40 wt% K;SO4, 40 wt% Na;SO4, 10 wt% KCI, and 10
wt% NaCl.

EDAX data shows the effect of burn off length and temperature on
formation of Cr203 on the friction weldment under molten salt
environment of 40 wt% K;S0y, 40 wt% Na;SO4, 10 wt% KCl, and 10
wt% NaCl.

EDAX data shows the effect of burn off length and temperature on
formation of MnO on the friction weldment under molten salt
environment of 40 wt% K;SO,, 40 wt% Na;SO4, 10 wt% KCl, and 10
wt% NaCl.

EDAX data shows the effect of burn off length and temperature on
formation of NiO on the friction weldment under molten salt
environment of 40 wt% K,S0y4, 40 wt% Na;SOy4, 10 wt% KCI, and 10
wt% NaCl.

EDAX data shows the effect of burn off length and temperature on
formation of MoO3 on the friction weldment under molten salt
environment of 40 wit% K,SOy4, 40 wt% Na;SO4, 10 wt% KCI1, and 10
wt% NaCl.

EDAX data shows the effect of burn off length and temperature on
formation of Na2O on the friction weldment under molten salt
environment of 40 wt% K,SO4, 40 wt% Na;SO4, 10 wt% KCI, and 10
wit% NaCl.

EDAX data shows the effect of burn off length and temperature on
formation of SO3 on the friction weldment under molten salt
environment of 40 wt% K>S0y, 40 wt% Na;S04, 10 wt% KCI, and 10
wt% NaCl.

EDAX data shows the effect of burn off length and temperature on
formation of K20 on the friction weldment under molten salt
environment of 40 wt% K,SO4, 40 wt% NaS0O4, 10 wt% KCI1, and 10
wt% NaCl.

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 5 mm, subjected to cyclic oxidation in Na;SO4 (40%) + K,SOy4
(40%) + NaCl (10%) + KCl (10%) at 500°C for 50 cycles, 500 X.
BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 5 mm, subjected to cyclic oxidation in Na;SO4 (40%) + K,SO4
(40%) + NaCl (10%) + KClI (10%) at 550°C for 50 cycles, 400 X.
BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 7 mm, subjected to cyclic oxidation in Na;SO4 (40%) + K,SO4
(40%) + NaCl (10%) + KCI (10%) at 550°C for 50 cycles, 700 X.
BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 12mm, subjected to cyclic oxidation in Na,SO, (40%) + K,SO,
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(40%) + NaCl (10%) + KCl1 (10%) at 550°C for 50 cycles, 600 X.
BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length Smm, subjected to cyclic oxidation in Na,SOQ4 (40%) + K350,
(40%) + NaCl (10%) + KCI (10%) at 600°C for 50 cycles, 500 X.
BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length12mm, subjected to cyclic oxidation in Na;SOy4 (40%) + K>SOy
(40%) + NaCl (10%) + KC1 (10%) at 600°C for 50 cycles, 500 X.
BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 by keeping burn-off length 7mm
exposed to Na;SO4 (40%) + K,SO4 (40%) + NaCl (10%) + KCI (10%)
at 550 °C for 50 cycles.

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 by keeping burn-off length 12 mm
exposed to NaxSO4 (40%) + K2SO4 (40%) + NaCl (10%) + KC1 (10%)
at 600 °C for 50 cycles.

BSEI and EDAX of the cross-section of dissimilar friction welded
AISI 304 and AISI 4140 by keeping burn-off length 12 mm exposed to
Na,S04 (40%) + K,804 (40%) + NaCl (10%) + KCI (10%) at 600 °C
for 50 cycles.

Macrographs dissimilar friction welded AISI 4140 and AISI 304
subjected to cyclic hot corrosion exposed under Na;SO4 + NaCl (50%)
after 50 cycles. (i) and (ii) Weldment made by keeping 5 mm burn off
length and exposed temperature of 500 and 550 °C respectively.

Plots of cumulative weight gain (mg/cm®) as a function of time
(number of cycles) for the friction weldment in the molten salt
environment.

X-Ray diffraction patterns for hot corroded dissimilar friction
weldment at 500 °C. Burn-off length: BS, B7 and B9, Environment:
Na;SO4 + NaCl (50%)

X-Ray diffraction patterns for hot corroded dissimilar friction
weldment at 550 °C. Burn-off length: B5, B7, B9 and BI12,
Environment: Na;SO,4 + NaCl (50%)

BSEI for hot corroded friction weldment under Na,SO4 + NaCl (50%)
exposed temperature of 500, 550, 600 °C. (i) and (i1): Exposed
temperature 500 °C for weldment made by keeping 5 and 7 mm Burn
off length respectively. (iii) — (vi): Exposed temperature 550 °C for
weldment made by keeping 5, 7, 9 and 12 mm Burn off length
respectively.

SEM/EDAX graph shows the friction weldment by keeping 5 mm
burn off length, exposed at 500 °C under Na;SO4 — NaCl (50%) after
50 cycles.

SEM/EDAX graph shows the friction weldment by keeping 7 mm
burn off length, exposed at 500 °C under Na>SO4 — NaCl (50%) after
50 cycles.

SEM/EDAX graph shows the friction weldment by keeping 9 mm
burn off length, exposed at 500 °C under Na;SO4 —NaCl (50%) after
50 cycles.

SEM/EDAX graph shows the friction weldment by keeping 5 mm
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burn off length, exposed at 550 °C under Na,SO4 — NaCl (50%) after
50 cycles.

SEM/EDAX graph shows the friction weldment by keeping 7 mm
burn off length, exposed at 550 °C under Na2SO4 — NaCl (50%) after
50 cycles.

SEM/EDAX graph shows the friction weldment by keeping 9 mm
burn off length, exposed at 550 °C under Na2SO4 — NaCl (50%) after
50 cycles.

SEM/EDAX graph shows the friction weldment by keeping 12 mm
burn off length, exposed at 550 °C under Na2S04 — NaCl (50%) after
50 cycles. :

EDS analysis on the weld zone of hot corroded dissimilar weldment.
Environment: Na,;SO,4 + NaCl (50%), Exposure temp: 550 °C (50
cycles).

EDS analysis on the weld zone of hot corroded dissimilar weldment.
Environment: Air Oxidation, Exposure temp: 600 °C (50 cycles).
EDAX data shows the effect of burn off length and temperature on
formation of Fe2O3 on the friction weldment under molten salt
environment of Na;S04~50% NaC(l..

EDAX data shows the effect of burn off length and temperature on
formation of Cr203 on the friction weldment under molten salt
environment of Na;SO4~50% NaCl.,

EDAX data shows the effect of burn off length and temperature on
formation of NiO on the friction weldment under molten salt
environment of Na;S04—~50% NacCl.

EDAX data shows the effect of burn off length and temperature on
formation of MnO on the friction weldment under molten salt
environment of Na;S04~50% NaCl.

EDAX data shows the effect of burn off length and temperature on
formation of SiO2 on the friction weldment under molten salt
environment of Na,S04~50% NaCl.

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 7mm, subjected to cyclic oxidation in Na;SO4 (50%) and NaCl
(50 %) at 500°C for 50 cycles, 500 X.-

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 5Smm, subjected to cyclic oxidation in Na,SO4 (50%) and NaCl
(50 %) at 550°C for 50 cycles, 600 X.

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 7mm, subjected to cyclic oxidation in Na;SO,; (50%) and NaCl
(50 %) at 550°C for 50 cycles, 250 X.

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 9mm, subjected to cyclic oxidation in Na;SO4 (50%) and NaCl
(50 %) at 550°C for 50 cycles, 700 X.

BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off
length 12mm, subjected to cyclic oxidation in Na;SO4 (50%) and NaCl
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(50 %) at 550°C for 50 cycles, 500 X.

BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 by keeping burn-off length 5mm
exposed to Na;SO4-NaCl (50%) at 550 °C for 50 cycles.

Macrographs dissimilar Electron Beam Welded AISI 4140 and AISI
304 subjected to cyclic hot corrosion exposed at temperature of 600 °C
under Na;S0O4 + V2,05 (60%) after 50 cycles.

Plots of cumulative weight gain (mg/cmz) as a function of time
(number of cycles) for the EBW weldment under cyclic hot corrosion
at 600 °C, in the molten salt Na;SO4 + V205 (60%) and K2S0O4 +
NaCl (60%).

X-Ray diffraction patterns for hot corroded dissimilar EBW weldment
of AISI 4140 and AISI 304 exposed at 600 °C in NaZSO4 + V505
(60%) and K>SO, + NaCl (60%) for 50 cycles.

BSEI for hot corroded Electron Beam weldment at exposed
temperature of 600 °C.

(1) EBW exposed under Na,SO4 + V05 (60%) at 600 °C.

(ii)) EBW exposed under K>SO, + NaCl (60%) at 600 °C.

SEM/EDAX graph shows the EBW weldment of AISI 4140 and AISI
304 exposed at 600 °C under Na;SO4 + V205 (60%) after 50 cycles.
SEM/EDAX graph shows the EBW weldment of AISI 4140 and AISI
304 exposed at 600 °C under K,SO4 + NaCl (60%) after 50 cycles.
BSEI and elemental X-ray mapping of the cross-section of dissimilar
EBW weldment of AISI 4140 and AISI 304, subjected to cyclic hot
corrosion in K3SO4 + NaCl (60%) at 600°C for 50 cycles, 100 X.

BSEI and EDAX of the cross-section of EBW dissimilar metals of
AISI 304 and AISI 4140 exposed to K2S04-60%NaCl at 600 °C for 50
cycles.

Macrographs dissimilar TIG Welded AISI 4140 and AISI 304
subjected to cyclic hot corrosion exposed at temperature of 600 °C
under Na;SQ4 + V205 (60%) after 50 cycles.

Macrographs dissimilar TIG Welded AISI 4140 and AISI 304
subjected to cyclic hot corrosion exposed at temperature of 600 °C
under K>SO4 + NaCl (60%) after 50 cycles.

Plots of cumulative weight gain (mg/cm )} as a function of time
(number of cycles) for the TIG weldment under cyclic hot corrosion,
at 600 °C in the molten salt Na;SO4 + V205 (60%) and K2S0O4 + NacCi
(60%).

X-Ray diffraction patterns for hot corroded dissimilar TIG weldment
of AISYI 4140 and AISI 304 exposed at 600 °C in Na;SO4 + V,0s
(60%) and. K»SO4 + NaCl (60%) for 50 cycles.

BSEI for hot corroded TIG weldment at exposed temperature of 600
°C.

(1) TIG exposed under Na,SO,4 + V,05 (60%) at 600 °C.

(11) TIG exposed under K2SO4 + NaCl (60%) at 600 °C.

SEM/EDAX graph shows the TIG weldment of AISI 4140 and AISI
304 exposed at 600 °C under Na;SO4 + V205 (60%) after 50 cycles.
SEM/EDAX graph shows the TIG weldment of AISI 4140 and AISI
304 exposed at 600 °C under K,SO4 + NaCl (60%) after 50 cycles.
BSEI and elemental X-ray mapping of the cross-section of dissimilar
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Bar charts showing cumulative mechanical properties of AISI 4140
and AISI 304 dissimilar metals made by FRW, EBW and TIG.
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CHAPTER 1
INTRODUCTION

Corrosion is a natural occurrence commonly defined as the deteri‘oration of a
substance ‘(usually metal) or its properties as a consequence of its reaction with the
environment. An estimated 40% of total US steel production goes to replacement of
corroded parts and products. So far as India is concerned, the corrosion costs may touch
Rs. 24000 crore (Rs. 240000 million). This cost is for the materials corrosion in building
structures, bridges, chemical plants, offshore platforms, power plants, ship;, pipe lines
for trahsportation of hydrocarbon, electrical and electronics components (Gupta, 2003).
However, unlike weather related disasters, corrosion can be controlled, but at a cost. The
report further revealed that the 25% to 30% of annual corrosion costs in the U.S. could
be saved if proper corrosion management practices were employed (Koch et al, 2002).
According to a recent study, the total annual estimated direct cost of metallic corrosion
in the U.S. is a staggering $276 billion-approximately 3.1% of the Nation’s Gross
Domestic Product (GDP). This cost is more than the annual cost of weather related

-disasters, which is just averaging $17 billion annually.

Metals and alloys get oxidised when they are heated to elevated temperatures in
air or highly oxidising environments, such as a combustion 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, carburisation, ash/salt deposit. corrosion
etc. That is why oxidation is considered to be the most irﬂportant high-temperature
corrosion reaction. Further the rate of oxidation for metals and alloys increases with
increaéing temperature (Lai, 1990).

It is important to understand the nature of all types of environmental
degradation of metals and alloys as vividly as possible so that preventive measures
against metal loss and failures can be economically devised to ensure safety and

reliability in the use of metallic components. Corrosion of metals had received




maximum attention of engineers and researchers in the field of environmental

degradation of metals (Chatterjee et al, 2001).

Hot corrosion is the degradation of materials caused by the presence of a
deposit of salt or ash in a general sense. In a more restricted sense, hot corrosion is the
degradation of metals and alloys owing to oxidation process, which are affected by a
liquid salt deposit. In hot corrosion, metals and alloys are subject to degradation at
much higher rates than in gaseous oxidation, with a porous, non-protective oxide scale

formed at their surface, and sulphides in the substrate.

Hot corrosion was first recognised as a serious problem in 1940s in
connection with the degradation of fireside boiler tubes in coal-fired steam
generating plants. Since then the problem has been observed in boilers, internal
combustion engines, gas turbines, fluidized bed combustion and industrial waste
incinerators (Khanna and Jha, 1998).

Hot corrosion became a topic of importance and popular interest in the late
60s as gas turbine engines of military aircraft suffered severe corrosion during the
operation over sea water in the Vietnam war. Metallographic inspection of failed
parts often showed presence of sulphides of nickél and chromium, so the mechanism
was initially called as “sulphidation” (Rapp, 1986 and 2002). .

It 1s believed that condehsed alkali metal salts notably Na2804, are a
prerequisite to hot corrosion (Otero ét al, 1992). The source of these salts may be:

a) The direct ingestion of sea salt in a marine environment.

b) Formation of Na,SO4 during the combustion of fuels containing both sodium
and sulphur.

¢) The formation of (Na;SOy4), during combustion from sodium contaminated
airborne dust and sulphur in the fuel.

An excellent review by Stringer covered the work done in the field of hot
corrosion up to about 1976 (1977). Most of the work was aimed at developing improved

alloys and understanding the hot corrosion processes. Much of the mechanisms proposed



during that period were focused on thermochemistry. Bomstein and DeCrescente (1969
and 1971) and Bornstein et al {1973) proposed a hot corrosion mechanism based on the
basic dissolution of the protective oxide scale by a reaction involving Na,O, the basic
minority component of the fused salt. Goebel and Pettit (1970A) also interpreted the hot
corrosion of pure nickel in terms of‘ basic dissolution and re-precipitation of NiO in the
fused salt film. Goebel et al (1973) extended this mechanism to include acidic fluxing and
oxide reprecipitation to account for the catastrophic oxidation caused By pure Na;SO4 for
alloys containing strong acid components such as vanadium or molybdenum. The next
important contribution in the fluxing model was made by Rapp and Goto (1981), who
proposed that if the gradient in solubility of the protective oxide with distance into the salt
layer becomes negaﬁve at the oxide/salt interface, accelerated attack could be sustained.
Sodium wvanadyl wvanadate (Nay0.V;04.5V,0s5), which melts at a relatively low
temperature 550°C is found to be the most common salt deposit on boiler
superheaters. Addition of Na,O to liquid V,Os causes an increase in the basicity of the
melt with a corresponding increase in corrosivity with respect to the acidic oxides.
Moreover, Na,O has also been rei)orted to decrease the \}iscosity. Therefore the
protecﬁve oxides become porous and non-adherent. The formation of binary and
tertiary low melting eutectics increase the surface attack thereby redubing the useful

life of the component. .

In energy géneration prbcesses the mechanism of hot corrosion is dependent
on the formation of a liquid phase that is predominantly Na>SO4 or K>SO4. The
sulphur released from the coal, forms SO> with a minor amount of SO3 and reacts
with the volatilised alkalis to form Na,SQ, vapour, which then condenses together
with fly ash on the superheater and reheater tubes in the boiler. Such a liquid phase
dissolves the chromium oxide, which allows the base metal to react with sulphate
ions to form sulphide ions and nonprotective oxides (Natesan, 1976 and Rapp et al,

1981).

Sulphur from fuel reacts with NaCl from ingested air during combustion in
the combustor to form sodium sulphate which gets deposited on hot sections of

turbine components resulting in accelerated oxidation attack. Sulphur in the fuel is



generally limited to 0.3 wt% for commercial jet engines and to 1.0 wt% for marine

gas turbines. NaCl comes from seawater.

Corrosion problems caused by low-quality fuels are often tackled by
decreasing the steam temperature in super heaters. For instance, in case of boilers
burning low-chlorine fuels, such as coal, the steam temperature is usually limited to
570°C (Natesan, 1993), whereas boilers combusting high-chlorine fuels, like waste
(Kawahara, 1997) or black liquor (Tran et al, 1988) operate with steam temperatures
below 500°C. Unacceptable corrosion rates have occurred when biofuel fired boiler
has been operated with steam temperature of S30°C. These lower steam temperatures
drastically decrease the efficiency of electricity production. Furthermore, the high-
temperature corrosion caused by such combustion environments is ‘usually an
accelerated oxidation or sulphidation process.

Due to depletion of high-grade fuels and for economic reason use of residual
fuel oil in these energy generation systems is well known. Residual fuel oil contains
sodium, vanadium and sulphur as impurities. Sodium and sulphur form Na;SOq4
(melting point 884°C) by reactions in the combustion system. Whereas during
combustion of the fuel, vanadium reacts with oxygen to form an oxide V,0s (melting
point 670°C). Thus V,Os 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. When considering
coal-gasification processes, hot corrosion is expected to be a problem because the gas
environment generally has large sulphur activities and low oxygen activities and also
contains substantial amount of salts (Natesan, 1976). |

The operating temperatures in case of gas turbines are usually very high,
which are expected to increase further with the advances in materials development
and cooling schemes for the new-generation gas turbine engines. The Corr}bination of
such high temperatures with an aircraft environment that contains contaminants such
as sodium, sulphur, vanadium and various halides requires special attention to the
phenomena of hot corrosion (Eliaz et al, 2002). Moreover, Goward (1998) has
suggested that the corrosion in boilers and turbines had much in common.

According to a recent study conducted in U.S. it has been recommended that
the U.S. must find more and better ways to encourage, support, and implement

optimal corrosion control practices in spite of the fact that corrosion management has



improved over the past several decades. Moreover, corrosion prevention and control
is critical to protecting public safety and the environment (Koch et al, 2002). A
number of countermeasures are currently in use or under investigation to combat
different types of corrosion. While selecting a particular corrosion control strategy it
is always emphasised that the protection system must be practical, reliable and
economically viable. So far as the hot corrosion problem of metals and alloys is
concerned, it may be tackled by designing a suitable industrial alloy, controlling the
process parameters, use of inhibitors, protective coatings and superficially applied
oxides as per requirements in the given environment. ' . |

Controlling the various process parameters (air/fuel ratio, temperature,
pressure etc.) of the boiler and gas turbine is useful to some ‘extent to combat
corrosion, but these parameters can be controlled only within certain limits. There are
numerous inhibitors commercially available that are intended to reduce the severity of
oil ash corrosion, particularly Mg and Mn-based inhibitors, which have proven to be
effective (Paul and Seeley, 1991). Investigations in the area of inhibitors like MgO,
CeO,, CaO, MnQO,, etc. have already been done in the department and the decrease in
the extent of hot corrosion in the most aggressive environment of Na>SO4-60%V>0s5s
at 900°C has been achieved. But the majbr problem being faced is how to inject these

inhibitors along with the fuel in the combustion chamber in actual industrial

environment (Tiwari and Prakash, 1998 and Gitanjaly et al, 2002).

" High temperature corrosion of various coatings and boiler steels in oxidizing and
reducing chlorine-containing atmospheres without deposits were reported by M.A.
Uusitalo et al (2002). It was concluded that the corrosion resistance of bulk materials
relied on properties of the oxide and sulfide scales formed at test conditions, whereas in
case of coatings the coating structure and the coating composition determined the

shielding capability of the coating.

Chlorine-containing ash deposits accelerate corrosion by several mechanisms.
Firstly, chlorides lower the first melting temperature (FMT) of the deposits: and molten
deposits may flux the protective oxide layer. It is reported that corrosion rate increases
significantly, if the deposit temperature is above the FMT [K. Salmenoja et al (2000),
N. Hiramatsu et al (1989), M.J. McNallan et al (1981), H.J. Grabke et al (1998), O.H.

hY
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Larsen et al (1996), J. Klower et al (1995), Y. Kawahara (1997)]. Chemical reactions
are generally faster in liquid phase than as solid-solid reactions. The liquid phase also

provides an electrolyte for ionic transport or electrochemical attack

There are many industries where austenitc stainless steel needs to be welded to
low alloy steel, especially in the power generation industry [S.M. Shushan et al (1996)
and A.Farkash et al (1989)]. Fossile-Fuel boilers and fossil — fuel fired power
generating equipment experience hot corrosion problems in such components as
steam generators, water walls surrounding the furnace, economizer assemblies, and in
the front and rear portions of the super heater and reheater [Theus G.J. et al., 1983,
NACE., 1982, and Wyatt , 1978]. These components are often made of c;arbon steel
and low alloy steel which is welded with Austenitic stainless steel. In boiler austenitc
stainless steels are used only if ferritic steels can not resist the temperature, load or
corrosive environment. Transition joints between austenitic stainless steels and ferritic
low alloy steels are utilized extensively in many high temperature applications in

energy conversion systems.

In a nuclear water reactor, dissimilar metal welds are employed to connect the low
alloy steel reactor pressure vessel and stainless steel pipe systems. Li.G.F., et al
[2001] studied the effect of post weld heat treatment on stress corrosion cracking of a
low alloy steel to austenitic stainless steel transition weld made by Manual-Metal Arc
Welding. The dissimilar metal weldment joining boiler water reactor nozzles to safe
ends is one of the more complex conﬁgui"ations in the entire recirculation system

[Richard et al 2003].

Ferritic steel-austenitic stainless steel transition joint failure is a perennial
problem in fossil-fired steam plants. The microstructure of a typical dissimilar
alloy weld failure between low-alloy steel and austenitic stainless steel steam pipe
has been studied by a number of investigators and factors that contribute to
dissimilar alloy weld failure have been understood. Tucker et al (1956)

summarized them as:
(1) Cyclic thermal stresses caused by expansion differentials,

(i1) Low oxidation resistance of the Low alloy steel,



(iii) Carbon migration, i.e., the diffusion of the carbon from the ferritic alloy
across the interface to chromium rich austenitic stainless steel, and Metallurgical

deterioration caused by elevated temperature service.

N

Low oxidation resistance of low alloy steel is a problem during welding.
This is due to the absence of sufficient quantity of elements like chromium that
impart oxidation resistance. Therefore, low alloy steels can not be used at high
temperatures. Other problem with low alloy steel is that, they are generally
subjected to post-weld treatments, which may not be suggested for the austenitic
stainless steel as it results in undesired metallurgical changes in austenitic stainless
steel. The problem with the dissimilar metal weld made between low alloy steel
and austenitic stainless steel with an austenitic stainless steel filler metal is the
carbide formation [Welding Handbook] due to higher carbon content of low alloy

steels than that of austenitic stainless steel weld metal.

The relatively large amount of carbide forming e'I‘ement\:s,, such as
chromium, in stainless steel tends to lower the chemical activity of carbon. The
chemical gradient of carbon in-addition to high affinity of carbon towards
chromium promotes carbon diffusion from low alloy steel to stainless steel weld
metal, which can occur during post weld heat treatment or during service at
elevated temperatures. As a result, rdecarbl_lrization and coarse grain formation take
place in the heat affected zone of the low alloy steel, that lower its mechanical
- properties [Erich Folkhard]. At the same time, the adjacent stainless steel weld
metal is carburized and embrittlement takes place due to precipitation of brittle

phase complex carbides.

- The austenitic stainless steels are generally considered the easy weldable of
stainless steels [Anik S et al (1991)]. Because of their physical properties, their
welding behavior may be considerably different than those of the ferritic, martensitic,
and duplex stainless steels [Satyanarayan VV et al (2005)]. It has been generally
noted that the austenitic chrome-nickel stainless steels containing 12— 25% Cr and 8-
25% Ni are the most widely used for corrosion resistant applications and vessels,
tubing, wire, medical and dental devices materials [Peel M et al (2003) and Baeslack
W et al (1979)]. The ability to join austenitic steels itself and to other materials with

conventional fusion welding process such as gas tungsten, laser, electron beam



welding opens up the possibility to produce unexpected phase propagation and a
series negative metallurgical change such as delta ferrite phase, grain boundary
corrosion, strain corrosion and sigma phase occurs at the welding interface. Therefore,
extensive care and precautions like pre and post heat treatment or quick welding
speeds are required [Tsuchiya K et al (1996), Baeslack W et al (1979), Sahin AZ et al
(1998) and Yilmaz M et al (2002).

In order to minimize joining problems of dissimilar materials, friction welding
has represented the specific joint characteristic [Spindler DE (1995), Ozdemir N
(2002) and Yilbas BS (1995) ]. The advantages of this process are, amoné others, no
melting, high reproducibility, short production time and low energy input [Ozdemir N
et al (2005), Midling OT et al (1994), Behnken H (2000)]. Friction welding has
advantage in materials that are hard to adopt fusion welding in that, it needs
comparatively low thermal energy input in welding and causes minimal thermal
degradation as base materials need not be fused for welding. In the pr;lctice, it is

possible to bond a variety of dissimilar materials by friction welding processes.

Electron beam weiding (EBW) has been developed for many years and is
being increasingly implemented in various industrial applications. Joining dissimilar
metals using EBW has also been a subject of interest in recent years. Due to special
features of EBW, e.g., high energy density and accurately controllable beam size and
location, in many cases it has proven to be an efficient way of joining dissimilar
metals. Numerous successful results have been achieved, and some of them have
already been exploited in production. EBW continues to be the subject of
investigations and further development, and improvements in the joining of dissimilar
metals remain one of the aims. Since EBW is a fusion-welding process, metallurgical
phenomena associated with fusion still exist and cause difficulties. However, these

are often minor as compared to those in conventional arc welding.

R.K. Singh Raman et al (2002) reviewed of the non uniform scaling behaviour
across microstructural gradients in weldments of pressure vessel steels in order to
develop a global model for lifeassessment by relating oxide scale thickness with time—

temperature history of in-service components. Also the author discussed about 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. The researchers concluded that
the accurate use of oxidé scale thickness as a tool for life assessment of the welded

components. Also the author recommends further investigations as listed below:

e 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 (microstructural) zones (viz.
weld metal, HAZ and base metal) of the steel weldments, in the environments

of steam and air,

e 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,

e testing the validity of the model for steam generators in fossil-fuel power

plants,

For an improved understanding of the deterioration in the mechanical properties due
to deleterious alloy microstructure, it will be necessary to carry out further

investigations as listed below:

e characterising 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,

e Examining the role of corrosion-assisted microstructural degradation, by
conducting creep tests on the simulated weld metal and HAZ, in steam and

inert environments.



Corrosion aspects of the similar and dissimilar joints of advanced materials
made by different welding technologies Friction Welding, TIG welding and EBW

welding still requires a vast amount of research and development.

The present study has been performed to evaluate the hot corrosion
behaviour of dissimilar weldment of AIST 4140 and AISI 304 made by FRW, TIG
and EBW temperature range from 500 to 900°C with and without salt mixture of
Na2S04+ V,0s5 (60%); Na>SO4 + NaCl (50%), K;SO4 + NaCl (60%) and Na;SOq4
(40%)+ K3SO4 (40%) + NaCl (10%)+ KCI (10%) under cyclic conditions.
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CHAPTER 2

LITERATURE REVIEW

2.1. Weldability Aspects of Austenitic Stainless Steels

The presence of chromium greatly improves the corrosion resistance of the steel by
forming a very thin stable oxide film on the surface, so that chromium-nickel stainless steels
are now the most widely used materials in a wide range bf corrosive environments both at
room and elevated temperatures. Austenitic stainless steels have bette\r ductility and
toughness than carbon and low alloy steels because of the FCC crystal structure. Their
notch toughness at cryogenic temperatures is excellent. These steels exhibit higher
thermal expansion coefficient than low alloy steels, which means that distortion during
welding can be greater.

Austenitic Stainless Steels possesses excellent weldability, provided they are
welded with filler metals which yield an austenitic weld metal with delta ferrite contents
in the range of about 5-15FN. It is a common practice to subject the austenitic steels to a
solution annealing treatment, normally in the range of 1050-1100 °C. In the course of this
heat treatment, M23C6 carbide, sigma phase and delta ferrite are completely dissolved
and the annealing process produces a homogenous fully austenitic structure with a
subsequent quenching treatment, this state is maintained down to ambient temperature
which means that austenitic steels show prior to welding an austenitic structure without

any delta ferrite.

When welding austenitic stainless steels greater distortion of the welded
component must be expected, this is due mainly to the fact that the austenitic stainless
steels have a higher coefficient of thermal expansion and lower thermal conductivity than
the ordinary ferritic steels. Because of the lower thermal conductivity of the austenitic
stainless steels below 800°C, dissipation of the welding heat into the base metal takes
place more slowly; therefore an accumulation of heat may occur in the weld, which may

lead to local overheating and severe distortion. A major concern, when welding the
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austenitic stainless steels, is the susceptibility to solidification and liquation cracking.
When Creq/Nieq is less than 1.48 using the Schaeffler formula, solidification is austenitic
and the susceptibility to cracking is high.  With Cr¢q/Nieq between 1.5 and 1.95, the
solidification is ferritic-austenitic; that is to say, the primary dendrites are ferritic and
these transform to austenite by the peritectic reaction during solidification. The ferritic-

austenitic mode is the most crack-resistant

Fig. 2.1 shows the time-temperature relationship for intergranular precipitation of
carbides' in AISI 304 austenitic stainless steel and weld metal as a function of carbon content.
Precipitation occurs between 425 and 800°C. Under welding conditions it is most rapid at
about 650°C and occurs preferentially at grain boundaries, within the ferrite phase or along
slip planes in cold-worked material. The carbide so formed is normally chromium carbide
(Cr23Cs) and it may be redissolved by heating between 1000 °C and 1100°C for a short period.
During fusion welding, there is a region of the heat-affected zone that is heated within the
carbide precipitation temperature range and this region is prone to intergranular corrosion
known as sensitization. The severity of corrosion attack depends on the time and temperature
of exposure, as well as the composition and prior heat treatment of the steel. Most austenitic
stainless steel weldments do not require post weld heat treatment [Welding Handbook].
However, a heat treatment is sometimes used to improve corrosion resistance or to relieve
stresses, or both. Corrosion problems associated with welds in austenitic stainless steels are
often localized in the heat-affected zone. If the service environment is known to attack
sensitized areas containing intergranular carbides or if maximum corrosion resistance is
required, a post weld solution heat treatment at the annealing temperature should be used to

re-dissolve the carbides.

2.2. Weldability Aspects of low alloy Steels

Low alloy steels can .be classified as Heat Treatable Low Alloy Steel (HTLA), High Strength
Low Alloy steel (HSLA) and Quenched and tempered Low Alloy Steel (Q&T. LA). AIST
4130, 4140& 4340 belong to the heat treatable alloy steels, as these have to be heat-treated
after welding. AISI 4140 steel has greater hardenability and strength than those of 4130

12
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steel, but with some sacrifice in formability and weldability due to its higher carbon

content [ASM International].

The combined carbon and alloy contents of the low alloy steels are sufficient to
promote the formation of martensite from austenite when cooled rapidly to below the
appropriate transformation temperature [Welding Handbook]. The carbon content is
sufficiently high to form hard martensite that may be brittle (Fig. 2.2). During welding, a
portion of the weld and HAZ will transform to austenite. If the weld metal and the
austenitic HAZ are cooled too fast, they will transform to martensite or a combination of
martensite and bainite, as illustrated in Fig. 2.3 for AISI 4340 steel [Kenneth Easterling].
The internal stresses that.develop during cooling from both the contraction of the weld
and HAZ and the transformation of austenite may cause hard martensite to crack. Since
these steels are very sensitive to hydrogen induced cracking, the welding process and
procedures should minimize the presence of hydrogen during welding as well as the
formation of martensite. Since high carbon martensite is hard and brittle, proper
preheating and low-hydrogen electrodes should be used to avoid underbead cracking [G.E.
Linnert (1994)]. A convenient way of estimating the amount of preheatiﬁg required is to

use the so-called equivalent carbon content.

2.3 FRICTION WELDING

Friction welding is a solid state welding process, which produces coalescence of
materials by the heat obtained from mechanically induced sliding motion between rubbing
surfaces. Due to shorter welding times formation of intermetallic layer can be kept to a

minimum enabling wide range of materials to be joined successfully[K.K.Wang (1975)].

2.3.1 Friction Welding Process

Initially one piece is mounted in the chuck and rotated to the required speed and the
other piece is clamped. The process of Friction welding, in practice, is accomplished in three

phases (Fig. 2.4) [R.S.Parmar]:
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(a) Setup and Clamping (b) Spindle starts rotating and slide
advances '

(e) Forge (f) Spindle retract, workpiece released

Fig 2.4 Sequence of friction welding process
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Phase 1 (First Friction): Pieces are made to rub together, at low pressure (friction
pressure), to accomplish a cleanup of the two surfaces to be welded. The force applied during

First Friction is -30% of the Second Friction.

Phase 2 (Second Friction): The increased pressure brought about during second
friction causes the metal to become "plastic" and flows outward from center to form the
characteristic "Flash". Once the designed Flash is accomplished, the rotation is rapidly

stopped. The Process then moves to the Forge Phase.

Phase 3 (Forge): The Forge is caused by the application of the highest pressure of the
three process. The forge phase takes place while the componénts are at a complete rest. The
pressure is maintained until the weld joint is sufficiently cooled. This step also promotes

refinement of the microstructure of the weld.

2.3.2 Theoretical Considerations

Chudikov and Vill from Russia are credited with the successful application of friction
welding to metals. The fundamental consideration of the process is based on Law of friction

i.e., friction force F is proportional to the applied normal load, L. Thus

F=ul .o 2.1

Where (u is the coefficient of friction, which increases with increase in load and is

also dependent upon the speed.

According to Vill frictional force can be expressed by the following equation,

Where A is the area of contact and a and B are constants. For high values of pressure the first
term A is very small and thus F= 3 L where [ is nearly equal to p and so the basic law of

friction holds good.

Frictional force varies from the start of the operation till the completion of weld. To study its
effects on the different phases of the process it is convenient to do so by analyzing the time-

torque relationship shown in Fig.2.5. The initial peak in the torque curve is due to dry friction
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but soon after it follows the second phase of the process wherein seizure a;nd rupture takes
place at the high points of the contact. The average temperature during the second phase is
only 100-200°C. The quick rise of the torque and fluctuating nature of the curve is due to the
change from marginal or boundary layer friction with p = 0.1 to 0.2 to pure friction with p
>0.3. The torque increases as the points of seizure increase and finally molten metal may
appear at these points of contact and act as a lubricant and the average te\rnperature of the
interface may rise to 900-1100°C. Only 13% of the total heat is produced during the first two
stages (T1+T2) while the rest is produced during the third stage (T3). Increasing the speed
instead of reducing the duration of the process increases the temperature as it is evident from
Fig.2.6. This is because enhanced speed results in decreased heating intensity. Heat energy

generated per unit area of the faying surfaces is given by the following expression

_2PK x10°

W imm® (2.3)
nk

H

Where,
H= heat generated, W/mm?

P= applied pressure, N/ mm?*

R= work radius, mm

n=rpm

K= a constant 8 x 10 mm?” /min” for low carbon steel.

The second stage may cover nearly 30-70% of the axial pressure and the duration of
the third stage is inversely propoﬁional to the axial pressure. Thus, for optimal results the
axial load should be kept low during the initial phase and be increased gradually or may be
applied in two stages. The maximum temperature attained is controlled by the applied axial

load as the metal with lower strength value will be squeezed out under a given specific load.

In friction welding of dissimilar metal combinations such as stainless steel to carbon steel, the
plane of maximum temperature can move away from the interface; with the high speed of

friction welding it moves into the stainless steel so that one-half of the flash is bimetallic. In
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Fig 2.5 Time torque relationship for continuous drive friction welding process

12

Welding Time, sec
- ]

-
@ .

Bar. diameter= 20mm . .
"Pres ure=50N/ sq. mih- X

| | - P L _

0 500 1000 1500 2000 = 2500 3000
__—_—ﬁ—B

WorkRotatlon, RPM
Fig 2.6 Effect of rotational speed on duration of welding

23



this case decreasing the rotational speed provides the desired result and at a certain lower
speed the interface again becomes the plane of maximum temperature and thus a plane of
maximum shear strain rate. The applied pressure is perhaps the most important single factor
as it controls the temperature and determines the torque required. The heat input rate is
proportional to the product of torque and the rotational speed. Rotational speed has to be such
that certain minimum or threshold power is exceeded. If the power applied' is just above the
threshold 1t will take a long time for the required temperature to be reached and the heat-
affected zone will be wide. The most important variable is the unit pressurve applied during

rotation and the recommended values for some of the metals are in Table 2.1

The sliding velocity varies from zero at the centre of the workpiece to a maximum at the
peripheral surface, and the radius at 2/3 rd the diameter of the workpiece is used for the
calculations. Longer heating times result in more material for forging and for optimal results
there should be adequate heated material available for forging when the ro£ation is stopped.
Excessive initial pressure results in excessive squeezing of heated metal leaving only
relatively cold metal to be forged when the forging pressure is applied. This dilution leads to

cold and low ductility joints.

Table 2.1 Friction Pressure for Different Metals

Metal Friction Pressure (MPa)
Mild Steel 38
Medium Carbon Steel 48
Nickel-Chromium Steel 76
Aluminium alloys 55
Nimonic alloys (80/20 Ni/Cr) 97

2.3.3 Welding Characteristics of Continuous Drive Friction Welding:
Continuous Drive friction welding has more parameters to control [Vill.V.I]. These

parameters, as referred to in Fig.2.7 are as follows:

Rotational Speed, Burn-off length, Friction Pressure, Upsetting or Forging Pressure,

Frictional Heating Time, Forge Delay Time, and Upsetting or Forging Time. In practice,
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however, not all the parameters need to be controlled. Usually only rotational speed, frictional
heating time and forging pressure are considered for analyzing the process where as others are

kept constant.

2.3.3.1 Rotational Speed
Rotational speed provides the necessary relative velocity at the faying surfaces. Its

magnitude depends upon the metal being welded and for steels, the tangential velocity for
both solid and tabular workpieces, should be in the range of 75-110 m/min [R.S.Parmar].
Tangential speeds lower than 75 m/min result in excessive torque with consequential
clamping problems, non-uniform up-set and tearing of metal at the joint. Friction welding
machines for production purposes, handling 50 to 100 mm diameter workpieces, usually

operate at speeds varying between 90 to 200 m/min.

2.3.3.2 Frictional Heating Time
Heating time is controlled depending upon whether a fixed pre-set time is allowed for

heating or the extent of the axial upset is to be within the specified limits [Vill.V.I].
Excessive heating time limits productivity and results in wastage of material; while
insufficient time may result in uneven heating as well as entrapped oxide and unbounded

areas at the interface.

2.3.3.3 Forging Pressure

The applied axial pressure controls the temperature gradient in the weld zone, the power
required for the machine, and the axial shortening of the workpiece [Vill.V.I]. The specific
pressure depends upon the metal being welded and joint configuration. It can be used to
compensate for heat loss to a large body as in the case of tube-to-tube or tube-to-plate
welds. Applied pressure must be high enough during the heating phase so as to keep
faying surfaces in close contact to avoid oxidation. Properties of the joint may often be

improved if the applied pressure is increased at the end of the heating phase.

2.3.4 Dissimilar-metal joints with Friction welding
The mechanical properties of dissimilar friction weldment of austenitic—ferritic stainless steel

combination are compared by V.V. Satyanarayana et al (2005). Typical microstructure of
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friction welded AISI 304 and 430 shown in Fig 2.8 (A). Evaluation of the joints for resistance
to* pitting corrosion revealed that the dissimilar welds exhibit lower resistance to pitting
corrosion compared to the ferritic and austenitic stainless steel welds. Théy found that the
central region consists of equiaxed grains and is confined to ferritic stainless steel. Adjacent to
this region bent and elongated grains are observed on the ferritic stainless steel side. The
austenitic stainless steel side consists of parallel banded features adjacent to the central
equiaxed grain structure at the interface. The interface is narrow and straight in high burn-off
welds. At low friction and low burn-off parallel bands are observed in the austenitic stainless
steel side adjacent to the interface. The author concluded that the friction welding of
austenitic—ferritic stainless steel, deformation is confined to ferritic stainless steel only. The
mechanical properties of austenitic—ferritic stainless steel welds are similar to ferritic stainless
steel welds. The toughness (16-28 J) and strength (600-697 MPa) properties of dissimilar
metal welds are better than the parent metal ferritic stainless steel. Also the author
investigated the effect of burn-off length with the hardness on the weldment. Highest hardness
(265 Hv) and lowest hardness (195 Hv) were obtained at low burn-off and at high and low
forge pressures, respectively. Impact toughness was on the higher side at high burn-off while
notch tensile strength followed a reverse trend. Notch tensile strength ranged from a minimum
of 600MPa to a maximum of 689MPa while impact toughness was in the range 15-28 J.
Typical hardness distribution across the weld shown in Fig 2.8 (B) reveals that hardness is

higher on austenitic stainless steel side of the interface.

N. O zdemir et al (2007) reported that the microstructural evaluation of friction-
welded joints of AISI 304L to 4340 steel revealed four distinct zones across the specimens
which were identified as Parent Metal (PM), Partiai Deformed Zone (PDZ),\ Deformed Zone
(DZ) and transformed and recrystallized fully Plasticized Deformed Zone (FPDZ) Fig 2.9 (A).
Also the author concluded that the higher microstructural changes took place in the FPDZ and
DZ region. The width of FPDZ region is mainly affected by the rotational speed. The use of
higher rotational speed and shorter friction time increases the tensile strength of friction weld.
It can be inferred that the width and formation of FPDZ which occurred ds a result of the
reactions taking place at the welding interface have a detrimental effect on the mechanical

strength and consequently the quality of the friction-welded 3041/4340 steel couple and,
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Fig 2.8 (A) Typical microstructure of friction welded AISI 304 and 430 (VV
Satyanarayana et al (2005)
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therefore, must be controlled. The maximum harndness on the weldment obtained was 1000
HV and the ultimate tensile strength (UTS) was 95 (N/mm2) when the rotational speed of
2000 RPM. |

S.D. Meshram et al (2007) investigated that the influence of interaction time on
microstructure and tensile properties of the friction welding of five dissimilar metal
combinations, namely Fe-Ti, Cu-Ti, Fe-Cu, Fe-Ni and Cu-Ni system. The author reported
that the extended interaction time led to decreased strength due to thicker intermetallic layer
formation in eutectoid forming systems (Fe-Ti and Cu-Ti) and insoluble system (Fe—Cu).
Also in the soluble systems (Cu-Ni) strength increment is observed with an increased
interaction time due to solid solution formation. \ |

| Bhole (1991) discussed about the microstructure and hardness in the heat affected
zone of a friction weld between a mild steel bar and a high strength low alloy steel plate.
The torsional shear and frictional heat generated during friction welding leads to phase
transformations resulting in fine bainitic or martensitic microstructures. Hardness profile

across the weld shows a sharp peak in hardness in the vicinity of the weld interface that

could affect the properties of the weld.

Fickel (1964) studied the diffusion process in joints between dissimilar steels and
" it was shown that carbon migrates from ferritic steels across the interface in the direction
of higher chromium content alloy like austenitic stainless steel. Evidence was obtained
indicating that iron diffuses into an austenitic stainless steel from ferritic' steel.
Interpolation of a nickel barrier between a ferritic and an austenitic stainless steel reduces

the transfer but does not prevent carbon migration.

C.J.Cheng (1963) investigated the transient heat conduction problems encountered
in friction welding two dissimilar materials, which are in tubular form. It was observed
that the temperatures near the interface are little affected by prolonged heating, once the
peak of the heat input curve is obtained and during the welding cycle are mostly governed

by the initial heat input history of the power cycle.

Hollander et al (1963) observed that type AISI 304 stainless steel can be friction
welded to AISI 4140 alloy steel with joint strength in the as-welded condition equal to or

greater than the stainless steel base metal. They also observed that, gree&er rates of heat
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input can be achieved at lower speeds and/or higher pressures than are used in the
optimum cycle, i.e., increasing the speed of rotation does not necessarily increase the

amount of heat generated by friction.

2.3.5 Advantages of friction welding
Friction welding has emerged as a reliable process for high-production commercial

applications, with significant economic and technical advantages [K.K.Wang (1975)].
Friction welding is clean, dry, hydraulically activated and Programmable Logic Control

(PLC) and requires neither flux nor special atmosphere.
The advantages are both metallurgical and physical and they are:

1. A bonded joint is formed using no filler metal, flux or shield gas.

2. The process is environmentally clean; no arcs, sparks, smoke or flames are

generated by clean parts.

Y

3. Surface preparation/cleanliness is not significant with most materials since the

process burns through and displaces surface impurities.

4. During the welding process there are narrow heat affected zones. The process is
suitable for welding most engineering materials and is well suited for joining many
dissimilar combinations. In most cases, the weld strength is as strong as or stronger

than the weaker of the two materials being joined.

5. Operators are not required to have manual welding skills. Friction welding

requires only simple integration into the manufacturing area.

6. The process is easily automated for mass production. Welds are made rapidly
compared to other welding processes. Plant requirements (space, power, special

foundation etc.) are minimal for the friction welding process.

2.3.6 Limitations of friction welding:
1. One workpiece must have axis of symmetry for rotation. This limitation is overcome

by newer developments like linear friction welding and friction stir welding.
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2. Preparation and alignment of workpiece may be critical for uniform rubbing and

heating particularly for large diameter pieces.
3. High cost of the equipment.

- 4. In common with all other solid-state welds, lack of a reliable non-destructive testing

method could be another deterrent to user's confidence.

AY

2.4. ELECTRON BEAM WELDING

2.4.1. Electron beam welding process

Electron beam welding process has been amongst the most frequently investigated
processes in the joining of dissimilar metals during the last decade. This trend may be
attributed to several factors: (i) The rapid development of EBW equipment; (ii) The high
quality requirements of the products which EBW can realize; (iii) The special features of the
process which offer solutions that other alternative methods cannot provide; and (iv) The
ecdnomic benefits obtained by using the process in mass production.
EBW, as an industrial welding process, was started in the late fifties. The process was used
primarily in the nuclear, aircraft and aerospace industries, initially due to the requirements of .
high quality and reliability of the joints [D.E. Powers (1989)]. The principle of an EBW
operation is to use the kinetic energy of electrons as the heating source to melt the metals to
be joined. These electrons are generated by heating a negatively-charged filament (cathode)
to its thermionic emission temperature range, upon which electrons are emitted. Such
electrons, being accelerated by the electric field between the negatively-charged bias
electrode located slightly below the cathode and the anode, pass through the hole in the anode
and form a beam [Y. Arata (1985)]. The electron beam can be focused under vacuum, and
strikes the metal surface at velocities of up to 70% of the speed light. About 95% of the
electrons’ kinetic energy is converted into heat. The electron beam can be focused on
diameters in the range of 0.3-0.8 mm, and the resulting power density can be as high as 10"
Wm™>. One of the key features of EBW is its ability to perform deep penetration Welding with

the 'key-hole' mechanism.
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During the initial period of commercial application, the process was strictly limited to
operations in a high vacuum chamber. However, the later development of the system
permitted the option of welding in either a medium-vacuum chamber or a non-vacuum
environment, which widened the use of EBW over a broad range of industrial applications
[D.E. Powers et al (1989)]. Therefore, three modes of EBW are available at present: the high-
vacuum mode (<107 Torr); the medium-vacuum mode (10° Torr); and ‘the non-vacuum
mode (atmospheric). It should be noted that the use of non-vacuum EBW still remains very
limited. The selection of EBW modes depends on the materials to be joined and the

penetration requirement.

The primary processing parameters in the EBW are the beam current (current), the
beam accelerating voltage (voltage), the focusing lens current (focal beam spot size), the
welding speed, and the vacuum level. The quality of the joints depends on the selection of
these parameters, although some secondary variables can, to some extent, refine the
parameters, and thus produce welds with the desired properties. Some of the parameters
particularly affect the results of dissimilar-metal joining. Other important parameters, such
as the beam alignment relative to the joint centre line, and the focal beam spot size, could be
dominating factors in dissimilar-metal joining due to their ability to control the desirable
fusion ratio of the two metals. When using EBW, it is possible to weld particular dissimilar-
metal combinations which were previously considered to be non-weldable with conventional
fusion-welding processes. For instance, joints between Cu and Ti can be EB welded by
locating the beam to the Cu side to minimize the melting of the titanium and increase the heat

dissipation of the copper [M.M. Schwartz (1969)].

2.4.2. Dissimilar-metal joints with EBW

Dissimilar-metal joints are characterized particularly by compositional gradients and
microstructural changes, which yield large variations in chemical, physical, and mechanical
properties across the joint. The joining of dissimilar metals is, therefore, normally far more
complex than the joining of similar metals. The difficulties encountered when joining

dissimilar metals include the problems experienced when joining each base metal

36



individuaily, and the problems specific to the range of compositions, as well as to properties
and their incompatibility possible in phases and/or compounds of the two metals in various
proportions. Further complexity arises from the addition of filler or insert materials, which is

a common practice in the joining of dissimilar metals [E.A. Brandes (1 983))”

However, the large differences in physical properties also yield difficulties in joining
the different metals together. Both physical and chemical mismatches easily result in
incompatibility. For example, a large difference in the meltbing temperature between two
metals makes the conventional fusion-welding processes unfit for welding due to the
segregation of low-melting eutectics, which can cause hot cracking. Large differences in
thermal expansion will, in turn, lead to the formation of largé residual stresses, and thus
reduce the joint strength and cause fatigue problems. A difference in the thermal conductivity
of the two metals easily éauses uneven heat dissipation. Furthermore, chemical mismatches in
dissimilar-metal joints can bresult in the formation of brittle phases and the diffusion of

A

particular elements.

Although EBW is a fusion-welding process and may still encounter these problems, it
may, however, offer chances to reduce or overcome the problems to a certain extent, and
hence, to produce satisfactory joints. For instance, EBW can solve the problem of the large
difference in melting temperature more easily than, e.g., arc welding, due tG the high-energy
density resulting in a high heating and cooling rate. A low total-heat input per unit length of
weld of EBW can also reduce the residual stresses substantially, as compared to arc welding.
The thermal conductivity problem can be overcome by directing the beam correctly to the
required location. The small weld bead size of EB welds minimizes the mixing of dissimilar

metals, and thus, limits the brittle zones arising from the chemical mismatch,-to some extent.

According to metallurgical compatibility and other factors, the EB-weldability of
different metal combinations have been ranked as shown in Table 2.2, the data originating
partly from phase-diagram information, and partly from practical experience [Welding

Handbook ]. - ' .
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Table 2.2: Weldability of dissimilar metal combinations using electron beam welding

[Welding Handbook]
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1. Very desirable (solid solubility in all combinations), 2. Probably acceptable (complex
structures may exist), 3. Use with caution (insufficient data for proper evaluation), 4. Use
with extreme caution (no data available), and 5. Undesirable combinations (intermediate

compounds formed).

The EB-solution can, furthermore, be associated with very precise control of filler-
material addition typical of feeding units used in EBW, e.g., a CNC;controlled filler-wire
feeding system has been successfully used in production [I. Meuronen (1994)]. Therefore,
EBW does possess its own characteristics for -dissimilar-metal joining. It should be
emphasized that the data given here provide the user only with broad guidelines, because
specific weldability may depend upon a number of factors, such as wvariation in alloy
composiﬁons, welding parameters, differences in component design, service requirements,
etc. A recent survey about dissimilar-alloy combinations successfully welded by EBW O.
Braun et al (1991). In the following, a few examples from Table 2.3 are intreduced in greater

detail to show how the advantages of EBW are realized, and how the problems are solved.
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Dissimilar-metal EB-weldments of Cu/Ag joints used in low-temperature applications.
This type of a joint requires proper thermal contact between the dissimilar metals at low
temperature due to the working mechanism of the component. Although the Cu/Ag
combination can also be easily welded with many fusion welding processes, a weld metal
with poor thermal conductivity remains the main problem. For instance, TIG welding cannot
meet this technical requirement of the products, because the larger newly formed fusion zone
of the TIG weld will bhange the thermal conductivity of the contact area substantially. When
- using EBW, a very thin layer between the dissimilar metals is formed, thus ensuring a small

contact resistance [S. Yin et al (1991)].

A study of the EBW of niobium to molybdenum thin sheets (0.5 or 1 mm thick) for
the emitting electrodes of thermionic energy converters reports satisfactory jBints [S. Lin el al
(1986)]. EBW of niobium/copper joints is under consideration for a variety of applications,
such as electrode plating drums, superconducting accelerating cavity components,
microcomposite wires and sheets, and in the heat exchanger panels [R.J. Sinko (1993)]. It
should, therefore, be concluded that EBW is a vital method for weiding dissimilar-metal
combinations involving metals having high thermal conductivities. It has been reported that
100 mm thick copper can be EB-welded with a single pass, due to its high energy density [G.
Sayegh (1985)]. This feature of EBW can, certainly, be exploited to produce many other
combinations with metals having high thermal conductivities in a wide range of plate
thicknesses. A. Sanderson (2000) discussed the advanced welding process for fusion reactor
fabrication. Also the author discussed the challenges of conventional welding processes,

electron beam and laser beam welding technology.

39



Table 2.3 Recent investigation concerning the EBW of dissimilar metals

Material combination Potential Applications Remarks Ref
2 1/4Cr-IMo/C-Mn steel Steam turbine Beam deflection Y. Akutsu
diaphragms Heavy should be overcome
SAE1136/1010 steel Heavy equipment G. Sayegh
1/4Cr-1 Mo/AISI 405 equipment Power Creep-fatigue property . G. Sayegh,
generation systems prediction was M. Okazaki
developed
High speed/carbon or low Saw blades Saving of high speed S. Elliott,
mild steel steels can be achieved Y. Liu
High speed/ mild steel Cutting tools Optimization of A.M. Kosecek
parameters
20NiMoCr sintered Car industry G. Sayegh
powder/mild steel :
Inconel 713¢/AISI 1045 Turbocharger impeller Laser cutting and " S. Elliott,
EBW S. Matsui
13Cr steel/mild steel Steam turbine nozzle Effect of oscillations A.P. Lopatko
diaphragms of beam on
microstructure was
studied
Pearlitic steel 20/321 stainless PWHT is beneficial . V.M.
steel Nesterenkov
20Kh 12VNMF20KhN3M Multi-pass welding was  G.M.
FA 321 stainless steel/ADI Al used Grigorenko
21/4Cr-1 Mo/AISI 316 Power generation Fatigue-property M. Okazaki
systems prediction was
2 1/4Cr-1 Mo, A204 and deve]oped
SS41/AIST 405 Power generation Effect of PWHT, Y. Itoh
systems fracture toughness was
2 1/4Cr-1 Mo/AISI 304 and investigated
) Power generation Using nickei-base J. Ruge ,
321 Cr-Ni alloy/EPS 17 Systems filler wire I DeCker
Electromagnetic Optimization of V.K. Dragunov
devices parameters '

EP288 austenitic-martensitic
type steel/VZhL-14 Ni base
stainless

Vn-2AE Nb base alloy/321
stainiess steel

Horizontal beam
welding produce defect- *
free joints

Corrosion resistance
was investigated

N.P. Voronov

G.D. Nikiforov
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Table 2.3: Conti..

Recent investigation concerning the EBW of dissimilar metals (Z. Sun et al (1 996))

AISI 422/Inconel 600/Stellite
alloy

Cu/Ag

C10700/C17510 Cu alloy

Beryllium copper/copper

Silver/copper
Invar/stainless steel

Steel/copper
Cu-Cr-Zralloy/NiCrlSFe
Nb/Cu

Nb/Mo and porous W/Mo
Ta or Nb/321 stainless steel

Gold/Phosphorus bronze

C-103Nb/Ti-6Al-4V

Ta/Mo or W

Ni-base superalloy/stainless
steel
EN 36/FV 520

Steam turbine b.lades

Low temperature
applications

Crimp-type connector
contacts '

Switch contacts

Thermostatic bimetallic
components

Lead frames Nickel clad
limiter Aerospace

- equipment

Emitting electrode, Ba-W
cathode of microwave
tubes

Heating elements of
high temperature
vacuum furnace

High reliability
miniature switches

Marine engine valves

Marine pump shaft

Optimization of
parameters

Contact resistance wa
studied :

Mechanical properiies
were investigated

The joints combine
good spring properties
(Be-Cu) with good
fonnability (Cu)

Finely defined weld
zone with minimal
HAZ

Beam was aligned to
the copper side

Optimization of
parameters

Microstructural study

Evaluation of various
properties of the joints
High temperature
annealing after
welding is beneficial
for bend strength

Good wear and
corrosion properties

F. Franchini

S. Yin

: T.A. Siewert

A

A%

A\l

R.J. Russell

R.J. Russell
R.J. Russell,

v G. Israel

R.J. Sinko

S. Lin
A. Detka
R.J. Russell

F. Franchini

- Y. Hiraoka

N.N.

F.J. Becket‘
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2.4.3. Weldability of austenitic/ferritic stainless steel with EBW

This material combination is widely used in many industrial applications, such' as
power-generation systems. When using conventional fusion-welding processes, nickel-based
fillers have proven to be satisfactory. The theoretical background originates from the
following two main factors. Firstly, the low diffusion-coefficient of carbon in nickel-based
weld metal minimizes carbon diffusion across the ferritic steel/weld metal interface, and
thereby reduces the tendency to form a soft decarburized zone in the ferritic steel. Secondly,
the use of nickel-based fillers produces a weld having a thermal expansion coefficient very
similar to that of ferritic steel. Therefore, the magnitude of ferritic steel/weld metal interfacial
stresses can be reduced during the thermal cycling using nickel-based filler welds, as

compared to autogenous welds or to welds made with austenitic stainless-steel fillers.

J.Ruge et al (1986) investigated this material combination with EBW. Type 304
austenitic stainless steel was EB-welded to 21Cr-IMo ferritic steel with different procedures:
(i) autogenous welding; (ii) welding with E308 austenitic stainless steel filler wire; and (iii)
welding with Inconel 82 nickel-based filler wire. They concluded that best metallurgical
quality of the dissimilar-metal joints, in terms of microstructure, was obtained, just as in
conventional arc welding, when using nickel-based filler wire. They observed that autogenous
welding, and welding with austenitic stainless-steel filler wire produced an inferior weld-
metal microstructure, i.e., if yielded the formation of martensite with high hardness values. It
- is suggested by them that EBW with a suitable filler metal can be a good solution when
tackling metallurgical problems for dissimilar-metal joints, although autogenous welding is
often regarded as an obvious advantage of the EB process, especially in the joining of similar
metals J.L. Ruge (1987). More generally, problems of metallurgical incompatibility and

physical mismatches can be solved by the use of particular filler or transition ‘materials.

The utilization of EBW to join dissimilar metals does not only originate from the
avoidance of metallurgical problems faced by conventional fusion-welding processes, but
also, in many cases, from special features of the process which meet the requirements of the
product. For instance, the distortion caused by welding is a very common problem that is

emphasized in the welding of dissimilar metals. Strictly speaking, there is no welding process
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that can completely eliminate distortion. However, a process that minimizes distortion is
increasingly preferred in many applications. EBW with a high energy density produces much

smaller weld distortion than other conventional fusion-welding processes [P. Vartia (1 993)].

Z.Sun (1996) reviewed that the High energy density beam (HEDB) welding processes,
i.e. laser beam welding (LBW) and electron beam welding (EBW) have, been developed
rapidly and have been successfully used in many industrial applications; the potential of the
HEDB process is continuously being exploited in further industrial sectors. The author
concluded that using of EBW welding to produce ferritic/austenitic (Black/white joints)
joints with nickel-bésed filler wire can be a potential process, although further data is still
needed and improvements to the technique and in ensuring the quality of the joints.

Z. Sun et al (1996) reported that EBW has the potential of not only being able to weld
méterial combinations, which often cause problems with conventional welding techniques,
but also of showing functional advantages for some combinations which also
can be produced with conventional welding processes. However, the use of the EBW process
to join dissimilar metals is still at the development stage. Much more of the;potentia‘.l will be
exploited in future via extensive R&D efforts. The limited arhount of information available
concerning the joinability of different dissimilar combinations, and the technical practice for
potential weldable combinations, will stimulate mény studies. The results of these studies
should provide industries with competitive solutions and consequent benefits.

Although many combinations have been proven to have a good weldability, R&D for
many difficult joint types arévstill réquired. Therefore, further R&D efforts should be directed,
especially, to those combinations with which an alternative joining process cannot provide a
technically and/or economically satisfactory result. VEBW, with filler-metal addition, should
be emphasized in these trials, because recent studies have demonstrated that this method can
be applied to solve many problems associated with metallurgical incompatibility, although

autogenous welding is often regarded as one of the advantages of the EB-process.
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2.4.4 Advantages

1.

Accurately controllable energy density and the small beam size makes it possible to
control dilution, to weld with high precision, and thus, to weld both very thin and very
thick metals, e.g., from 0.025-300 mm.

Possible accurate beam alignment at any position allows the two base metals to melt
selectively to better satisfy the metallurgical compatibilities.

Low total heat input per unit length of weld produces a narrow weld bead and HAZ,
and results in low residual stresses and minimum distortion, which can cause serious
problems for conventional fusion welding processes.

It is possible to solve problems associated with metallurgical incompatibility more
accurately with EBW when using a suitable filler material, although this can also be a

possible solution for arc welding.

High purity environment (vacuum) for welding minimizes surface contamination of
the metal by oxygen, nitrogen and hydrogen, which is particularly beneficial for
reactive and refractory metals.

Dissimilar-metal combination involving high thermal conductivity metals such as
copper can be welded without preheating.

2.4.5 Limitations

Problems related to melting and mixing of dissimilar metals during fusion welding

- still exist.

Possible beam deflection by electrostatic and magnetic fields due to dissimilar metals.
Vacuum environment normally necessary, impossible with metals vaporising easily.
High accuracy requirement in groove preparation. \

Rapid solidification may result in brittleness of the weld, and defects, e.g., porosity.v
Use of vacuum chamber may reduce product size and limit the product design.
Although beam oscillation can minimize the groove préparation requirement, it may
cause problems for dissimilar-metal joining due to the possible uncontrollable fusion

ratio of the two metals.

High equipment and running cost.
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Figure 2.9 (B) The typical TIG welding process.
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2.5 Tungsten Inert Gas Welding (TIG)

The necessary heat for Gas Tungsten Arc Welding (TIG) is produced by an electric
arc maintained between a non consumable tungsten electrode and the part to be welded. The
heat-affected zone, the molten metal, and the tungsten electrode are all shielded from the
atmosphere by a blanket of inert gas fed through the GTAW torch. Fig 2.9 (B) shows the
typical TIG welding process. Inert gas is that which is inactive, or deficient iﬁ active chemical
properties. The shielding gas serves to blanket the weld and exclude the active properties in
the surrounding air. It does not burn, and adds nothing to or takes anything from the metal.
Inert gases such as argon and helium do not chemically react or combine with other gases.
They possess no odor and are transparent, permitting the welder maximum visibility of the
arc. In some instances a small amount of reactive gas such eis hydrogen can be added to

enhance travel speeds.

The greatest advantage of the GTAW process is that it will weld more kinds of metals
and metal alloys than any other arc welding process. TIG can be used to weld most steels
including stainless steel, nickel alloys such as Monel® and Inconel®, titanhium, aluminum,
magnesium, copper, brass, bronze, and even gold. GTAW can also weld dissimilar metals to
one another such as copper to brass and stainless to mild steel. Some of the advantages of
Pulsed GTAW are: Good penetration with less heat input; less distortion; Good control of the
pool when welding out of position; Ease of welding thin materials; Ease of welding materials

of dissimilar thickness

The main disadvantage of the GTAW process is the low filler metal deposition rate.
Another disadvantage is that the hand-eye coordination necessary to accomplish-the weld is
difficult to learn, and requires a great deal of practice to become proficient. The arc rays
produced by the process tend to be brighter than those produced by SMAW and GMAW. This
is primarily due to the absence of visible fumes and smoke. The increased amounts of
ultraviolet rays from the arc also cause the formation of ozone and nitrous oxides. Care should

be taken to protect skin with the proper clothing and protect eyes with the correct shade lens
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in the welding hood. When welding in confined areas, concentrations of shielding gas may

build up and displace oxygen. Make sure that these areas are ventilated properly.

When using TIG welding of two dissimilar metals, there are a number of aspects that
need to be addressed, in addition to those associated with welding similar materials. The
difficulties in the welding of dissimilar materials can be summarized as follows

[[S.Sunderesan (1976)]:

(1) Significant differences in physical and mechanical properties (e.g., coefficient
of thermal expansion, thermal and electrical conductivity, melting temperatures etc) cause
problems during welding as also during subsequent service. The wider the difference, the

more severe is the difficulty.

(i1) It may not be possible to produce an adequate joint if the two materials are
metallurgically incompatible. Metallurgical incompatibility may lead to
uncontrollable weld metal/ HAZ cracking or a weld metal microstructure that cannot
provide adequate = mechanical or corrosion performance, e.g., containing

unacceptable martensite or intermetallic phases.

(111) When arc welding of dissimilarmetals, arc blow or uncontrollable deflection of the
arc may occur due to the flow of thermoelectric currents between the hot and cold parts of
the joint, due to the varying thermal conductivity of the dissimilar metals, and hence the

development of magnetic fields.

When two materials are metallurgically incompatible, it may be possible to make a
satisfactory weld by addition of a suitable filler metal. This is exemplified by the joining
of steels and stainless steels, when the Schaeffler diagram, or a modification of it, may be
used to select a filler metal that is resistant to both solidification crackiﬁg and hydrogen
cracking. Frequently, where a welding consumable with composition similar to one of the
steels 1s not appropriate, a nickel-based filler may be adopted. In addition, these may be
used for welding of steels to some copper alloys due to their tolerance to dilution by a
range of alloying elements without a phase change. However, care must be taken to avoid

Fe/Ni ratios giving sensitivity to solidification cracking, e.g. approximately 30% Fe, 30%
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Ni is particularly susceptible. Where no satisfactory fusion welding process exists, e.g.
between Fe and Ti alloys or Cu and Al alloys or nickel and Al alloys, it may be possible

to produce a weld by a solid state process such as friction welding or explosive bonding.

J. Tusek et al (2001) investigated that the weldment of high alloy stainless steel and
low-alloyed ferrite steel made by MIG and laser welding technique with and without filler
material. The author reported that the laser welding of the above-mentioned materials without
the addition of filler material cannot be performed or it is not possible to obtain a weld with
satisfactory mechanical properties. The hardness of the laser weld is 300HV as compared to

MIG welding which is 700HV.

T.W.Nelson et al (2000) investigated the nature and evoluation of the fusion boundary
in ferritic-austenitic dissimilar metal welds was made by Gas tungsten arc welding (GTAW).
High purity iron was used as a base metal as it exhibits both the delta-gamma and gamma-
alpha transformations that occur in C-Mn and low-alloy structural steels. A 70Ni-30Cu, single-

phase (FCC) binary alloy with low impurity content was selected as the filler metal.

The author found several interesting microstructural characteristics that add insight into
the evolution of the Type II boundaries were observed. Also the author observed the evidence
of correlation between HAZ and Type II grain boundaries. The typical micrograph shows
evidence of continuity between a prior austenite HAZ grain boundary and a Type II boundary
at the fusion boundary can be observed. Another interesting characteristic of the Type II
boundary is manifested by the nature of the solidification grain boundaries (SGBs) and
solidification sub grain boundaries. Based on the results of this investigation the authors
proposed the model for the formation of the Type II boundary and resulting fusion boundary

orientation relationships.

A. Celik (1999) studied the GTAW weldment of ferritic steel (St37-2) and an austenitic
stainless steel (AISI 304) by using an austenitic filler metal. The ultimate tensile strength
values of the ferritic—austenitic dissimilar joints were obtained 402 MPa and the micro
hardness on the weld zone contains 275-220 HV. The microstructure of the ferritic side

predominantly ferritic and pearlitic. On the austenitic side, it mainly shows an austenitic
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dendritic structure. The microstructure of the dissimilar weld joint contains coarse and
malformed lamellae of pearlite in the ferritic region. ,

Ahmet Durgutlu (2004) was investigated the effect of hydrogen in argon as shielding
gas for tungsten inert gas (TIG) welding of 316L austenitic stainless steel. The author reported
that the ultimate tensile strength (695 MPa) obtained from 1.5%H2—Ar as gas shielding. The
hardness of weld metal is Lower (310 HV) than that of the HAZ and base metal.

2.6 HIGH TEMPERATURE OXIDATION

Metals and alloys still constitute the most important group among engineering materials
and the demand for metallic materials with higher strength and special properties is on the
increase with the advancement of technology. 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 lives. The annual direct loss of natural resources, i.e. metals, due to
enviroﬁmental degradation is also substantial (Chatterjee et al, 2001).

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 }e surface of metal. Both the mechanical properties as well as oxidation resistance are
important for consideration of a material for high temperature applications. Greep, mechanical
fatigue, thermal fatigue, oxidation and sulphidation are the main possible causes of failure of a

turbine blade in a hot station (He et al, 2001).

2.6.1 Mechanism of Oxidation

From the consideration of the equation:

M(s) + %@(g) — MO(s)
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It is obvious that the solid reaction product MO will separate the two reactants as shown

Oz

below: M MO
‘ Gas

Metal Oxide

In order for the reaction to proceed further, one or both reactants must penetrate the
scale, either metal must be transported through the oxide to the oxide-gas interface and react
there or oxygen must be transported to the oxide-metal interface to react (Birks and Meier,
1983). Kofstad (1990) has explained diffusion processes with the help of neat sketches shown
in Fig. 2.10, 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.

2.7 HOT CORROSION

Metallic corrosion is the surface wastage that occurs when metals are exposed to
reactive environment. The chemical compounds that constitute the products of such waéiage
are close cousins of the metalliferous mineral rocks that we find in the earth’s crust. In other
words, corrosion reactions cause metals to revert to their original ores. At temperatures above
200°C there is usually significant reaction of most metals in dry air, and the rate and extent of .
reaction progressively increase either, as the temperature is raised or the air is contaminated
by other gases. In general, it may be said that the degree of wastage is largely governed by the
ionic conducting properties of the corrosion product when it is present as a solid scale by its
mechanical strength and adherence to the underlying metal. The study of high temperature
corrosion products is therefore, a study of semiconducting oxides, sulphides and so on and the
influences of temperature, pressure and ionic contaminants on their mechanical coherency,
stability and permeability (West, 1986).

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
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deposits formed as a result of the reaction between sodium chloride and sulphur compounds
in the gas phase around the metals.

If the concentration of the sulphate exceeds the saturation vapor pressure at the
operating metal temperature for turbine blades and vanes (700-1100°C), then deposition of
the Na;SO4 will occur on the surface of these components. At higher temperatures the
deposits of Na;SOy4 are molten (m. p. = 884°C) and can cause accelerated attack of the
Ni- and Co-base superalloys. 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.

2.7.1 Mechanisms of Hot Corrosion

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
High Temperature Hot Corrosion (HTHC) or Type I and Low Temperature Hot Corrosion
(LTHC) or Type II respectively (Khanna and Jha, 1998).
Type I Hot Corrosion :

High temperature (type 1) hot corrosion (HTHC) is normally observed in the
temperature range of about 825-950°C when the condensed phasé 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, crevic\e 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).
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Fig. 2.10 Schematic illustration of the growth of chromia scales in (i) the absence of
oxygen active elements and with predominant outward transport of chromia through the
scale, and (ii) the presence of oxygen active elements and with predominant inward
transport of oxygen (Kofstad, 1990).
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Type II Hot Corrosion

The low temperature hot corrosion (LTHC) occurs well below the melting point of
NaySO4(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 alioy/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 CoS04-Na;S0O4 liquid phase was formed, the acidic dissolution of
CoO at the oxide/salt interface supported the precipitation of either Co3O4 or CoSO, 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 of Cr,O3 or ALOs.

2.7.2 Hot Corrosion Degradation Sequence

When superalloys undergo hot corrosion degradation, this process almost always
consists of two stages (Pettit and Giggins, 1987; Pettit and Meier, 1984). 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 deposit has caused
the protective properties of the oxide scales to become significantly different than what they
would have been, had no deposit been present.
(i) The Initiation Stage

During the initiation stage of hot corrosion elements in the alloy are oxidised and
transferred from metallic atoms to the reducible substances in the deposit. To develop
resistance to hot corrosion one should strive to have the superalloys which can remain in the

initiation stage as long as possible.
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In some cases of hot corrosion an increasing amount of sulphide particles becomes
evident in the alloy beneath the protective reaction product barrier. In other, small holes
become evident in the protective reaction product barrier where the molten deposit begins to
penetrate it. Eventually the protective barrier formed via selective oxidation 1s rendered
ineffective and the hot corrosion process enters into the propagation stage (Pettit and
Giggin, 1987).

(1i) The Propagation Stage

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. In Fig. 2.11

a deposit of Na;SOQy is depicted schematically upon the surface of a superalloy.

GAS

Oz, SOs3

Naz SO4

OXYGEN ‘
CONSUMPTION

ALLOY

Fig. 2.11 Schematic diagram showing a Na;SOy4 deposit upon an alloy separating the alloy
from the gas phase (Pettit and Meier, 1984).
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As indicated in the figure superalloy will react with elements in the deposit provided
that the deposit prevents free access of the gas. Since superalloys always confain elements that
have high affinities for oxygen, an oxygen gradient is established across the deposit. Hence, an
important effect of the deposit is to separate the super alloy from the gas environment. This
situation usually results in a lower oxygen activity over the surface of the alloy than what would
have been established in the absence of a deposit (Pettit and Meier, 1984; Ifettit and Giggin,
1987).

2.7.3 Salt Fluxing

The salt fluxing reactions for superalloys may be either acidic or basic in nature. The
deficiency of oxide ions in the processes by which the reaction product barrier becomes non-
protective due to the formation of species, which are soluble in the liquid deposit, are called
“fluxing” reaction. In a molten sulphate deposit the following equilibrium can be used to define
the acidity or basicity:

SO = SO, + O*"
With the equilibrium constant, K= Py, .a, where P, 1s the pressure of SOs and a ,.

is the activity of the oxide ions in the melt. 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 SOj; pressure in the gas since there are other ingredients in same
systems that may affect acidity. For example V,Os can react with Na,SO, to increase the acidity
of the melt via reaction:
Na,SO, +V,0, > 2NaVO, + SO,

Molybdenum and Tungsten in the alloy can create similar effects when their oxides are
formed as corroston products (Pettit and Giggins, 1987). |

The initial concept of basic fluxing was first proposed by Bomsteir\l and Decrescent
(1970) and then described in thermodynamic terms for the hot corrosion of nickel by Goebel
and Petit (1970).

Pettit and Giggins (1987) have suggested that essential feature of this process is that

oxide ions are produced in the Na;SO4 deposit due to removal of oxygen and sulphur from the
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deposit via reaction with the alloy and metal. Furthermore, oxide scales (MQO) that normally
would form as protective barrier on the surface of these alloys can react with oxide ions via
reaction such as:
MO+ O°" — MO:~
The protective oxide scales, e.g. Al;O3 or Cr;O3 can react with O* ions to form soluble
aluminates or chromate ions, respectively,

ALO, + 0% =2410*"
Cr,0, +20° + %02 =2CrO}”

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 S 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,SOj is necessary for the attack to continue and the type of fluxing is
often not self-sustaining. This form of attack is usually restricted to high temperatures (900°C)
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. SO3). However according to Rapp and Goto (1981)
basic fluxing can also occur in gases with acidic components. They have proposed that
protective scales on alloy could be made non-protective when the solubility gradients of the
protective oxides in the molten deposit were negative since continuous: dissolution and
reprecipitation of oxide is then possible. Their mechanism permits fluxing to be either basic or
acidic, within the need for a source or sink for O® ions 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.

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
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( 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. 2.12.
| They recognised that such a gradient can be established across a thin salt film and that
it need not be a consequence of the removal of sulphur from Na,;SO4 or the introduction of
acidic ions from the corrosion products as required by the Goebel and Pettit (1970) model.
When Rapp-Goto (1981) criterion for the oxide solubility is satisfied, fluxing is expected. The

X

solubility of an oxide depends on the acidity or basicity of the melt and in some cases on py,
as well. In basic fluxing the solubility decreases with increasing p,, (decreasing activity of
0. In acidic fluxing the solubility increases with increasing Pyo, (decreasing activity of

0”™"). Rapp and Goto (1981) suggested that the electrochemical reduction reaction should
generally be expected to create a condition of local high basicity, because re\duction reactions
may generate oxide ions as reaction products.
(i) The Basic Fluxing Mode
Basic fluxing reactions occur because sulphur is removed from the Na,SO, and
consequently oxide scale. It is important to notice that the concentration of oxide ions
available for basic fluxing is limited by the amount of the deposit present upon the surface of
the superalloy. Hence, basic fluxing reactions are not self-sustaining, but require a continuous
source of Na;SO4 in order for this type of degradation to proceed indefinitely (Pettit and
Meier, 1984).
(ii) The Acidic Fluxing Mode
The acidic fluxing reactions involve the development of non protective reaction

products on superalloys as a result 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,SOy4 can arise due to an
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Fig. 2.12 (a) Schematic diagram for fluxing showing dissolution of metal oxide at the
oxide/salt interface (Shores, 1983) and (b) Precipitation of a porous MO oxide supported

by the solubility gradient in a fused salt film (Rapp and Zhang, 1994).
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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 nonprote‘ctive oxide scale
ensues due to rapid transport of certain ionic species 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;SO,4. 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).

2.8 Salt Chemistry

2.8.1 Sulphate Solution Chemistry
As described by Rapp (1986 and 2002) oxyanion melts of alkali nitrates, carbonates,
hydroxides and sulphates exhibit an acid base character. Whereby the acid components may
be considered as NOx(g), CO:(g), H,O(g) or SOs(g) respectively. Although the use of the
Flux-Fluid selection of NO3", CO3%, 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;SOyq, the equilibrium:
Na,SO, = Na,0 + SO,(g)

In examining the expected stability of the protective oxide Cr,03, they explained with
respect to dissolution either as acidic solutes such as Cr,(SO4); or as basic; solutes such as
Na;CrO4 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. 2.13. Under no conditions, the metal chromium remains
stable in contact with Na,SO, at 1200 K (927°C).

2.8.2 Vanadate Solution Chemistry N
Figure 2.14 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
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solutions on the melt basicity, defined as—loga,,,, 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 cpntinuously with
melt basicity. NazVO, is the dominant component in the melt at basicity less than 8.2 and

V,05 is dominant at basicity greater than 16.3. For basicities between 8.2 and 16.3, NaVOs; is

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

2.9 HOT CORROSION IN ENERGY GENERATION AND
COAL GASIFICATION SYSTEMS

Boilers and other steam power plant equipments are subjected to a wide variety of
failures involving one or more of several mechanisms. Overheating is the main cause of
failure in steam generators. A survey compiled by one laboratory over a period of 12 years,
encompassing 413 investigations, listed overheating as the cause in 201 failures or 48.7% of
those investigated. Fatigue and corrosion fatigue were listed as the next most common causes
of failure accounting for a total of 89 failures or 21.5%. Corrosion, stress corrosion and
hydrogen embrittlement caused a total of 68 failures or 16.5%. Defective or i;nproper material
has been cited as the cause of most of the remaining failures (13.3%). Although “defective
material” is often blamed for a failure but this survey indicates that statistically it is one of the

least likely cause of failure in power plant equipments (Metals Handbook, 1975).

Yuuzou Kawahara (2002) described the corrosion mechanisms and the effects of
alloying elements. The corrosion products were analyzed for Cr-Mo steel and alloy 625,

which were the typical materials practically used for the superheater of high efficiency plants.
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The test was conducted at 600°C for 200 h in practical boiler-simulating gas. The author
concluded that both T12 steel and alloy 625 form corrosion products having lamellar oxide
structures according to environmental change during operation and the existence of
comparatively soft chlorides, oxides, and sulphides. It is considered that oxychl orination is
the main reaction of corrosion, while, molten salt corrosion occurs at the initial stage of
reaction, especially in break-away posttion of protective film by the M-CI-O phase diagram

soft metallic elements.

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 corrosi(;n 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 extended non operation of
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.

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
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
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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 elevate'd 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 (10930C) 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, suiphur and carbon may cause
rapid material degradation and result in the premature failure of components (Danyluk and
Park, 1979, and Wang, 1988). .

If the temperature of the metal surface is above the melting point of the salt’s eutectic
composition, very corrosive conditions develop with the molten salts fluxing the protective
oxide scales or directly dissolving the metal. This corrosion mechanism is very often
encountered in waste incinerators, black liquor recovery boilers in the pulp and paper
industry, fluidised bed boilers burning fuels with higher chlorine contents’ andl also engine
exhaust systems when oils with higher amounts of vanadium are burnt (Heath et al, 1997).

Figure 2.15 shows the various examples of ash-deposition induced hot corrosion.
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Fig. 2.15 Schematic of hot corrosion mechanisms (Natesan, 1976).
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Fig. 2.16 Corrosion rate of Type 304 stainless steel in different mixtures of Na;SO4-V370s
(Natesan, 1976).
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Vanadium pentoxide alone or in nﬁixture with sodium sulphate in ash can also cause
hot corrosion. Fuels that contain only 50 ppm vanadium have been found to cause severe
attack on stainless steels. Figure 2.16 shows the corrosion rate of Type 304 stainless steel in
different V,05-Na;SO4 mixtures at temperatures between 790 .and 900 °C. At temperatures
below the melting point of ash, the rate of attack of stainless steel is low" and foliows the
normal oxidation rate. All stainless steels and other common engineering alloys are severely
attacked by fuel ash that contains vanadium with or without sulphates (Natesan, 1976). The
most. common deposit found on boiler super-heaters is the sodium vanadyl vanadate,
Na;0.V,04.5V;0s, which melts at a relatively low temperature, 550°C. Above the melting

point, this ash material corrodes metals by ‘long term contact (Barbooti et al, 1988).

2.9.1 Characterization of Gasification Environments }
When considering coal-gasification processes, hot corrosion is expected to be a problem
because the gas environment generally has large sulphur activities and low. oxygen activities
and also contains substantial amounts of saits. However, the plaus-ibire mechanisms of hot
corrosion are fairly well established and any one or more of these mechanisms may be
operative in the degradatiqn of a given alloy. At present, methods to minimise the extent of
hot corrosion have been identified, however considerable research effort is needed for a
quantitative evaluation of these methods under conditions of interest in the \coal-gasiﬁcation
processes (Natesan, 1976).

The characterisation of complex industrial atmospheres, both with respect to composition and
oxidation, carburisation and sulphidation potentials is important in the design and operation of
. laboratory tests for materja[s evaluation (Kane, 1980). The gas envirom;nents that result
from the reaction of coal with steam and oxygen or air are mixtures that include CO, CO,,
CH4, H>, H;S, H>O, NH; and N,. Iﬁ coal gasification atmospheres that involve species such as

oxygen, sulphur and carbon, it has been well established that the reliable performance of

various components is strongly dependent on the sulphur contents of the gas phase, duration

x
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and temperature of exposure (Natesan, 1985). Table 2.4 enlists the characterisations similar to

those prevailing in coal gasification systems.

2.9.2 Chemistry of Salts in Combustion of Coal/Fuel Oils

The sulphur present in coal and fuel oils yields SO; on combustion which is partially
oxidised to SO;. The NaCl (either as impurities in the fuel or in the air) reacts with SO3 and
water vapours at combustion temperatures to yield Na,SO4 as below:

2NaCl + SO, + H,0O = Na,SO, + 2HCI(g)
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Table 2.4 Characterisation of coal gasification atmosphere at 1255 K (9820C), (Kane, 1980).

Inlet ' 1 Atm QOutlet 68 Atm
Mole Mole Fraction Mole Fraction Partial Pressure,
Fraction Atm

H, 0.24 0.367 0.340 23.1
CO, 0.12 0.124 0.189 12.85
H,S 0.01 8.8x 107 1 9.16x 107 0.623
H,O 0.39 0.301 0.324 22.03
CH, 0.05 5.05x 10 1.61 x 107 1.09
CO 0.18 0.202 0.121 8.25
NH3 001 - - , - ~
SO, - 2.9x 107 6.5x 107 4.4x 107
COS ) 1.7x 10™ 1.8x 10 1.2x 102

H - 3.3x 10’ 3.8x10% 2.6x10°
CS, - 2.7x 10 2.8x10% 1.9x 10

S, - 2.51 x 10 4.69 x 107® 3.18 x 107
0, - 1.01x 1070 2.0x 10" 1.37x 105
log - -5.599 - 5.496
PS,

log § -14.994 - 14.863"
PO,

log - -24.032 -22.296
PC

Log PC for soot formation = - 21.585 at 1255 K.
At lower temperatures Na;SO; can further react with SOj; to form sodium
pyrosulphate, Na;S,0, with melting point (m. p.) of 401°C:
Na,SO, + SO, = Na,S,0,
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Small amounts of vanadium may be present in fuel oils, which on combustion forms
V,0s. This may further react with Na,SO4 to form low melting sodium vanadates, which are
highly corrosive.
xNa,SO, +V,0; = (Na,0) ,V,0; + xSO,
Thus metals and alloys in combustion gases are exposed to various corrosives such as
0., SO,/S03, molten salts, e.g. NapSO4 or sulphate mixtures, sodium vandates, NaCl etc

(Khanna and Jha, 1998).

2.10 BEHAVIOUR OF METALS AND ALLOYS IN\ VARIOUS
OXIDISING ENVIRONMENTS

2.10.1 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, s:mall, 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
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

A

initial oxide phases (Stott, 1998).

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
(Kuiry 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
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holding at 1423 K (1 150°C) 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.

Nickel base alloys have been tested at 1093°C in cyclic oxidation tests using a tube
furnace and burner rig by Levy et al (1989). The same ranking of the alloys was reported in
both tests with' the single-crystal superalloys having better oxidation resistance than the
directionally solidified alloy DS Mar M 200. They further reported that tube\furnace tests can
be used in place of burner-rig tests to rank alloys. All the alloys were reported to be severely
degraded when a liquid sulphate deposit was placed upon their surfaces at 900°C and 704°C
respectively. They proposed that coatings are required if the alloy is exposed to any type of
hot corrosion cdnditions at 704°C or higher temperature. .

Seal et al (1994) has studied the oxidatidn behaviour of three grades of austenitic
stainless steel (AISI-316, -321 and -304) in dry air with and without superficially applied
CeO,. The linear heating rate employed was 6 K min™ up to maximum temperature of 1423 K
(1150°C) and the isothermal holding temperature was 1273 K ( 1000°C). In the bare condition
321-grade steel was reported to exhibit best performance whereas in the presence of coatings
the performance of 316 and 321 grades was identical. Roy et al (1995) have also studied the
role of the similar type of doatings on AISI 347 and reported identical results.

Sadique et al (2000) have studied the oxidation behaviour of Fe-10Cr alloy, containing
aluminum in the range 2-8% by weight in pure oxygen at 1 atm under cycli<\: conditions. The
cyclic oxidation resistance was reported to be imprdved with increasing aluminum contents and
decreased with increase in temperature at a particular content of aluminum.

Further Hiramatsu and Stott (2000) feported that thin foils of Fe-20Cr-5A1 alloys are
susceptible to breakaway oxidation once the aluminum content of the substrate falls below
some critical value. It reportedly led to the formation of iron-rich oxidesthat engulfs the

specimen. According to them the combined addition of 0.1 wt% lanthanum and 0.1 or 2 wt%

molybdenum has a beneficial effect on the high-temperature oxidation of such foils.
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The effect of long duration exposure of laser surface engineered composite boride
coating on plain carbon steel in air at high temperature has been investigated by Agarwal et al
(2000). Exposures at 600, 800 and 1000°C for 10, 30 and 50 hours of composite-TiB; coated
samples were conducted to study oxide scale grdwth and morphology. They have used
thermogravimetric techniéue to study the kinetics of oxidation at elevated temperature.
Oxidation rate for all the samples was observed to be parabolic in nature and ‘oxidation kinetic
rate constant was reported to increase with increasing temperature of exposure.

The effect of Ti addition on the cyclic oxidation behaviour of aluminide coatings on
the Co-base superalloy has been studied by Liu et al (2001) at 1000°C. Ti addition reported to
promote the cracking and spalling of the oxide scale and accelerate the degradation of the
CoAl phase of the coating. Mechanical properties and oxidation resistance of TiAl based
alloys has further been studied by Wu and Hwang (2002) with Y-modifications. The alloys
with Y addition were reported to have higher ultimate tensile strength, elongation and
oxidation resistance than the Y-free alloy. They further reported that in an oxidation test in air
at 800°C, the Y-containing alloys showed a significantly low weight gain as compared with
the Y-free alloys. |

Haugsrud (2003) has reported the oxidation properties of nickel. According to him
nickel above 1100°C behaves according to a parabolic rate law and the oxidation rate is
governed by the outward lattice diffusion of Ni via either singly or doubly charged Ni
vacancies. The dominating outward growth was observed by them and with decrease in

temperature the oxidation mechanism of Ni was found to be more complex.

2.10.2 Pure Na»SO,

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 conditibns and several kinds of mechanisms have been
proposed by him. The Na;S04-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
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present form of accelerated corrosion. Moreover Fe;O3; can dissolve into the eutectic melt

according to the reaction:
Fe,0, + O* <> 2FeQ;
According to him the reduction of sulphate ions occurs at the scale/melt interface a
negative gradient of concentration of O* and thereby of 2FeQ; could established across the

melt. Further fluxing of Fe;Os; 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,SO,4 induced hot corrqsion for nickel base superalloys has been
reported by Goebel et al (1973) in temperature range 650-10000_C and by Mi\sra (1986) in the
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,SO4 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 6f oxides of these elements with Na,SO, 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 corfosion of superalloys has been further‘reported by
Peters et at (1976), Pettit and Meier (1984), and Fryburg et al (1984). They observed the alloy
containing Mo suffers catastrophic oxidation. It hés been reported that MoO, react with
Na,SO4 to produce an acid (SO;-rich) salt, leading to acidic fluxing. The Mod_o, gets
incorporated into the Na;SO, via the formation of compounds such as Na;MoO,,
NasMo004.MoO3 and Na,MoQ4.2Mo0Q,. All these phases are liquid and reported to have high
solubility for Al,O; and Cr;03. .

The high temperature oxidation behaviour of Nimonic alloys (75, 80A, 90 and 105)
has been investigated in presence of varying amounts of Na;SOy in air environment by Malik

and Ahmad (1983). The effect of Cr,(SO4)3, NiSO4 or CoSO4 additions in presence or absence

of Na,SO4 has also been investigated. Upto 800°C, the lower oxidation rates for Na,SOy

Ay
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coated alloys have been attributed to a scale morphology consisting of inner scales of Cr,0;
acting as a protective oxide film and external scales of NiO.

The kinetics of -corrosion and the morphology of the scales formed on pure iron,
ménganese and chromium with Na;SO4 deposits have been studied in the temperature range
of 600-800°C under 1 atmosphere of a gas mixture containing O, (3.6%), SO, (0.25%) and N,
(balance) by Nanni et al (1987). At all the temperatures salt coated iron has been observed to
exhibit accelerated attack whereas the corrosion rate of chromium was : not appreciably
affected by the deposited salt. They have further suggested that the enhanced corrosion
phenomena is due to low melting liquid sulphate formation.

The interactions of some metal oxides such as Co304, NiO, Al,Os, Cr;Os, Fe,O3 and
SiO, etc. with Na;SO4 have been studied by Malik and Mobin (1987) in the temperature range
900-1200 K (627-927°C) and Mobin et al (1996) at temperatures 1100 al;ld 1200 K (827-
927°C). According to them the high temperature reaction products usually contain 3-phase
structure namely, Na,O-MO-M,03; and metal sulphide and or metal sulphate. The formation
of Na,O-M,0O was further reported to be dependent upon the solid state solubility of metal
oxide in the molten salt at high temperature and under limited solubility conditions Na;O-M,O
was invariably formed, but as soon as conditions got relaxed the oxide M,Oj; precipitated and was
observed to form a separate phase.

Further the phenomena and mechanism of sub-melting point hot corrosion (Type Il hot

corrosion) of nickel and cobalt base alloys including M-Cr-Al-Y coatihgs caused by Na,SOy
deposit has been rev.iewe'd by Shih et al (1989). Where the mechanism of low temperature hot
corrosion of iron, AISI 304 stainless steel and Fe-Cr alloys under K;SO4-Na;SOy deposit has been
described as the dissolution of iron at the oxide-melt interface and reprecipitation of Fe,O; as
porous particles at the melt-gas interface. Further they have described the catastrophic hot
corrosion of B-1900 alloy under Na,;SO4 deposit at 750 and 827_0C where it hgs been proposed
that MoOs plays a role in the reduction reaction probably as Mo,O->".

The high temperature corrosion behaviour of alloy 800H has been studied by Xu et al

(1994) in an oxidising and a reducing sulphidising environment at 750°C and 850°C respectively.
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When corroded in SO,-O,, the protective chromia scale which developed on the\ alloy in the early
stages was found to crack and spall in quite a short time period. According to them this has further
led to the growth of iron and nickel sulphides beneath the chromia layer thereby causing more
chromia spailation.

Shi (1995) has studied the possibility of Na;SO4-NayO eutectic melt being formed on
metals deposited with Na,SOj in oxygen and air at temperature of 750°C. In case of Ni, Co, Al,
Cr and their alloys they could not detected formation of Na,S04-Na,O. In case of iron base alloy
with high Cr or Al content where Cr,O3 or Al;Os again Na,SO,4-Na,O eutectic was not observed
but at lower Cr or Al cbntent this eutectic melt was found and it might be resulting accelerated
rate of corrosion. | B

High temperature corrosion. of Inconel-600 tube used as a furnace accessory has been
reported by Krishna aﬁd Sidhu (2001). The corrosion of the tube was analysed to be due to severe

oxidising and sulphidising atmospheres generated by inter-diffusion of base metal constituents

and sulphur through the microchannels.

2.10.3 Vanadium Pentoxide (V205s)

Pantony and Vasu (1968) reported that under sufficient quantities of molten vanadium to
cover the specimens, metals such as iron, cobalt, titanium, molybdenum, tungsten and vanadium
show a corrosion rate which is linear with respect to time. Nickel which was considered to be
more resistant was observed to obey approximate logarithmic rate law while chromium was
found to be the most resistant to corrosion. In these two cases a coherent corrosion layer,
which was a protective barrier has been observed by them. In all cases corrosion rates very
inversely with the depth of melt. The inward diffusion of oxygen and outward diffusion of
corrosion products has also been observed. According to them attempts to prevent vanadic
corrosion of the pure metals either electrochemically or by means of additives are largely
unsuccessful owing to the transition semiconductance of molten vanadium pentoxide.

Suito and Gaskell (1971) studied the thermodynamic of melts in the system VO,-V,05

and suggested that the nonstoichiometric liquid oxide may act as a corrosive medium.
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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 yzos. The rate of
corrosion of Armco iron by liquid V,Os 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.

A 50Cr-50Ni alloy has been corroded in pure V,0s and sodium wanadates in the
temperature range 750-950°C in a rotating disk apparatus by Dooley and Wilson (1975). In
pure V,0s at 810°C, a Cr,0; scale has been observed on the alloy which subsequently got
dissolved slowly into the liquid melt and was thus proposed as a barrier layer by them.

The association of the high temperature corrosion of superalloys with contaminants
has been reported by Hancock (1987). He proposed that to compare contaminant conditions
the contaminant flux rate (CFR) rather than the contaminant level in the fuel or environment
should be considered. He further suggested that at temperatures above 700°C where vanadates
cause fluxing of the protective oxide scales, corrosion could be determined by the CFR and
temperature rather than by material selection. .

Iyer et al (1987) have carried out investigations on the high temperature corrosion of a
nickel base superalloy by vanadium at 700°C. They reported that vanadium, present as
vanadium pentoxide attacked the alloy severely at this temperature of investigation. Their
study of ternary oxide system and spot tests showed that two low melting eutectics, namely,
NiO-V,05-Cr,03 melting at 550°C and V205-C1‘203-F€203 melting at 48005C, were formed.
The formation of these liquid eutectics and the presence of corrosive V,0s were reported to
have caused severe damage to the supefalloy.

Swaminathan et al (1993) studied the hot corrosion attack of different amounts of
V205 on nickel based superalloy namely Nimonic 80A, Hastealloy C-276 and Superni 600 for
a period of 100 hours at 923, 973 and 1023 K ¢650, 700 and 750°C) in air. P\arabolic rate law

86



was applicable for two different ranges of temperatures at 973 and 1023 K (700 and 750°C)

and the protection was ascribed to the formation of a solid Ni3V,0Os layer.

2.10.4 Molten Salt (Na,SO4-V,0s) Environment

Vanadium and sodium are common imptirities in low-grade petroleum 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'equili_bri‘um concentrations of NazVOy, NaVO3; and V,0s5
in a mixed sodium sulphate-vanadate solutioh éontaining 30 mol % vanadate as a function of
melt basicity have been reported by Hwang and Rabp (1989). They suggested that vanadate
ions greatly increase the acidic solubility of all metal oxides compared to that in pure Na;SOs.

The kinetics of the reactions between Na;SO4 (X) and V,05 (Y) haé‘ 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 (NaV3Og):.Na;SO4 and (NaVOs3);.Na,SO4 which get
decomposed at higher temperatures giving the meta- and pyro-Vanadates respectively.

The effect of vanadium and sodium on the accelerated oxidation of nickel ‘base
alloys has been reported by Bornstein et al (1975). They observed the initial rapid rate of
oxidation between V,0s and metal substrate which is attributed to the reduction of V,05 by

the substrate. Intermetallic systems Ni3Al and NiAl were particularly found to be

susceptible to V,0Os corrosion. According to them the sulphidation -attack alters the
composition of the melt to produce more oxide ions i.e. M +SO; =MS+0" +3/20,.

Severity of attack is found to decrease with increase in the initial oxide ion content of the

A3

melt. Oxides such as Cr,O3; have been suggested to react preferentially with oxide ions.
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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 fdund that the corrosion caused by sodium sulphate/sodium vanadate
mixtures have a complex mechanism. Samples coated with sodium vanadate were exposed
to Oz + 4% SO, and the initial reaction was observed to be same as that observed in pure
oxygen. After an incubation period the duration was found to decrease with increasing
temperature and sufficient SO3 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,SO,
solution containing small amounts of vanadate was formed as an intermediate layer the
reaction reportedly proceeded as sulphate-induced hot corrosion. The corro\sion 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.

According to Otero et al (1987) Na,;S04-60%V,05 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, containing certain
amounts of impurities, i.e. Na, V, S etc. The presence of sulphur and its oxidised
compounds 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 protectvor character of scale. The presence of vanadium and its oxidised products was
observed to generate 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 equilibrium diagram for varying composition of Na;SQy is
shown in Fig. 2.17 and the mixture of Na;S04-60%V,05 is seen to be the\: lowest eutectic
temperature.

In this aggressive environment (Na;S04-60%V,0s) the hot corrosion behaviour of
Superalloy IN-657 at 1000 K (727°C) has been investigated by Otero et al (1990 and 1992).
They reported that corrosion rate of the alloy in contact with molten salt mixtures has been

approximately reduced by one order of magnitude over exposure times of 210 hrs when the
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amount of molten salt is kept constant. During the initial stages of the exposures the
corrosion rate was found to be increased with increasing the temperature up to 1000 K
(7270C) and further reported to have decreased at higher temperature. After 100 hours of
exposure the influence of temperature was insignificant.

Tiwari and Prakash (1996 and 1997) and Tiwari (1997) have also reported studies on
superalloys in temperature range 700-900°C in pure NaSOy4, NaxSO4-15%V,05 and Na,SO;y-
60%V,0s. They observed accelerated corrosion rates for Na;S0O4-60%V,0s composition i.e.
eutectic with melting point of 500°C. |

Oxidation and hot corrosion in suphate, chléride 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% NaxSO4, 75% Na>SO4 +
25% NaCl and 60% Na»SO4 + 30% NaVO3; + 10% NaCl. The presence of sulphur in the form
of sulphates has been réported 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 inteérity of the alloy
and weakens its mechanical properties.

Almeraya et al (1998) carried out electrochemical studies of hot corrosion of steel
AISI-SA-213-TP-347H in 80 wt% V205 + 20 wt% Na,SO, at 540°C-680°C and reported
the corrosion rate values of around 0.58-7.14 mm/year. They further observed an increase in
corrosion rate with time. However they also observed that corrosion potential decreases
with increase in temperature from 540 to 680°C.

Lee and Lin (1999) studied the oxidation, mixed oxidation-sulphidation and hot
corrosion of ductile iron aluminide Fe;Al with Cr addition at temperatures 605-800°C. They
observed that hot corrosion of iron aluminide was significantly more severe than oxidation

and mixed-oxidation-sulphidation which according to them can be attributed to the formation
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of aluminide sulphide at the interface of the metal-salt as a result of high sulphur potential in

the molten salt at the oxide-metal interface.

2.10.5 Molten Salt Environment (40 wt% K>SO4, 60 wt% NaCl.)

Sodium and potassium impurities presented in the form of chloride or sulfates are very
corrosive constituents under certain combustion conditions such as waste incinerators and
biomass-fired boilers [H.J. Grabke et al (1995)]. The influence of individual KCIl, NaCl and
their mixtures with heavy metal chlorides or sulfates on the corrosion behaviour of a series of
alloy systems‘has been studied in detail by Y.S. Li et al (2005). Also the author reported that
generally realized that Cr is not an effective element for corrosion resistance improvement of
Fe-base and Ni-based alloys due to chloride salt attack. Also he presented the degradation
behaviour of various Fe—Cr, Fe—Al and NiAl alloys beneath a NaCl-KCI melt coating in air at
670 oC. The author concluded that the different corrosion performances of the Al and Cr
modified alloys primarily result from the high reactivities of Cr and Cr203 with the alkali
chloride whereas Al,Os is relatively inert. S. Akila et al (1993) investigated the melting point
of the K;S0O4-NaCl system. Fig 2.18 shows the phase diagram for the above said system.

From the extensive literature survey, the high temperature corrosion of steels by chlorine and
chlorides plays a detrimental role in power plants where municipal waste or coal containing
chlorides are used as a fuel. In the incineration atmospheres of such plants,\rapid wastage is
observed in the heat exchanger tubes which are~generally made of low alloy steels. The tubes
are covered with thick layers of deposits, formed by deposition of fly ash on the oxide scale of
the steel surface. In failure cases a layer of the condensed chloride FeCl, has been observed at
the metal/oxide interface and the oxide layer above the chloride precipitates was very porous
and loose, i.e. it could not serve as a protective layer. The effects of HCI and chlorides on the
high temperature oxidation of iron and steels have been previously studied. The most striking
effect in these studies is the rapid response of the corrosion phenomena on the introduction of
the chlorine containing contamination into the environment. As soon as sodium chloride is
introduced, as a vapour into the oxidizing atmosphere or as a grain on to the oxide scale of
steel, the oxidation is strongly accelerated. A vibrational technique indicated that the main

effect is considerable damage to the oxide scale. In a hot stage microscope blistering and
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cracking of the oxide scale was observed upon depositing sodium chloride on the sample [J.

Grabke (1991)].

Thermogravimetric studies have been conducted by H. J. Grabke et al (1995) on the
oxidation of low alloy steel at 500 C and high alloy steels at 600 and 700 C under NaCl or fly
ash. The author reported that the role of chlorine with accelerated oxidation. The presence of
HCI in the atmosphere causes a sulfation of chlorides and the generation of chlorine. The
presenbe of HCI in the atmosphere causes a transformation of sulfates in the deposits into
chlorides, which induce enhanced active oxidation. The author concluded that the formation
of (;hlorine at the scale. surface, penetration of chlorine (or CI") into the scale to the
oxide/metal interface, the formation of chlorides of the alloy components mostly FeCl, which
contiﬁuously.evaporafes and is oxidized to Fe3zO4 and Fe>O3 during its diffusion to the scale
surface, fofrriing a nbn-protective scale. The chlorine returns partially to the scale/metal
interface. A reaction circuit exists in which chlorine acts as a catalyst, accelerating the
oxidation. After thé start, the rate of the  active oxidation is controlled’.\ by the outward
diffu‘sion. of FeOQ(g) through the open ways in the scale to the surface, i.e. it depends on the
open space, on the diffusivity of ‘FeClz(g) and vapour pressure of the FeCl,(s) and is inversely
pr0portional to the thickness of the oxide scale. In the temperature range around 500°C the
sulfates are harmless compared to the chlorides. At somewhat higher temperatures chromia
forming steels are applied. But from the reaction of Cr,O; (or FeCr,O4) with chlorides
chlorine is generated, penétrating into the oxide scales and causing active oxidation. Different
steels were investigated, and the inverse dependence on the oxide scale thickness was
confirmed. Steel forming a relatively thin scale was found to be very susceptible to active

oxidation.

M.C. Mayoral et al (2006) Studied the sulphidation and chlorination on oxidized
SS310 and plasma-sprayed Ni—Cr coatings as simulation of hot corrosion exposed under
pyrite, potassium sulphate and potassium chloride attack in inert atmosphere at 900 °C, as
simulation of fouling and slagging in co-firing coal with biomass. The author reported that
Ni—Cr coatings have been proved to be more resistant to sulphidation attack than the chromia

layer generated by preoxidation over austenitic .SS310 steel. ~ Sulphur from molten iron
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sulphide is able to penetrate through the coatings forming chromium sulphides, but
sulphidation is prevented in the steel matrix underneath the coatings. The resistance of these
materials against chlorination was dependent on the chromia outer layer; pfeoxidised SS310

was deeply corroded by the KCl salt, with the formation of voids and scale spallation.

Bani P et al (2004) reported that the role of chlorides in hot corrosion of a cast Fe—
Cr—Ni alloy exﬁosed under (K,Na) sulfate or (K, Na) sulfate +chloride at different
temperature (500 to 900 °C). the author reported that corrosion rate is significant above 600
°C and increases up to 900 °C. When thermal cycling is superimposed on hot corrosion,
spallation of the oxide scale upon cooling causes additional damage,and the spallation was
found to be more extensive in the presence of alkali chlorides. Also the author concluded that
The presence of alkali chlorides in the deposit causes much more aggressive hot corrosion
attack than a salt deposit containing only alkali sulfates, and the mechanism of attack changes.
Active oxidation, involving transport of metal chlorides in the liquid salt phase, destroys the
normally protective Cr,Os scale, if one is pre-formed, and prevents the re-establishment of a

protective scale.

2.10.6 Molten Salt Environment (40 wt% K;SOy4, 40 wt% NaxSO4, 10 V\it% KCl, and 10
Wt% NaCl.)

Corrosion, fouling and slagging of superheaters are serious problems in boilers utilizing
fuels with high alkali and chlorine content. Combustion of biomass [K. Salmenoja (2000),
H.P. Nielsen et al (2000)], waste [H.J. Grabke et al (1995)], black liquor [HN. Tran et al
(1988)], and high—chlorine coals [J.E. Oakey et al (1991), P.L. Daniel et al (1989)] are
reported to cause severe materials wastage in super heaters. High temperature corrosion of
superheaters caused by chlorine-containing flue gases in combustors is usually accelerated
oxidation or sulfidation. High temperature corrosion of various coatings and boiler steels in
oxidizing and reducing chlorine-containing atmospheres without deposits were reported by M.A.
Uusitalo et al (2002).. It was concluded that the corrosion resistance of bulk materials relied on
properties of the oxide and sulfide scales formed at test conditions, whereas in case of coatings
the coating structure and the coating composition determined the shielding capability of the

coating.
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Tetsuo Ishitsuka et al (2002) investigated the solubility measurements of Cr,03, NiO,
C0304, Fe304 and SiO; in molten NaCl-KC1 and NaCl-KCl1-Na>S04-K,580, were conducted
in roughly and widely varied basicity in order to elucidate the corrosion mechanism of boiler
tubes in a waste incineration environment and to develop a highly corrosion resistant boiler
tube. And the author concluded that the dissolution behavior of oxides in molten chlorides has
almost the same tendency as that in molten Na,SO,. In a waste incineration environment, a
protective Cr,03 filme asily dissolves in the molten chlorides as CrO?*, because pOz' of the
molten chlorides in the deposit tends to have a small value due to the effect of water vapor
contained in the ombustion gas. Molybdenum and silicon were effective for improVing the
cdrrosion resistance of 25% Cr-25% Ni. The effect pf silicon is smaller than that of
molybdenum. Scale analysis suggests that the relatively small effect of silicon is due to
discontinuity of the silica layer, but the effects of molybdenum cannot be explained com-

pletely by only an increase of pO¥ in th‘e molten chloride by the basic dissolution of MoOs.

Corrosion of superheaters is even more severe below chloride-dontairiing ash deposits than in
- chlorine-containing atmospheré without ‘deposits [K; Salmenoja (2000), H.P. Nielsen et al
(2000), H.J. Grabke et al (1995)]. Gaséous HCl is less corrosive than alkali chlorides condensed
on supefheatérs. It is claimed that even high partial pressuré of HCl in flue gases (1000 vppm) does
nof cause severe gas phasé corrosion attack [Nielsen et al (2000)]. :

Chlorine-contaihing ash deposits accelerate corrosion by several mechanisms. Firstly,
chlorides léwéf the first melting temperature (FMT) of the deposits, and molten deposits may
flux thei protecﬁve oxide 1ayer. It is reported. that cérrosion rate increases Signiﬁcantly, if:the
deposit temperature is above the FMT [K. Salmenoja et al (2000), N. Hiramatsu et al (1989),
M.J. McNallan et al (1981), H.J. Grabke et al (1998), O.H. Larsen et al (1996), J. Klower et al
(1995), Y. Kawahara (1997)]. Chemical reactions are generally faster in liquid phase than as
solid-solid reactions. The liquid phase also provides an electrolyte for ionic transport or
electrochemical attack. | |

Secondly, the partial pressurev of chlorine may be significant below the chloride-containing
deposits, even below the FMT, and chlorine is able to attack the metal surface, with mechanism
similar to gas phase corrosion. The origin of gaseous chlorine is attributed to sulfation of alkali

chlorides in deposits by SO, in flue gases [K. Salmenoja (2000), H.J. Grabke (1998), O.H.
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Larsen et al (1996), K. Salmenoja et al (1996)], and to reactions between solid chlorides and the
oxide scale [H.J. Grabke .( 1998)], but also presence of solid NaCl or KCI in deposits creates an
atmosphere rich in gaseous chlorine-containing species. The partial pressures of gaseous KCl and
NaCl in equilibrium with solid chlorides are in the range of 10 7 bar at 550 °C. Chlorine is
released by sulfation of chloride-containing deposits according to the reaction [H.J. Grabke

(1995)].

2(K,Na)Cl + SO, + O, = (k, Na), SO, +Cl,

Or from reactions of condensed chlorides with oxide scale

2NaCl + Fe, O, -I—%O2 = Na, Fe,O, + I,
4NaCl + Cr,O; + %Oz =2Na,CrO, +2Cl,

The phase stability diagram of the (Fe, Cr, Ni)-O-Cl system at 550 °C is presented in Fig. 2.19
According to Grabke et él (1995)] the partial pressure of Cl; below chloride-containing deposits
is in the range of 10 '°-10"" bar. In oxidizing combustion atmospheres metal oxides are stable, even
if gaseous chlorine is present. However, the partial pressure of oxygen below the oxide layer is
low, corresponding to the partial pressufe needed for oxide formation. According to
thermodynamics, metal chlorides can be formed in low oxygen environment at the oxide/metal
interface, if chlorine can penetrate through the oxide layer. Penetration of chlorine through the
oxide layer has been reported in numerous publications. The presence of chlorine at the
metal/oxide interface has been detected frequently, but the route of chlorine through the oxide is
not clear [K. Salmenoja (2000), H.J. Grabke (1995)].

When chlorine has reached the metal surface, it reacts with metals forming metal chlorides.
Gibbs free energies for metal chloride formation are strongly negative, which means that metal
chlorides can form. The partial pressures of gaseous metal chlorides at 550 °C are signiﬁcént and
continuous evaporation of metal chlorides takes place in an open system. Gibbs free energies for
metal chloride formation and partial pressures of metal chlorides at 550 °C for Fe, Cr and Ni

calculated with HSC Chemistry [A. Roine (1999)] are presented in Table 2.5
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High temperature corrosion tests were performed by M.A. Uusitalo et al (2004) on
low-alloyferritic steel and austenitic stainless steel, five high velocity oxy -fuel (HVOF)
coatings, a laser cladding, and a diffusion chromized steel. Test conditions simulated
superheater conditions of biofuel- fired boiler. The samples were exposed.to synthetic salt
containing 40 wt% K>SO4, 40 wt% NaySO4, 10 wt% KCIl, and 10 wt% NaCl at 550 °C for
100 hours. The author‘found that active oxidation caused accelerated corrosion in oxidizing
conditions. In reducing conditions metal chlorides formed and evaporated into the
atmosphere, and a layer depleted in chlorine was formed adjacent to the metal surface,
retarding the corrosion rate. Also the researchers reported that the t’:orrosion resistance of

nickel-based, high chromium coating materials was satisfactory in test conditions.

Hot corrosion of an electrodeposited Ni-11 wt % ICr, Nanocomposite under Molten
Na2SO4~KZSO4—NaC1 in air at 700 °C studies by C. Zhang et al (2005) showed that rapid
formation of a continuous chromia-rich scale is essential for hot corrosion protection. The
author reported that‘ the protection mechanism lies in the fast formation of a continuous
chromia scale on the nanocomposite, due to the easy nuc'leationxof chromia on both chromium
nanoparticles .and'abundant nickel grain boundaries, and then fast linking of the nuclei as a
resﬁlt' of enhanced diffuéion of Cr through those grain boundaries. Also the author compared
the hot corrosion of the nanocomposite and the arc-melted Ni-~10Cr and Ni-20Cr alloys in air
at 700°C ;mder moiten Na;S04—K,S04—NaCl demonstrated that the hot corrosion resistance
of the three materials, ﬁ'om worst to best, is in the order of Ni~10Cr <Ni-20Cr <Ni~11Cr

nanocomposite.

The existence - of volatile metal chlorides, such as CrCl, (g), was predicted from
thermodyhamic calculations based on single chemical reactions. Such species were postulated
to enhance the transport of metal through the corrosion product layer [H.J. Grabke (1991)].
Calculations of multi-component 'thermochemical equilibria in systems involving (initially)
metal/sal‘t/gas-as a function of local oxygen act.iv'ity can help identify the important hot
éorrosion reactions Dévid A et al (2004). Such calculations for four pure salts (KCl, NaCl,
Na;S04, and K;S04) and a mixture of these salts in contact with an Fe—ZO%Qr alloy at 800 °C

are presented by author. The results predict that the compositions of gas, oxide, (sulfide, when
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sulfate was input) and salt phases depend strongly upon the salt chosen and upon the local

oxygen activity.

Also the author support faster hot corrosion rates in an alkali chloride + sulfate salt
compared to that in alkali sulfate alone. First, alkali chlorides, unlike su\lfates, support a
continuous salt pathway from ambient to the metal/scale interface, allowing oxidant to be
efficiently transported to oxidize metal. Secondly, under oxidizihg conditions alkali chlorides
have a higher solubility of dissolved Fe- and Cr-containing species than that in alkali sulfates.
Both of these factors support higher transport rates, which according to the fluxing theory of

hot corrosion will lead to faster corrosion.

The presence of both salt species increases chemical complexity and makes it
imperative to consider the problem of competitive reactions. For example, in the presence of a
limited quantity of salt, containing both alkali sulfate and alkali chloride, how will Cr
partition among several possible phases and species, such as Cr (in metal),.Cr,O3 (s), CrCls
(g), CrCl; (g), CrS(s) and Na,CrO4 (dissolved)? This and related questions can be addressed
by calculating the multicomponenf equilibrium for a model system that simulates the local
metal—salt-corrosion product environment. To help clarify reactions in the complex salt
mixture, we have also calculated equilibria in single salts (KCl, NaCl, Na;SO,, and K,SO,)
under comparable conditions of temperature, pressure and alloy composition. The author
concluded that chloride+ sulfate salts were much more aggressive than sulfate salts, two
factors have emerged from the equilibrium calculations. First, the presence of chlorides has
allowed a salt phase to exist at the metal/ scale interface. Importantly, this also means that a
continuous salt phase pathway exists to deliver oxidant directly to the metallic phase, and in
parallel, to move dissolved metal species away from the reaction site. Secondly, the
equilibrium calculations show that chloride salts and even the chloride+\ sulfate mixture
supported a higher concentration of dissolved Cr and Fe than sulfate only salts. Since high
temperature corrosion rates typically are expected to be controlled by transport according to

the fluxing model [K.N. Lee et al (1990)], both of these factors argue for a faster corrosion

rate in chlorides.
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Fig 2.19 Superimposed stability diagram of the (Fe, Cr, Ni)-O-ClI
system at 550 C. calculated with HSC Chemistry [A. Roine (1999)]
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Table 2.5 Formation reactions, Gibbs free energy changes and partial pressure for metal
chlorides at 550 °C

Reaction °C (kJ/mol) Partial pressure of MCl; at 550 ° C (bar)
Fe + Cly= FeCl, -238 2.1x10°%

Cr+ Cly= CrCl, -292 20x107

Ni + Cly= NiCl, -181 1.3x10°°

The evaporated chlorides diffuse outward through cracks and pores in the scale. On their way
outwards, the regions of higher oxygen pressure are reached, where the chlorides are oxidized.
The oxides formed in this process are porous and non-protective. If oxidation of gaseous metal
chlorides takes place in the vicinity of the metal surface, part of the chlorine released in
oxidation process will diffuse back to metal/oxide interface and the oxidation process will
proceed. The process of chlorine-activated corrosion is called active oxidation, because no
passivation of metal surface occurs. More detailed description of the active oxidation process and
associated thermodynamics are presented in article by Zahs et al (2000)].

The atmosphere in contact with deposits affects the corrosion reactions, because the
composition of the atmosphere determines the composition of the deposits. In laboratory
experiments the formation of volatile metal chlorides may cause depletion of chlorine in deposits.
HCl in atmosphere accelerates corrosion below the deposits [H.J. Grabke (1995)], presumably
by stabilizing chlorine-containing species.

Material temperatures in superheaters are set as high as possible, because the steam
temperature and pressure determine the maximum efficiency of the boiler. High corrosion rates
are experienced in boilers combusting high-chlorine fuels with high material temperatures.
Corrosion rates can be reduced by lowering the material temperatures or by applying highly
alloyed materials. Low-alloy steels suffer from severe corrosion in chlorine-containing
environments, because partial pressure of iron chloride is high at elevated temperatures. Nickel-
Based alloys are more resistant than steels because partial pressure of nickel chloride is
significantly lower than partial pressure of iron chlorides, and the Gibbs free energy change of
NiCl, formation is less negative than that of FeCl, formation [Zahs et al (2006)]. Alloying with
chromium [Zahs et al (2000), K. Salmenoja et al (1999)] and silicon are reported to increase
corrosion resistance of steels and nickel-based alloys [N. Hiramatsu et al (1989), J. Klower et al

(1995), A. Zahs et al (2000), E.P. Latham et al (1989)]. Materials with satisfactory corrosion
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resistance in chlorine-containing high temperature environments are highly alloyed [K.
Salmenoja (2000)]. Low-alloy ferritic tube coated with a thin layer of corrosion resistant
material is an interesting option because of difficulties associated with mechanical properties,

workability and high material price of highly alloyed materials [E.P. Latham (1989)].

2.10.7 Hot corrosion by NaCl/Na,SO,4 mixtures

The mixtures with compositions of 50 wt % Na;SO4 + 50 wt % NaCl were partially melted at
500-550 °C, indicating that Na;SO4 acidic- and basic-fluxing mechanism which would induce
accelerated oxidation of weldment possibly takes place. Figure 2.20 shown the phase diagram

for Na,SO4 and NaCI system.

The presence of NaCl in the mixtures of NaCl/Na,SO, could initiate attack in high chromium
content in the interface which is diffuse from austenitic stainless steel to low alloy steel as

reported by Johnson et al (1975).

In a molten salt environment, sulfur was incorporated into scale and proceeds to a sulfide
formation in the alloy substrate. Therefore, as the formation of protective oxide scale was
inhibited by the presence of NaCl, chlorides and sulfides tend to form in the alloy substrate as

indicated leading to the propagation of hot corrosion as suggested by Charng-Cheng Tsaura et

al (2005).

Various stainless steels were examined N. Hiramatsu et al (1989) to investigate the effects of
alloying elements on NaCl induced hot corrosion properties at temperatures below its melting
point. The corrosion rate increases with increasing testing temperature from 450 °C to 750 °C.
The author concluded that the weight loss by corrosion increases almost rectilinearly with
increasing number of cycles. Weight loss increases as the test temperature inl:reases. At 450
°C corrosion is so slight that the corrosion morphology cannot be clarified. At 650 °C,
however, corrosion proceeds rapidly and all materials exhibit intergranular corrosion. The

outermost layer was very rough because of the removal of grains at the surface layer by
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corrosmn ~Fe,03 and - Spmel ox1des were - detected in. the corrosion products. Austenitic
- stainless.. steels exhibit better-hot corrosion resistance than ferritic stainless steels. Silicon
improves the -hot corrosion resistance of austenitic stainless steel, and nickel is also effective.
Cortfosion is increased when Cr,0j3 reacts with NaCl to form Na,CrOy instead of a protective
scale Also the ﬁndlngs of Cl, or HCI which are formed by that reaction accelerate the
corrosion. |

Aircraft engines and the boilers at off-shore industrial rigs undergo hot corrosion when
the sodium chloride from the ocean breeze mixes with Na2804._from the fuel and deposits on
hot-section components. This leads to accelerated attack on the alloy substrate. The hot
corrosion often i increases the corrosion loss of heat resisting alloys by over hundred times [Y.
Sh1nata et al ( 1987)]

Studies of hot corrosion induced by mixtures of NaCl/Na2804 have generally focused
on Ni- and Co-base super alloys and Ni—Cr alloys used in turbine englnes or gas turbines
[G.Y. Lai (1990), D.M. Johnson et al (1975)] The addition of 10 wt. % NaCl in NaySO4
coatings can easily cause the degradation of protective Cr,O; layers and increase the amount
of sul_:fur.incorporated into the substrate, accelerating the corrosion of alloys [D.M. Johnson et
al (1975]. It has been reported that the most severe hot corrosion attack is observed on Ni- and
Co-base alloys at 900 =C in still aif with mixtures of NaCl/Na,SO4 containing 40 wt, % NaCl
[D.M. Johnson et al (1975] The 3IOSS is a good candidate used in most p\arts of the waste
incinerator. The chromic scale can be yet formed with adequate amounts of chromium
content, and act as a protective barrler in oxygen-containing atmospheres Low alloy steel and
austenite stainless steel is extensively used for boiler tubing application at elevated
temperatures because of its relatively low cost, good weldability and creep resistance [Wyatt
L.M (1982)]. It finds wide use in the low tem’perature region of the superheaters. Welding of
tubes is commonly 'employ‘ed in boiler fabrication and these joints are weak points where

failure can happen [Saxena A et al (1987].

Heat eXchanger pipes are found to be corroded via oxidation, sulfidation, and molten
salt corrosion. Molten salt corrosion occurs by the formation of alkali-iron sulfate as reaction

products of sulfur oxide in fuel gas and sodium chloride from seawater. Many integrated steel
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mills are located near the sea for convenience of transportation. Salt from the seawater can
affect the corrosion of the heat exchanger pipes by inducing hot corrosion. The inter-lamella
pdres may act as passages for molten salts. Therefore, the coatings should be carefully
sprayed so that the molten salts do not penetrate into the coating layer Byeong Geun Seonga
(2000). The author investigated the scales and heat exchanger pipe materials of recuperators
used in a hot rolling mill located near the sea, the corrosion process that occurred on the heat
exchanger pipes is a form of hot corrosion induced by salt deposits. The sm;rce of the salt is
the marine environment for alkali metals, Na and K, and fuel gas for sulfur. The fluxing
action of the molten salt is mainly due to the formation of alkali-iron trisulfates. This fluxing

action of the trisulfates is responsible for severe attacks on the heat exchanger pipes by

making the oxide layer porous and non-protective.

Hot corrosion tests were carried out by I. Gurrappa (1999) on CM 247 L.C alloy half-
immersed in silica cruéibles containing Analar grade Na,SO4 y NaCl mixtures in the
femperature range of 700 to‘ 1000°C for periods of 4 to 70 hr. The author reported that bare
CM 247 LC was severely corroded in just 4 hr, while it was completely consumed in 70 hr
" when tested in 90% Na;SO4+10% NaCl at 900°C. The results show that a chloride containing
melt is more corrosive than pure sodium sulfate. The weight loss is linearly related to t '
(time) and temperature in the different .environments studied. The hot corrosion rate is
negligible in pure sodium sulfate and appreciable in chloride containing environments. Where

as high corrosion rate recorded in Na2SO4 containing either 5 or 20% NaCl and a minimum

at 10% NaCl. ' ' . .

Charng—Cheng Tsaura et al (2005) has been studied the high-temperature corrosion
behavior of 310 stainless steel at 750 oC in air with 2mg cm—? mixtures of various
NaCl/Na;SOg ratios. The author reported that weight gain kinetics in simple oxidation reveals
a steady-state parabolic rate law after 3 h, while the kinetics with salt deposits display multi-
stage growth rates. NaCl is the main corrosive specie in high temperature co;rosi()n involving
mixtures of NaCl/Na;SO4 and is responsible for the formation of internal attack. Uniform
internal attack is the typical morphology of NaCl-induced hot corrosion, while the extent of

intergranular attack is more pronounced as the content of Na;SOj, in the mixture is increased.
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From the investigation the author concluded that the fact that mixtures with 75% NacCl
showed the most severe corrosion due to molten eutectic salf and capillary transport. Also the
author find Fe>O3, (Fe,Cr)203, and Cr,03; are main corrosion products in the external scale,
Minor spinels such as FeCr,04 and NiCr,O4 are formed on the bexterhal scale-subscale
interface_. Sulfides su(;h as NiS, FeS, and chromium sulfides are found with increasing Na;SO4

content in the coating layer.

The oxidation behaviour of two Na,SO4-coated, chfbmia’-fofmihg, iron-based alloys at
~ 900°C has been Studied by D. N. H. Trafford et‘ al (1980). The author reported that NaySO4
_ 'éoatings~m'arkedly enhance the oxidation rates of both alloys and result in the formation of
thick, compact, stratified scales. The salt/scale reactions result in the formation of sodium--
iron oxidé,’ which is ca‘pable' of assisting in the corrosion reaction, albeit in a minor way. Also

the author inv‘estigatéd the role of NaCI additions during Na;SO; induced corrosion.

2.10.8 Hot corrosion with 100% NaCl

Hot corrosion requires a molten salt to be in contact with the spécimen. If there are no
molten phases, the corrosion rate will be low. It is possible that a molten phase is formed for
the NaySO4 + NaCl (50%) salt. Many researchers have pointed out that ’che formation of
sodlum chromate NazCrO4, could result from oxychloridation in which chromium or
chromlum ox1de reacts with NaCl and oxygen even when the temperature is lower than the
meltmg pomt of salt deposits [M. K Hossain et al (1978), N. Hiramatsu et al (1989)] As the
Na,CrOy is formed, the salt will wet the specimen surface due to the low-melting eutectic
NaCl-Na,CrO4 (500 -C) and lead fo a mechanism of hot corrosion dominated by molten salt.
Oxyéhloridation, in which NaCl reacts with metal and the oxygen dissolved in molten salts to
form metal oxideé, sodium-contai‘ning oxides, and chlorine, is believed to be the initial
reaction of NaCl-induced hot corrosion. There are three ways that chlorine may be further
reacted in this study: | |
(1) Escaped to afmospherc .
2) Diésqlved in:to Cr203 lattice increasing the content of catid_n vacancies and accelerating

~ the oxidation of alloy._
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(3) Reacted with alloy substrate to form metal chlorides.

The metal-chloride generated by the reaction between metal and chlorine produced
from the oxychloridation evaporates, diffuses out and oxidizes in a place with appropriate
partial pressure of oxygen to form metal-oxide and chlorine which is returned back to the
process again. Hence, during the cyclic chloridation/oxidation reaction process, the chlorine

acts as catalyst to accelerate corrosion [N. Hiramatsu 1989).

The hot corrosion behaviors of hot dip aluminized low carbon steel, SUS310 and Fe—
Mn—-Al-Cr—Si—C alloy with 9 mg cmy?2 of NaCl deposition was studied by C.J. Wang (2003)
at 900 °C for 1-144 h in dry air. The high solubility of aluminum in the Fe—Mn-Al-Cr-Si—C
alloy, the coated aluminum diluted rapidly and complex phaée' transformations were induced
by the interdiffusion of the aluminum and alloy maﬁix. The corrosion resistance of hot-dip
aluminum coated Fe-Mn—Al-Cr—Si—C alloy was thus degraded. The author;reported that the
preoxidation treatment increased the thickness of the aluminized layer, yet reduced the
corrosion resistance of three alloy systems due to the formation of microcracks during the

cooling and the further heating to elevated temperature.

Morphological development of subscale formation in Three types of stainless steel
| (430, 304, and 310) with a coating of NaCl, NaCl/AIC13, or NaCl/AL,(SQy); are exposed at
750 and 850°C investigated by Chéur-Jeng et al (2002). The author reported that NaCl has a
major effect on corrosion and sulfur plays an important role in intergranular corrosion. After
high-tempefature exposure with a 100% NacCl coating, the morphologies of alloys 304 and
310 show typical uniform subscale attack the depths of attack increasing with temperature,
while alloy 430 showed a planar attack. Alloy 310 has the highest chromium content and has
the least metal loss. After high-temperature exposure with a NaCl/AlCl; coating, the corrosion
morphologies and depths of attack are similar to those associated with an NaCl coating, but
only voids are larger in the subscale. When coated with NaCl/Al,(SO4);, the alloys are
attacked simultaneously by sulfur and chlorine at 750°C, resulting in a typical sulfur-attack
intergrariular corrosion. However, as the temperature increases to 850°é, the corrosion

morphology changes to a uniform subscale attack. The author concluded that Fe—Cr ferritic
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stainless steel 430 shows a nearly planar-attack type, while those of Fe—_Cr—Ni austenitic
stainless steels 340 and 310 reveal intergranular attack or uniform internal attack patterns due
to the selective leaching of Cr and Fe by chlorination reactions, followed by volatilization of
these metal chlorides. All three alloys have similar corrosion products under all test
condltlons In all the cases the corroded products contain- Fe203, (Fe Cr)203, Cr;03,
NiFe;04, NiCr04. '

" "The hot cotrosion behaviour of NaCl-coated SUS-430,"SUS-304, SUS-316 and SUS-
: 329J1 stainless steels was examined by Yutaka Shinata et al (1987) in a temperature range
from 650 to 900 °C. The author reported that corrosion of these stainless steels is mafkedly
accelerated by the presence “of NaCl at every temperature, but thc rate of acceleration is
considerably hlgher above the melting point of NaCl. In hot corrosion, chromium is oxidized
selectively, forming a non-protectlve Cr,0; scale. The mckel_contamed in the steels restricts
the detrimental effect of chromium. In the SUS-329J1 two-phase stainless steel, the ferritic
phase is attacked more than the austenitic phase because the ferrite has high chromium
content and a low nickel content, Also the author concluded that the chromium contained in
these steels is oxidized preferentially, forming a nonprotective Cr,O3 scale. Consequently,

high chroinium steels such as SUS-329J1 are more severely corroded than lower chromium

steels. Niekel in steels restricts the detrimental effect of chro.mium slightly. Chromium is

oxidized in the presence of chlorides, forming non protective Cr2O3 [Y. Shinata et al (1986)]. }

This accelerated oxidation occurs at temperature both below and above the melting point of
NaCl Nlckel is also oxidized quickely in the prensence of NaCl, but only above the melting
point [Y. Shinata et al (1985)] )
2.11. Hot corrosion on the weldment |

Dissimiler'-metal. joints are used widely in various industrial applications due to both
technical and economic reasons. The adoption of dissimilar-metal combinations provides
possibilities .for .the flexible design of the.product by using each material efficiently, i.e.,
: beneﬁting from the specific properties of each material in a functional way. 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
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quality welds with a high degree of consistency is readily achievable. However, defects are
more likely to occur in welds than in wrought material. In all arc welding processes, the
intense heat source produced by the arc and the associated local heating and cooling results in
a number of consequences in material corrosion behaviour and several metallurgical phase
changes occur in different zones of a weldment. Because the occurrence of corrosion is due to
electrochemical potential gradient developed in the adjacent site of a weld metal, the author

proposed to study the effects of welding on the corrosion behaviour G.E. Linnert et al (1994).

Fusion welding is one of the most widely used methods for the joining of metals.
Therefore, continuous efforts are made to apply these methods to the joining of dissimilar-
metal combinations also, despite the many difficulties encountered. These di\fﬁculties include
problems associated with metallurgical incompatibility, e.g., the formation of brittle phases,
the segregation of high- and low-melting phases due to chemical mismatch, and possibly large

residual stresses from the physical mismatch.

There are several choices amongst the fusion welding processes, such as common
conventional shielded metal arc, gas tungsten arc, gas metal arc, and submerged arc welding.
They also include processes characterized by high energy density, such as plasma arc,
electron beam, and laser beam welding. In addition to fusion welding, several other types of
joining téchniques are also available, and may often be associated with less difficulty for
producing dissimilar-metal joints. These are pressure welding, e.g., friction, resistance and
diffusion welding, as well as brazing and soldering, adhesive bonding, and mechanical
joining. Most of these techniques can eliminate the fusion problems because the base metals
remain in the solid state during joining. Therefore, they are better than fusion welding in this
respect. |

However, the service conditions may make particular processes unsuitable, e.g., for
high-temperature applications, soldering and adhesive bonding cannot be candidates, and for
leak—tight joints, mechanical joiljing is not acceptable. Furthermore, the required joint
geometry can make, e.g., friction welding difficult to apply. Diffusion welding often provides

superior technical benefits for joining small dissimilar-metal parts, but the process is rather
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time consuming. Therefore, solutions relying on high energy density processes, e.g., electron

beam welding (EBW) and laser beam welding (LBW), are still of great industrial interest.

Low alloy steel and austenitic stainless steel possess a good combination of
mechanical properties, formability, weldability, and resistance. to stress corrosion cracking
,and'ot.he‘r_.forms”.of corrosion. Owing to these attributes at moderately high temperatures, Cr-
" Mo steels are an extensively used family o‘f‘ engineering materials for applications such as
steam ~ ~ ‘generation/handling, b petroleum = processing/refining, thermal
réformin‘g/polymerization/cracking, However, the strength of the weldments of Cr-Mo steels
is generally inferior, and most of the in-service failures are reported to take place in the weld
- region ASME (1986). Given that the weldments are an indispensable part of.kmost coinponent
fabrication, the frequent occurrence of weld failures has ensured ongoing research interest in
the past few decades. However, most of the research effort has been directed to the correlation
of the in-service failure of these steels to the microstructural degradation caused during
welding. In recent years, first-ever systematic investigations have been initiated to study the
i'nﬂue:n_ce; of variation in alloy micrpstruéture on gaseous corro_sibn of Cr-Mo steel weldments,
with a view to developing a rather complete understanding of the comple;g interplay of the
mechanical stress, microstructure, -and environment which result in weld failure R K Singh
Raman et al (1999). |

2.11.1. Weldment corrosion of Cr-Mo Steel

Microstructures of Cr-Mo steel are very susceptible to thermo mechanical treatments
[J. Pilling et al (1982)]. This microstructural susceptibility is often exploited to develop
carbide precipitates of the required chemistry, morphology, and distribution to effect
precipitaﬁdn hardéning.» waever, due to the meta~étable nature of the composition and the
morphology. ‘of the 'Strengthening preCipita’ges, the secondary precipitates could undergo
undesifé‘blc : ﬂ&'transformations during elevated-temperature  service ‘and/or during
thermoniechanicél treatments experienced during fabrication, viz.,, welding, fofging_, hot
rolling, etc [T. Wada et al (1'981)].‘MiCrostructural changes due to welding include variations
in the grain size in the area adjoining the weld metal (i.e., the heat-affected zone (HAZ)) and

enrichment of Cr in the existing secondary precipitates and/or additional Cr-rich precipitate

*
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formation. Trapping of "free" chromium (from the matrix) through Cr-rich precipitate
formation is reported to élte,r the oxidation resistance of low-Cr alloys, whereas the increase in
grain size is found to~facilitdte internal oxidation. [R.K. Singh Raman et al (1992)] The
surface-Scaling-rate data are generélly of secondary importance to design engineers (primarily
because surface scaling of steels follows parabolic kinetics and the scalihg rate decreases
considerably after the initial period). Low-chromium steels are also known to undergo internal
oxidation, resulting in distinct "subscale" formation (subscale is the regior\l underneath the

external oxide scale) N. Birks et al (19820).

2.11.2. Internal Oxidation of Low alloy steel

Low-Cr steels invariably form an external scale during high-temperature oxidation. In
addition to the continuous and uniform external oxide scale, under certain environmental and
alloy conditions, isolated oxide precipitates are also formed in the alloy matrix underneath the
external scale. It takes a specific combination of oxygen partial pressure underneath the
external scale, alloy microstructure, oxidation temperature, and nature of the resulting
external scale to establish and sustain internal oxidation. Internal oxidation is, therefore,
govermned by the nature of the oxidant and its access underneath the scale, [N. Birks et al
(19820).] Which, in turn, will be governed by the the physical and chemical characteristics of
the external scale in terms of diffusion of the oxidant through the scale. Depending on the
oxygen partial pressure in the environment and temperature, an iron-chromium alloy can form
significantly different types of external scales in which diffusion of oxidants can vary
considerably, also the author is well established that the physical and chemical characteristics
of the scales formed over micro structurally different regions of the weldment do vary
cdnsiderably; it may be relevant to compare the combined role of this variation and

environment on the internal oxidation behavior R.K. Singh Raman (1998).

2.11.3. Internal Oxidation in Weldment

Internal oxidation can particularly deteriorate the creep and fatigue liyes of alloys due
to phenomena such as crack initiation at grain boundaries; selective leaching of alloying
elements from the areas adjacent to grain boundaries; vacancy and void formation, which can

assist crack propaga-tion: [C. Phaniraj et al (1984)] and grain—boundary cavitation resulting
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from annihilation of vacancies created by selective leaching [W.R. Johnson et ai (1972)] A
less protective inner scale formed dufing' oxidation of the HAZ region of Cr-Mo steel
weldments as estabhshed earlier, may be important for establishing and sustaining mternal
ox1dat10n However no systematlc studies have been carried out to understand the combined
 tole of alloy‘mlcrostructure and environment on internal oxidation (and subscale formatlon)
'and the assomated micro-structural degradation of Cr-Mo steels and their weldments. In this
regard, it is .important to note that most of the creep-rupture data on Cr-Mo steels are
ger.ie’refed"lﬁfb‘r' 'ai\r";‘en\}‘ri'ron:rnen'ts', and the influence (if any) due to the actual in-service
‘ envirenmeht, such as véteam, seems to have been ignored R.K. Singh Raman et al (1993 and
1994). | .
2.11.4. ngh temperature corrosion on dissimilar weldment _

R.K. Slngh Raman et al (2002) reviewed of the non uniform scaling behaviour across
microstructural gradients 1n weldments of pressure vessel steels in order to develop a global
_ model for life assessment by relating oxide scale thickness with tlme—temperature history of
in-service components. Also the author discussed about the prevalence of i 1n—serv1ce failures
in the welds of chromlum_——molybdenum ferritic steels causes great concern in steam
gencrating’/handling systems of power plants, and components of petroleum/petrochemical
industries. The researchers concluded that the accuréte use of oxide scale thickness as.a tool
for life assessment of the welded components. Also the author recommends further
investigations as given: ‘\ |

(i) examining the applicability of the reeent practice of life assessment by scale
thlckness to the welded components, by establishing kinetics -of the scale thickness growth
across the broadly dlfferent (mlcrostructural) zones (viz. weld metal HAZ and base metal) of
the steel weldments, in the environments of steam and air; (ii) developing a suitable model for
life assessment by relating scale thickness with time—temperature history (and hence, creep
damage) in the different zones of fhe steel weldments; (iii) testing the validity of the model .

for steam generators-in fossil-fuel power plants,
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For an improved understanding of the deterioration in the mechanical properties due to
deleterious alloy microstructure, it will be necessary to carry out further investigations as
listed below: (i) characterising 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; (ii) Examining the role of
corrosion-assisted microstructural degradation, by conducting creep' tests on the simulated

weld metal and HAZ, in steam and inert environments.

Arivazhagan et al (2006) investigated the behaviour of dissimilar fric:cion weldment of
AISI 4140 and AISI 304 exposed under Na; SO4 + V205 (60%) at 500 and 550 °C. The author
reported that the scale thickness on low alloy steel side was found to be more and was prone
to spalling. Weld region has been found to be more prone to degradation than base metals due
to inter diffusion of element across the interface and the formation of intermetallic compound.
Also they reported that the corrosion product contains Cr; Oz and Fe; O3 on scale over weld
zone may be due to enrichment of this zone with Fe and Cr. It is suggested by them that for
better hot corrosion resistance, the heat-generating phase has to be kept to a minimum by
keeping optimum Burn-Off length as it will decrease the amount of intermetallics and
maintain better uniformity of microstructure.

High temperature corrosion tests were performed by M.A. Uusitalo et al (2004) on
low-alloy ferritic steel and austenitic stainless steel, five high velocity oxy -fuel (HVOF)
coatings, a laser cladding, and a diffusion chromized steel. Test conditions simulated
superheater conditions of biofuel- fired boiler. The samples were exposed to synthetic salt
containing 40 wt% K>SO4, 40 wt% NaySO4, 10 wt% KCl, and 10 wt% NaCl at 550 °C for
100 hours. The .authorv found that active oxidation caused accelerated corrosion in oxidizing
conditions. In reducing | conditions metal chlorides formed and evaporated into the
atmosphere, and a layer depleted in chloﬁne was formed adjacent to the metal surface,
retarding the corrosion rate. Also there researchers reported that the corrosion resistance of

nickel-based, high chromium coating materials was satisfactory in test conditions.

X
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-~ S. Ahila et al ,(19_93; 1 994)' studied the hot corrosion of 2.25 Cr-1Mo steel weldment
made by manual metal arc welding, induction pressure welding. The weldment exposed under
cutectic mixture of 40 wit% K,SO; and 60 wt% NaCl at 550 and 650 °C. From the
investigation the author concluded ihat the welded specimens showed a lowér degree of attack
~in both coated and uncoated conditions. Attack on coated specimens was due to the formation
of a liclﬁid phase 'Which'cbuld( ﬂov\}'along the grain boundaries and weaken them. This led to
accelerafed corrosion. Also the author investigated the hot corrosion on dissimilar weldment
of 2.25Cr-1 MO steel-347H made by transition joint using a nickel-based filler metal (INCO
82) in a mixture containing Na;SO4 and 60% NaCI. The authof reported that the hot
corro‘sion attack led to fhe formation of oxides of iron on the surface and sulphides of iron and
chromium on.the subsuﬁace. Also the auf_hor concluded that the mixture of moten salt
indicaf[‘es'"an eﬁhanced degradation of Cr-Mo side of the joint. The surface is oxidised and the
subsurface is sulphidised. Due to this, the material is continuously lost from the surface
leading to reduced section thickness of the Cr-Mo side. The salt deposit contained the 50 wt
% Na;SO4 + 50 wt % NaCl and low-melting éutectic NaCl/Na,SO4 action time on the
weldment is the longest, resulting in generating the highest rate of corrosion at 500-550 C.
whereas the temperature more than 600 C, the salt mixtures exist in a completely liquid phase
~ where the fast evaporation charactefisti_cs of NaCl led to a residue of solid Na,SO4 on the

weldment surface as suggested by Chérng-Cheng Tsaura et al (2005).

I}t3s '\_gyi'd?ly -agre‘ed;that the hot corrosion Wéight gain will be more severe when the
- temperature is-higher than the melting point of salt deposits. Although the testing temperature
in this study is lower than the melting point of salt depdsit (50 wt % NaSO4 + 50 wt- %NaCl
(600 °C), the corrosion r_ate is at least three orders of magnitude higher than that of air
oxidation. Corrosion morphology 6f the weldment shows typical uniform subscale implying
that NaCl coating playé an impoftant role in hot corrosion behavior, even at temperatures

lower than 600 °C as reported A.U. Seybolt (1970), Y. Shinata (1987).
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‘Murti and Sundaresan (1985) examined the transition joints between low alloy
steel and stainless stéei in the superheater section of a steam power plant boiler, which
were madé using friction welding. The joints were subjected to a variety of thermal
conditions, including thermal cycling and isothermal loads. It was found that, thermal
aging or cycling without an external load causes another interface layer to develop on the
low alloy steel side, and this is believed to consist of intermetallic phases. It has been
reported that thermal cycling leads to predominant carbon depletion than in any other

thermal exposure conditions.

R.L Kleuh et al (1982) examined the dissimilar alloy weld failure problem that is
quite common in fossil-fired boilers for transition joints between ferritic steels and
austenitic stainless steel. The microstructure that develops at a weld metal ferritic steel
interface during welding and elevated temperature service was examined in the as-welded,
as-welded-and-tempered, and as-welded-and-aged conditions and ih failed and un failed
joints that had been in service in fossil-fired boilers for more than 100,000hr and
developed a mechanism by which the interface microstructure forms during welding; how

it evolves during elevated temperature service, and how this microstructure leads to

failure.

2.12 FORMULATION OF PROBLEM

There are many industries where austenitic stainless steel needs to be welded to low
alloy steel, especially in the power generation industry S.M. Shushan et al (1996). Low alloy
steel and austeénite stainless steel is extensively used for boiler tubing application at elevated
temperatures because of its relatively low cost, good weldability and. creep resistance Wyatt
L.M (1982). It finds wide use in the low teﬁlperature region of the superheaters. Welding of
tubes is commonly empioyed in boiler fabrication and these joints are weak points where
failure can happen [Saxena A et al (1987].

Corrosion aspects of the similar and dissimilar joints of advanced materials made by
friction welding (FRW) technologies still require a vast amount of research and development.
| Unfortunately, Dissimilar Metal Welding (DMW) has several fabrication and metallurgical
drawbacks that can 6ften lead to in-service failures. The most pronounced fabrication faults

are hot cracks due to inadvertent use of incorrect welding electrodes. Use of the carbon steel
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- welding ?el.e;ct-rod'es results the formation ofd very hafd, crack susceptible bulk structure on the
stainless steel side of the DMW joint [Omar A (1991), Welding Handbook (1982)]. However,
the most trouble-some_drawback of DMWs is the inherent formation of discontinuous brittle
and hard zones primarily along the fusion line of the ferritic side of the joint. Such hard and
brittle zones may render DMWs »éusceptible to localized pitting corrosion‘attack, hydrogen
| embrittlement, sulfide stress cracking (SSC) and stress rupture, wh‘ich often occurs in the
weakened structure cf the heat affected zone (HAZ) of ferritic material of the DMW. Indeed,
several in-service failure have been reported in the open literature [Schaefer A (1979), Klueh
R.L et al (1982), Sakai T et al (1982),vAvery R.E et al (1991)]. In addition no attempt is made

to study the high temperature molten salt corrosion and ox1dat10n kinetics of iron — |

chromlsum alloys DMW obtalned by FRW.'

Fossil -fuel boilers and fossil-fuel fired power -generating equipment experience hot
corrosion problems in co‘mpcnents_ of steam generators, water walls surrounZling the furnace,
economizer assemblies, and front and rear portions of the super heater and re-heater, [G.J.
Theus et al (1983), NACE (1982), Wyatt (1978)]. M.H.Hurdus (1990) noticed that the fine
grain size ~result in an increase in the active area of chemical reaction, quicker formation of
protection scales and self healing, increase in the sites for oxide nucleation, as well as increase
in the regioné with difference in morphology and growth of the scales at the"grain boundafies
and w1th in the grains. - _ | |

Apa;‘t from the weldlng defects, mlcrostructural changes in the HAZ may induce
corrosbn dé;nage on the weldment The steel’s performance in oxidizing environments is
well established, but its behavior of Weldment in corrosive environments, particularly those
ccntaining sulfidizing species and/or chlorides have not been studied extensively. Thus, the
hot corrosion behavior of dissimilar weldment under eutectic mixture of NaCl (50%) and
Na;SO,4 (50%)' 1is studied. Both -kinetics evolution and morphological development are
investigated by means of thermal gravimetric analyses, measurements of corrosion attack,

metallographic examination, and the identification of the corrosion products. The relationship

between the corrosion morphelogy‘and composition of deposited salt layers is also explored.

Life extension of ageing plants is largely concerned with degradation of high temperature

components. It is important to understand the nature of all types of environmental degradation
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of metals as well as weldment as intensely as possible so that preventive measures against
metal loss and failures can be economically devised to ensure safety and reliability in the use

of metallic components [EPR (1993)].

Low alloy steels are used extensively in the steam generating and handling systems of
power plants (in the temperature range of 623—-873 K). Common applications of ‘Cr— Mo’
steels also include reactors for refining and processing of petroleum, high-temperature, high-
pressure vessels for thermal reforming, polymerisation, alkylation, hydro cracking and coal-
gasification [Bland J (1956), Mandich LS et al (1956), Colebeck EW et.-al (1952)]. The
strength of the weldments of these steels is reported to be poor [Laha K et al (1990), ASME
- (1986)]. About 80% of the failures are reported to take place in the weld region [Chew B et al
(1979)]. This has led to widespread use of nickel-based filler materials for such welds, but
even with these joints service failures due to carbide precipitates in the ferritic steel close to
the weld interface have been reported [P.E. Haas (1982), A.T. Price (1982), R.D. Nicholson
(1984)]. Considerable research work of the past 3—4 decades has often indicated the inferior
creep rupture of the weldments to result primarily from the microstructural degradation of the
heat affected zone (HAZ). However, there is little information available on the high
temperature corrosion-assisted mirostructural degradation andv their specific contribution in
damaging service life of the DSW between AISI 4140 low alloy steels and AISI 304 stainless
steel. Because of their acceptable corrosion resistance, good mechanical proi)erties and being
economic, low alloy steel has become increasingly attractive to a number of industrial sectors.
Austenitic stainless steel has been widely preferred by industry due to its good mechanical

properties and outstanding corrosion resistance in a wide range of environment.

It is well known that in such a joint, diffusion occurs at increased temperatures, and
diffusional layers are formed thai: may cause crack formation within a sh\{)rt service time.
Diffusional layers are the zones formed due to the inter diffusiQn of carbon, chromium, iron
and nickel across both side of the interface between the weld and the heat-affected zone
(HAZ), typically carbide layers and decarburized zones and intermetallic compounds. The
microstructure of these diffusional layers significantly differs from the neighboring area of the
joints. The characteristic dimension of these layers is the thicknéss, i.e., the size perpendicular
to the weld interface between the weld and the HAZ. The rate of dimensional change of these

layers is relative to the chemical composition: the greater the composition (first of all Cr)
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differences between weld and base metals, the greater are the dimensional change.
Temperature of exposﬁre and burn-off length aiso has the same effect on this rate [L. Beres et
al (2003)]. In a DSW the acceptable service tefnperature cannot be as high as wopld be
" possible:for homogeneous joints. Tncreasing.application of these steels will require a better
understanding of the issues associated with welds of dissimilar metals (DSM). The joining of
DSM is generally more challenging than that of similar materials because of differences in the
physical, chemical and- mechanical properties of .the base metals to be\ welded. These
différericés may also éomplicate the selection of filler metals which has to be compatible to
both the base metals [Barnhouse EJ et al (1988)].

Research in the area of super alloys, boiler tube steels etc. has already been done in the
department and the decrease in the:extent of hot cbrrosibn using inhibitors and coatings fin the
most aggressive environment of Na,S04-60%V,0s5 at 900°C has been achievgd. But the major
challenge in this area is shortage of literature to study the hot corrosion behaviour of
- dissimilar weldment. TheAdissimilar weldments made by FRW, TIG and EBW under study
were done:at Defence Metallurgical Research Laboratory (DMRL-Hyderabad).

So far, most studies on the hot corrosion of metal and alloys have solely considered
NaySOy environments. Comparatively less information is available on the combined effect of
vanadium:oxide and sodium sulphate. Vanadium oxide can react with Na;O to form sulphate-
vanadate compounds, which modify the attack rate of the oxide layer or even attack the alloy
(Lambert et al, 1991). | |

The steel’s performance in oxidizing environments is well establishe&, but its behavior
of weldment in corrosive environments, particularly those containing sulfidizing species
and/or chlorides have not been stﬁdied extensively. The presence of soiid NaCl or KCl in
deposits creates an atmosphere rich in gaseous chlorine-cdhtaining species. The partial
pressures of gaseous KCl and NaCl in equilibrium with solid chlorides are in the range of 107
bar at 550 C [A Roine (1999)]. Thus, the hot corrosion behavior of dissimilar weldment
un_der' eutegti? mi)gturé 'of ‘NaZSO4+i V,05 (60%); Na;SO4 + NaCl (50%), Kzso4 + NaCl (60%)
~and  NaySO4 (40%)+ K504 (40%) + NaCl (10%)+ KCI (10%) is studied.
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_ Corrosion of superheaters is even more severe under chloride-containing ash deposits
than in chlorine-containing atmosphere without deposits. The presence of chlorine at the
metal/oxide interface has been detected frequently, but the route of chlorine through the oxide

is still not clear [K. Salmenoja (2000), H.J. Grabke (1995)).

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 déveloped.

Hence it is decided to select 50 cycles (cycle of 1hour heating followed by 20 minutes
cooling) to study the behaviour of dissimilar weldment in the témperature range from 500 to

\

900 °C in laboratory furnace in air without and with aggressive environments.

Dissimilar weldment of low alloy steel (AISI 4140) and austenitic stainless steel are
taken up to evaluate the hot corrosion aspects keeping in view their proposed usage in
Energy conversion systems / Power generation industry , widely used in bo\ilers and nuclear
reactors. In a nuclear water reactor, dissimilar metal welds are employed to connect the low
alloy steel reactor pressure vessel and stainless steel pipe systems. The dissimilar metal
weldment joining boiler water reactor nozzles to safe ends is one of the more complex
configurations in the entire recirculation system.

| Corrosion, fouling and slagging of super heaters are series problems in boilers
utilizing fuels with high- alkali and chlorine content (like Na;SOy4, V205, NaCl, K,SO4 and
KCl). Combustion of biomass waste, black liquor and high chlorine coals are reported to
‘cause severe materials wastages in super heéters.

So the environment created by the mixture of varying composition of Na;SO4, V20s,
NaCl, K;S04 and KCI. So far, most studies on the hot corrosion have solely considered base

metals. Little information is available on the dissimilar welded metals. In addition, no high
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temperature corrosion  studies are reported on dissimilar friction welded low alloy steel and
stainless steel as per the open literature. Hence, this study assumes signiﬁcanée.

The present study is an attempt to evaluate the hot corrosion behaviour of
dissimilar weldment of AISI 4140 and AISI 304 made by FRW, TIG and EBW
temperature range from 500 to 900°C with and without salt mixture of Na;SOu+ V,Os
(60%); NaySO4 + NaCl (50%), KoSO4 + NaCl (60%) and  NaySOq4 (40%)+ K380, (40%) +
NaCl (10%)+ KCI (10%) under cyclic conditions.

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 Micro Probe Anal};ser (EPMA) to
characterise the corrosion products and to make an attempt to understand the mechémism

of corrosion.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

In this chapter the experimental details used for the study has been summarised. It
includes the parent metal chemical compositions, welding parameter details, mechanical
testing, metallographic examination, the hot corrosion studies and the characterization of

final corrosion products.

3.1 WELDMENT CHARACTERISATION

3.1.1 Selection of Base Materials | .

The parent metals employed in the study are AISI . 304 stainless steel, AISI
4140Cr-Mo steel. Microstructures of parent metals are shown in Fig. 3.1. The micro
structure of 304 SS consists of equiaxed and coarse austenite grains whereas low alloy
steel consists of ferrite and pearlite. The chemical composition and mechanical properties
of the low alloy steel, stainless steel and nickel interlayer are presented in Tables 3.1 and

3.2 respectively. :

Table 3.1 Chemical composition of AISI 304 and AISI 4140 C\*—‘f'/)

Name of

C Cr Mn Ni Si Mo Fe
Alloys
AISI 304 0.06 ~18.4 1.38 8.17 0.32 — Balance
AISI 4140 0.40 1.1 0.75 -—-- 0.31 0.28 . Balance

Table 3.2 Mechanical Properties.of Parent Alloys

Mechanical Property AISI 304 AISI4140
Tensile Strength (MPa) 515 655

Yield Strength (MPa) 205 417
Elongation in 50mm gauge length (%) 40 25.7 -
Hardness (Hv) . 150 200

Izod Impact Strength 210 85
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3.1.2 Friction Welding (FRW)

A 150 KN capacity continuous drive friction welding machine, manufacturec{ by ETA Pvt,
Ltd, Bangalore (India) (Fig. 3.2) was used in the experiments. This machine has provision
for holding the work pieces from 6 to 25.4 mm diameter and with continuously varying
rotational speed from O to 2400 rpm and operates on bum-off length or friction time
modes. The machine works on step less adjustment of friction pressure, forge pressure,
bum off, feed rate, brake delay time, upset delay time and upsetting time. Friction welding
had been carried out at Defense Metallurgical Research Laboratory (DM’RL-Hyderabad),‘

Friction welding wés performed between rods AISI 4140 and AISI 304 of 25 mm diameter
and 100 mm length at constant speed, friction force and upset force by keeping the bum-
off as a variable parameter. The parameter details and the joints that are made are

designated as in given the Table 3.3.

Table 3.3 Welding parameters and their designation.

Joint Welded Bum-off, Friction Force, Upset Force, Rotational
Designation Joint (mm) KN KN Speed, rpm
B5 304-4140 5 37.5 50 _ 1500
B7 304-4140 7 37.5 50 1500
B9 304-4140 9 37.5 50 - 1500
B12 304-4140 12 37.5 50 1500

3.1.3 Electron Beam Welding (EBW)

~ The base alloys (AISI 4140, AISI 304) used for electron beam welding were taken
from the same lot (25 mm diameter and 200 mm length) used for FRW. These were hot
forged to thickness of 6 mm sheets which has been used for electron beam welding.
Before welding, the oxide layer was removed from the surfaces and the specimens were
cleaned with acetone.‘ All welding experiments were conducted using Low KV Electron
Beam Welding machine, manufactured by TECHMETA (France) at Defense Research and
Development Laboratory (DRDL), Hydérabad. The weldment made by autogenious
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method (without filler metal). The parameter details and the joints that are made are

designated as in given the Table 3.4.

Table 3.4 EBW Welding parameters

___Welding parameter Value
Work distance (mm) . 275
Accelerating voltage (kV) 55
Beam current (mA) 50
(Beam focus slightly above the surface)
Travel speed (m/min) 1
Vacuum level (mbar) 10

3.1.4 Tungsten Inert Gas Welding (TIG)

v

The base alloys (AISI 4140, AISI 304) used for tungsten inert gas welding were
taken from the same lot (25 mm diameter and 200 mm length) used for FRW which were
hot forged to the thickness of 10 mm. Before welding, the oxide layer was removed from
the surfaces and the specimens were cleaned with acetone. Al-l welding experiments were
conducted at Defense Metallurgical and Research Laboratory (DMRL), Hyderabad. The
weldment made by -autogenious method (without filler métal). The taken welding

parameters are given in table 3.5.

Table 3.5 TIG Welding parameters

Welding parameter Value
Current (DCSP) (Amp) 300
Voltage (volt) 23 N
Argon pressure (bar) 2.1
Torch traveling Speed (cm/ sec) 0.2

3.1.5 Optical microscopy

Welded 304-4140 joints were sectioned and mounted in Bakelite and were
mechanically polished using 120 to 800 grit SiC papers and then polished using alumina
paste on rotating wheels. Etching was done by using Nital’s reagent for low-alloy steel,
Aqua Regia's reagent for austenitic stainless steel. A Zeiss Axiovert 200 MAT inverted
optical microscope, fitted with Zeiss Axiovision Release 4.1 imaging software (Germany)

was used for observing the microstructure at different zone of the weldment.
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3.1.6 Scanning Electron Probe Micro Analysis (EPMA)

304-4140 welds sectioned and mounted in Bakelite and were mechanically
polished using 120 to 800 grit SiC papers and then polished using alumina paste on
rotating wheels. These samples were then subjected to scanning electron probe micro
analysis. EPMA is done to analyze the elemental composition at micron level and also to

know the possible combinations of carbides formed due to carbon and chromium

migration.

3.1.7 Hardness Test ‘
The samples were cut to required size, mounted in Bakelite and then polished.

Micro-hardness survey was carried out using a Vickers digital micro-hardness tester along
the weld joint (Fig, 3.3). A load of 100 gms was applied, for a duration of 10 seconds.
Hardness was measured at intervals of 0.05mm across the interface and 0.5mm along the

base metal. Hardness survey was performed across the weld in the axial direction.

3.1.8 Impact Test

The welded samples were machined to square section as per ASTM E 23 (Fig. 3.4) with a
notch at the interface and then Charpy 'V notch impact testing was performe\d at the room
temperature on welded samples. The test was carried out by impact machine BLUE

STAR (SL No 423/25), made in the German Democratic Republic.

3.1.9 Tensile Test
The friction welded Samples were machined by EDM wire cut to required size (ASTM

E18) by keeping weld interface at center shown in Fig. 3.5 and 3.6. tensile specimen for
EBW and TIG ( Fig 3.7) welded sample machined by milling operation and then tensile
testing was performed at the room temperature on samples of different welded samples

The test was carried out by tensile testing machine made by Hounsfield, S-series (H25K-

S) (U.K).
3.1.10 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is carried out to examine the surfaces of fractured impact
specimens and tensile specimen of the different welded sample at various magnifications.
The fractured impact and tensile samples are first cut to required size and are then

ultrasonically cleaned and degassed before loading in SEM chamber. A scanning electron
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AISI 4140

Fig 3.6 Tensile specimen for friction weldment,
Burn off length ‘B’ 5, 7, 9 and 12 mm
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microscope (JEOL, JSM-5800) with EDAX attachment (Oxford, Model-6841, England)

was used for SEM analysis.

3.2  HIGH TEMPERATURE OXIDATION AND HOT CORROSION STUDIES

3.2.1 Experimental Setup

Oxidation and hot corrosion studies were conducted at the expose& temperature
from 500 to 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. ALLO; 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 samples were prepared by electrical discharge
machining (EDM) wire cut, each measuring 20mmx15mmx5mm by keeping the weld at
the approximate centre. The specimens were subjected to mirror polishing also subjected
to wheel cloth polishing for 5 minutes before study. After polishing the samples were
washed properly aﬁd dried in the hot air to remove the moisture. The sample was kept in
the boat, weight of boat and sample was measured before inserting into the hot zone of the
furnace. 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 constituted one cycle. Air oxidation and
molten salt hot corrosion studies carried out for such 50 cycles. Any spalled scale in the
boat is taken into consideration for the weight change measurements. Tiﬂe Electronic
Balance Model CB-120 (Contech, Mumbai, India) with a sensitivity of | mg was used to
measure the weight change values.
3.2.2 Oxidation Studies in Air

The oxidation tests at the exposed temperature from 500 - 900°C were performed
on the weldment in laboratory furnace up to 50 cycles as discussed in section 5.1. Visual

observation for the oxide scale was recorded after each cycle along with the weight chan ge

measurements.
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3.2.3 Hot Corrosion Studies in Molten Salt.

The hot corrosion studies were performed on the weldments exposed at the
temperature from 500 to 600 °C under the following mixture of molten salt fo; 50 cycles.
(1) NazSO4 + V5,05 (60%)

-(ii) K2SO4 + NacCl (60%)
(iii) NazSOy4 (40%)+ K2SO4 (40%)+ NaCl (10%) + KCI (10%)

(iv) Na>SO, + NaCl (50%)

3.2.3.1 Molten Salt coating

The welments were prepared for studies as discussed in section 6.1. The samples
were heated in the oven upto 250 °C and the above mentioned salt mixtures were
dissolved in distilled water and applied on the warm polished samples with,\the help of a
camel hair brush. The amount of the salt coating varied from 3.0 -5.0 mg/cm”. The coated
samples were then dried at 110 OC for 3-4 hours in the oven and weighed along with the
Al>Os3 boat.
3.2.3.2 Hot Corrosion Studies

The salt coated samples were subjected to hot cdrrosion study in the laboratory
furnace at temperatures of 500, 550 and 600 °C respectively for 50 cycles each. At the end
of each cycle critical observations were made regarding the future of corrosion products

along with the weight change measurements.

3.3 ANALYSIS OF CORROSION PRODUCTS OF OXIDATION INAIR,
MOLTEN SALT ENVIRONMENT

All the hot corroded weldments were analysed for the identification of corrosion
products for both the surface as well as cross-section. Corroded samples were subjected to

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

Visual examinatioﬁ was made and recorded after each cycle for any change in
colour, lustre, adherence, spalling tendency and development of cracks on the surface of
the scale etc. After the completion of 50 cycles (each cycle of 1 hr heating and 20 minutes
cooling) in laboratory were finally carefully examined and then their macr-z)graphs were
taken.

3.3.2 Thermogravimetric Studies

The weight change values were measured at the end of each cycle with the aifn 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 E:ases spalling
and scaling occurred in the alumina boat and the same was also added in the weight
change values. |
3.3.3 Measurement of Scale Thickness .

After exposure at different temperature of 500, 550 and 600 °C in laboratory
furnace, the samples were cut across the cross-section by keeping weld ;t center and
polished as discussed in section 5.2.4. 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 faken on BSE
images.

3.3.4 X-Ray Diffraction (XRD) Analysis
XRD studies performed on the weldment for identification of the different phases
formed during hot corrosion studies identify the phases present on the surface of the
scale. The diffraction battem is scanned by Philips X-ray diffract_ometer, model PW
1140/90 using Cu target and nickel filter at 20 mA under a voltage of 35 kV; The samples
were scanned in the fange (20), 10 to 120% and recorded at a chart speed of 1 cm/min and
the Goniometer speed 1°/min. For the intensity peaks and corresponding values of 26, the
interplanner spacing ‘d’, has been calculated using Bragg’s law
2dsinf@ =nA
Where, A is the wave length of Cu K, radiation used for the diffraction and is taken as

1.54 A for estimating the ‘d’ values which is finally used for identification of various
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phases with the help of inorganic ASTM X-ray diffraction data cards. ‘d’ values were
calculated for all the prominent peaks in the usual manner. Assuming the height of the

most prominent peak as 100%, the relative intensities were calculated for all the peaks.

3.3.5 SEM/EDAX Analysis
3.3.5.1 Surface morphology

SEM / EDAX analysis of corroded sample surfaces were performed at CRF, Indian
Institute of Technology, Kharagpur (India) and the details regarding the equipment was
already provided in section 3.4.3. Samples were scanned under the SEM 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.

3.3.5.2 Cross-section morphology .

In case of studies the thickness of the scale and cross section morphology data
could not be used for predicting corrosion behaviour due to brittle and spalling nature of
the scale. After exposure at different temperature of 500, 550 and 600 °C in laboratory
furnace, the welded samples were cut across the cross-section by keeping weld at center
and polished as discussed in section 3.4.4. 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.

3.3.6 Electron Probe Micro Analyser (EPMA)

For the detailed cross-sectional analysis the samples were cut along the cross-
section by keeping weld at center, mounted and polished as per the procedure already
discussed in section 3.4.4 and subjected to EPMA analysis. The mounted samples were
subjected to gold coating before performing 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 elemental X-
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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 ceating and environment of study.
Most of the EPMA analysis was done at Institute Instrumentation Centre (IIC), Indian
Institute of Technology, Roorkee (India) on JXA-8600M microprobe.

For some of selected samples EPMA analysis was carried out and detailed analysis
was made for distribution of oxygen and other elements in the scale and the substrate.
Elemental line profiles were also obtained to understand the basic structure of the scale at

'Materials Division, BARC, Trombay (India) using Camaca SX100, 3 Wavelength

Dispersive Spectrometer, France make.
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CHAPTER 4
CHARACTERISATION OF WELDMENT

The chapter deals with micro structure and mechanical property determination of the
weldments made by AISI 4140-AISI 304 by Friction Welding (FRW), Tungsten Inert
Gas (TIG) and Electron Beam Weld (EBW). The results of metallographic
examination of dissimilar weldment as well as the microhardness, impact toughness
and tensile strength of as dissimilar weldments have been reported and discussed with

respect to the existing literature, -

4.1 FRICTION WELDING

4.1.1 Visual Examination

The Friction Welded dissimilar joints for four welding combinations are
presented in Fig. 4.1. It can be observed that at lower bum-off length AISI 4140
undergoes less deformation as compared to AISI 304 but with increase in bum-off
length this difference in the deformation decreases. At 12 mm bum-off both the steels
show similar flash width. From these pictures it is also evident that the total flash
width increases with increase in bum-off and the flash width is maximum in 12 mm
bum-off welds. It is to be noted that at lower bum-off the flash on 4140 side exhibits

edge cracks.

4.1.2 Macro structure

Macrographs for longitudinal cut sections for the welds are presented in Fig.
4.2. From these figures it is noted that the flash lips tend to attain curved shape with
increase in burn-off length. The interface in all the friction welds is small. Curved
deformation lines similar to those generally observed in forging flow lines are noticed
in the AISI 304 steel adjacent to the weld interface. The interfaces in all welds are
corrugated at the periphery while they are comparatively smoother in the centre
region. The central regions of 7, 9 and 12 mm burn-off length welds contain distinct

interface phase while the same is absent in 5 mm burn-off length weld.
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Fig 4.2 Effect of burn — off length on flash formation (Material on left side in
the macrographs is AISI 304 stainless steel.) burn-off length: B5, B7, B9 and
B12.
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4.1.3 Microstructure

The microstructures from the centre and periphery regions of the welds are
shown in Fig 4.3. The interface of centre regions of the weld of 5 ﬁ1m burn-off length
is nearly straighter while with increase in burn-off length the interface becomes
irregular and the intermixing between 304 and 4140 steels increases. The
microstructure of 4140 steel adjacent to the weld interface exhibits coarser features
with increase in burn-off length. The peripheral regions of the welds exhibit greater
degree of irregular interface. The interface is wavy in 5 and 7mm burn-off length
welds while for 9 and 12 mm burn-off length welds exhibits alternate layers of 304
and 4140 steels implying extensive inter mixing of the steels with increase in burn-off
length. It may be mentioned that in all the welds the microstructure of 4140 adjacent
to the interface contains coarser martensitic features and the coarseness of these
features increases with increase in burn-off length. This marte.nsiticmicrostructure is
comparatively coarser in the peripheral regions of the welds than in the centre regions

of the welds.

In Fig. 4.4 the microstructures in different regions of AISI 304 stainless steel
by keeping 12 mm burn-off length weld are shown. Extensive grain growth with well
developed grain boundaries are noted adjacent to the weld interface and by the side of
this region there predominant precipitation observed along the grain boundaries. In
Fig. 4.4 gives the microstructures of central and peripheral regions of 12 mm burn-off
welds in as-welded condition. Prominent deformation bands are noted in AISI 304

stainless steel side adjacent to the interface.

4.1.4 XRD ANALYSIS

X-Ray Diffraction studies were carried out to analysis the phases formed on
dissimilar weldment in as welded condition for 5, 7, 9 and 12mm burn-off length as
shown in Fig 4.5 (a) and 4.5 (b). As welded condition, high intensity peaks of FeNi
and Nis;C have been observed with for 5 mm burn-off length. At 7 mm burn-off length
many intermetallics (FeNi, Cr-Ni-Mo and CrNiFe) and carbides (NizC, Cr-Si-C etc,.)

were indicated.
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Fig 4.3 Microstructure at centre and perphery of the friction weld joint for
B5, B7, B9 and B12. ( B-Burn off length in mm)

151



Fig 4.4 Microstructures in different regions of AISI 304 in burn-off length 12
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Fig. 4.5(a) X-Ray diffraction patterns for friction weldment as welded condition burn-
off length B5 and B7
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4.1.5 Electron probe micro analysis

The influence of burn-off length in case of 5 and 12 mm burn-off length welds
on elemental distribution across the welds is shown in Fig. 4.6. From these figures it
is observed that chromium and nickel diffuse towards low alloy steel from the
stainless steel and diffusion of iron from low alloy steel side towards stainless steel.
The extent of diffusion is more in case of 12 mm burn-off length welds. A distinct
weld region with enrichment of chromium, nickel and iron develops in 12 tknm burn-
off length welds. This weld region exhibits nearly similar composition without much
compositional gradient, while a similar region in 5 mm burn-off length welds exhibits

compositional gradient.

4.1.6 Micro Hardness

x

The hardness data across the welds in the central region for the four parameter
combinations are presented in Fig. 4.7 (a, b). In general the weld interface is harder
than the respective parent metals. In the interface region two high hardness peaks are
seen with lower hardness region between them. In general, maximum hardness peak is
observed on the stainless steel side, while the other second hardness peak is in the low
alloy steel side. Lower hardness in between the two peaks is also located in the low
alloy steel side. However, it may be added that only one maximum hardness is
observed in 5 mm burn-off length welds. This weld does not contain any low hardness
region in the low alloy steel side adjacent to the interface. These observations are
consistent with the distinct interfaces observed in higher burn-off iength welds and

may be due to decarburization.

It may also be added that the peak hardness increases with increase in burn-off
length. Whereas the hardness values an adjacent low alloy steel further falls with an
increase in burn-off length (Table 4.1). It may be noted that with increase in burn-off
length a soft region appears on the stainless steel adjacent to the interface. In general,
the width of the hardened region also decreases with increase in burn-off length. The
formation of soft region of low alloy steel side can be attributed to decarburization
while on the stainless steel it is thought to be due to softening of the material due to
heat buildup as a result of low thermal conductivity of the material. The reduction in
the width of hard zones is due to loss of material in the form of flash with increased

burn-off length. The peak hardness at the interface and reduces overall hardness as
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well as soft zone hardness on the low alloy steel side-of the interface (Table
4.1). This behavior can be attributed to carbon migration from the low alloy steel side

to stainless steel side. - v

Table 4.1 Data on maximum hardness at the interface and minimum hardness
in the low alloy steel adjacent to the interface.

Joint Max. Hardness (Hv, 100gms) at  Min. Hardness (Hv, 100 gms)
the interface on low alloy steel side of
interface
BS 305 276
B7 322 262
B9 351 249

B12 386 238

4.1.7 Impact Toughness
The impact toughness data of welds is presented in Table 4.2. The table
depicts impact toughness of parent metals also. From the data it is observed that there

is reduction in toughness with increase in burn-off length.

In general the impact toughness values are lower than those of low alloy steel
in the as received condition (65J). At the lowest burn-off length at the 5 mm the
impact toughness is around 40% of the parent metal while, at the highest burn-off

length 12mm it is as low as 10J, which is /6™ of the parent low alloy steel.

Table 4.2 Effect of burn-off length on impact strength:

Joint Impact Strength, J

AISI 304 Base 210,215 \
AISI 4140 Base 65, 67

FRW-B5 - | 24,26

FRW-B 7 20,22

FRW-B 9 15, 16

FRW-B12 10, 11

Fractographs of parent metals AISI 304 and AISI 4140 are presented in Fig.

4.8. Fig. 4.8 show predominantly well developed micro void ductile fracture features
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in AISI 304, while AISI 4140 steel exhibits quasi cleavage fracture with small facets

and smaller facets embedded within the small facets.

Fractographs of the impact tested specimens of welds are presented in Fig. 4.9
(a, b). As-welded condition exhibit predominantly cleavage fracture with an increase
in cleavage facet size with increase in burn-off length. In 12 mm burn-:)ff length
welds long facets and with some areas showing microvoid features. Increase in facet
size indicates low énergy fracture and supports the decrease in toughness with
increase in burn-off length. The elongated facet features observed in the fractographs

support the lowest toughness obtained for 12 mm burn-off length.

4.1.8 Tensile Testing

The tensile strength of welds presented in Table 4.3. From the data it is

observed that yield stress decreases with increase in burn-off length 12mm.

In general the yield stress values for all the friction welded samples are more

than those of low alloy steel in the as received condition (417 MPa).

Table 4.3 Effect of burn —off length on tensile strength

Burn off Proof Stress Max Stress Ext.Yield
length (MPa) (MPa) (%)
B-5.1 301.8 487.2 18.15
B-5.2 308.9 483 .4 17.97
B-7.1 283.2 496.5 18.89
B-7.2 277.4 490.9 18.33
B-9.1 287.6 472.7 15.20
B-9.2 299.5 476.0 17.15
B-12.1 291.3 474.8 18.30
B-12.2

. 286.0 478.0 17.86

The photograph of tensile tested specimen of friction welded AISI 304 and
AISI 4140 are presented in Fig. 4.10. Fractographs of friction welded AISI 304 and
AISI 4140 with different burn off length are presented in Fig. 4.11- 4.14, shows
predominantly well developed micro void ductile fracture features in the weldment
for all the burn off lengths. From the data it was observed that no much variation in

yield stress and the stress Vs strain curve shown in Fig 4.15.
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Fig 4.9 (a) Fractographs of 304 - 4140 weld, B5, B7 at the center (Burn-
off length 5, 7 mm)
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Fig 4.11 Tensile Fractographs of friction welded AISI 304 and AISI 4140 by keeping
burn off length 5 mm.
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Fig 4.14 Tensile Fractographs of friction welded AISI 304 and AISI 4140 by keeping
burn off length 12 mm.
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4.1.9 Discussions

Investigation on the effect of burn-off length on mechanical properties of AISI
4140-AISI 304 dissimilar welds revealed that in general the toughness of these welds
is very low while the hardness is high. The inverse relation between hardness and
toughness is as per the established trends. The reduction in toughness and increase in
hardness with increase in burn-off length may be attributed to increased carbon
migration from the low alloy steel side towards stainless steel due to increase
temperatures that prevail around the interface region with increase in burn-off length.
Increased burn-off length leads to increased friction time that aids in raising the
temperature of the surroundings of the interface [C.J.Cheng (1963), KK.Wang
(1975)]. This condition promotes diffusion of elements. The soft zone observed on the
low alloy steel side is mainly due to carbon depletion. Whereas carbon enricihment on
stainless steel side leads to high hardness due to carbide formation. These
microstructure features are mostly responsible for the low toughness observed in these
welds. The elemental migration would increase with increased burn-off length, due to
high temperatures prevailing under these conditions. Elemental distribution across the
interface and predominantly cleavage fracture features suggest interdiffusion of
elements leading to brittle microstructure features responsible for the low ductility

quassi cleavage fracture.

Under the given welding conditions, the AISI 4140-AISI 304 dissimilar FRW
revealed sound welds without any cracks. The measured value of hardness is in good
agreement with previous findings by other researchers {Yenni C et al (1996), Cam G
et al (1998)]. Also the hardness at the weld interface obtained in the present study is
less than one reported for laser beam welding [Cam G et al (1999)]. This may be
attributed to lesser tendency of carbide precipitation and intermetallics formation in
the weld region of FRW weldments. The soft zone observed on the low alloy steel
side can be ascribed to carbon depletion whereas enrichment of stainless steel side
results in hard and brittle carbide formation (Fig. 4.7), which is also supported by
Kuchuk and Lippold. J.C. et al [Kuchuk (1990), Lippold J.C(1984)]. Increased burn-
off length is equivalent to increased friction time that aids in migration of Fe, Ni and
Cr with rise in the temperature of the surroundings of the interface. The higher

hardness at weld interface may be due to enrichment of this zone with Fe, Ni and Cr
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and subsequent formation of intermetallic FeNi / CrNiFe which is also supported by
EPMA and XRD ( Fig 4.5 and 4.6) which also supported by C.D. Lund{n (1982),
K.G.K. Murti et al (1985), R. Viswanathan (1982). Elemental distribution across the
interface and predominantly cleavage fracture features suggest that inter-diffusion of
elements has lead to creation of brittle microstructure features responsible for the low
ductility quassi cleavage fracture (Fig 4.14). Similar observation has been made by
Cheng C.J and Wang K.K [Cheng C.J (1963), Wang K.K (1975).

At lower burn-off length the weldment attains to lower interface temperature
at which metal starts getting extruded resulting in less susceptibility to formation of
intermetallics and carbide precipitation. Whereas with increase in the burn-off length,
the welding time is increased thereby allowing more time for precipitation of carbide
and intermetallics compound which may lead to reduced corrosion 'resistang:e as also

has been suggested by Hasue et al (1968).

4.2 ELECTRON BEAM WELDING

4.2.1 Visual Examination

The Electron- Beam Welded dissimilar joints are presented in Fig 4.16. From
the joints it is observed that the heat affected zone on the AISI 4140 as wider as
compared to AISI 304 side. The width of the weld zone is wider than that of friction

welded specimens.

4.2.2 Macrostructure

Electron beam welded AISI 4140 and AISI 304 weldment represents nail-shaped
penetration. The macrograph of weld cross-sections is shown in (Fig 4.17) that the
deep and narrow fusion zone can be obtained when the focal location is slightly above
the surface of work piece. The HAZ on AISI 304 is thinner as éompare to one of AISI
4140 side.

4.2.3 Microstructure

The microstructure of the dissimilar weld at five different regions is depicted in

Fig.4.18. From the AISI 304 side, HAZ (304), weld, HAZ (4140) and AISI 4140
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Fig 4.17 Macro structure of electron beam welded AISI 4140 and AISI 304
dissimilar metals.
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metals

187



shows changes in microstructure. The microstructure of the low alloy steel side is
expected to be ferritic and pearlitic. On the austenitic side, it mainly shows twin
structure with mixtures of austenite and some ferrite. The regions that have large
amounts of Cr and Ni have mainly an austenitic-ferritic structure. The micro structural
changes occurring in the HAZ at the low alloy steel side depend on the kinetic
formation of austenite and its grain size according to the continuous cooling

transformation.

The microstructure of the austenitic steel close to the weld interface shows
evidence of the small amount of grain recrystallization that took place during the
welding process. Also revealed was a little carbide precipitation, this despite the fact
that the austenitic steel has a relatively low carbon content and a high cooling rate was
applied to the austenitic side. At the weld interface on the low alloy steel side the
microstructure was coarse, and contained malformed lamellae of pearlite. In addition,
there was a lot of variation in grain size in the HAZ of the low alloy steel, caused by
variations in cooling rate. A comparison of different zone of the weldment indicates
that the microstructures in the inetrface are extremely heterogeneocus and observed
dendrite structure. Although only small areas contain excess phases exist along the

fusion line in the both side of weld metal.

4.2.4 XRD Analysis

X-Ray Diffraction studies were carried out to analysis the phases formed on
dissimilar electron beam weldment in as welded condition as shown in Fig 4.19. As
welded condition, (Cr,Fe);Cs; and Cr-Ni-Mo have been observed with high intensity

peaks with Ni;C, FeNi etc., in as low intensity peaks

4.2.5 Electron Probe Micro Analysis

The elemental distribution line profile across the welds is shown in Fig. 4.20. From
these figures it is observed that the chromium and nickel diffuse across the weld
towards low alloy steel side. Whereas iron diffuses from low alloy steel side towards

stainless steel.
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Fig. 4.19 X-Ray diffraction patterns for Electron Beam weldment as welded

condition.

120 -
100 |
80

60

40

Weight (%) of the elements

20 -

—0—Cr
——Fe
~&-— Ni

I T T TS N R VA TN SO SO Y S MY N |

0 500 1000 1500 2000 2500

3000 3500 4000 4500

Distance from 4140 to 304 (um)

Fig 4.20 Elemental distribution across the weld centre in 4140-304 of Electron Beam

Weld joint

191



4.2.6 Micro Hardness
Hardness distribution across the Electron beam welded AISI 4140 and AISI 304

dissimilar metals are presented in Fig 4.21. The hardness of the weld region is in the

range 600 Hv (min) to 700 Hv (max).

4.2.7 Impact Toughness
The impact toughness of dissimilar weldment of AISI 4140 and AISI 304

made by electron beam welding technique were shown in table 4.4 welds. The
photograph of impact tested specimen of electron beam welded AISI 304.and AISI
4140 are presented in Fig. 4.22. From the data it is observed that the toughness in the
range of 18 to 23 Jule. Fractdgraphs of the impact tested specimens of welds are
presented in Fig. 4.23 (i-iii). In all the case the dimple structure (ductile fracture) was

observed.

Table 4.4 V notch Impact strength for Electron Beam Welded dissimilar
metals:

Joint Trial Impact Strength, J
EBW-1 22
EBW-2 23
EBW-3 18

4.2.8 Tensile Testing

The tensile strength of welds made by EBW  presented in Table 4.5. In
general the yield stress values are more than those of low alloy steel in the as received

condition (417 MPa).

x

Table 4.5 Tensile strength of Electron Beam Welded AISI 4140 and AISI 304

Weld Trial Proof Stress (MPa) Max Stress (MPa) Ext. Yieild (%)
EBW-1 585 693 21.64
EBW-2 494.3 670 38.88
EBW-3 508 681 35.40

The photograph of tensile tested specimen of Electron Beam welded\AISI 304
and AISI 4140 are presented in Fig. 4.24_ In all the sample the fracture occurred on
the heat affected zone of AISI 4140 side and the range of yield strength (670 to 693
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MPa) were noted. Fractographs of Electron Beam welded AISI 304 and AISI 4140 by
keeping different magnification are presented in Fig. 4.25 and 4.26. Fig. 4.25 and 2.26
showed predominantly well developed micro void ductile fracture features in the
weldment made by Electron Beam Welded specimen. The stress Vs strain curve

shown in Fig 4.27.

4.2.9 Discussions

The results of this evaluation indicate the autogenous welding of dissimilar
metals of AISI 4140 and AISI 304 by electron beam welding technique can produce
satisfactory joints in terms of weldability and room temperature mechanical
properties. However autogenous welding is not considered to be suitable fox\' this type
of joints in terms of service properties, particularly in the weld metal. The
fractography shows that with both tensile and impact toughness test ductile fracture is
obtained. Since the failure of tensile specimen at the HAZ on AISI 4140 side, the
weld strength is equal or more than 693 (MPa) and the maximum impact toughness
(23 J) were noted. Dendrite region observed in weld zone which is supported by (Sun
Z et al (1994)) who also reported that austenitic is absent in autogeneous wekding. The
microhardness curves in Fig. 4.21 indicate that some oscillation in microhardness
occurs and that this varies with the different zone of the weldment. Higher hardness
indicate the enrichment of C, Cr, Ni, and Fe which may be leading to precipitation of
carbide and formation of intermetallic compounds at interface which is further

supported by EPMA and XRD analysis.

The reasons that no weld cracking was found in this Study may be partly due
to the good crack resistance and the welding conditions provided in electron beam
welding. Sufficient mechanical properties at elevated temperature are important for
this dissimilar joint due to their operating condition. Furthermore, it has been
reported that electron beam Wclded 2.25 Cr-1 MO and 1.25 Cr-0.5 MO similar steel
joints possess satisfactory strength at both room and elevated temperatures, i.e. all the
fractures occurred in the base metals (Kita et al (1987). However the capital and
running cost of equipment is much higher for electron beam welding. Electron beam
welding of AISI 4140 and AISI 304 joints can provide several advantages. These

include low distortion, less residual stresses, smaller HAZ and fusion zone, high

Y
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welding speed, reproducible weld quality and reduced material usage. However, a few
drawbacks may still limit its use in practice. Nevertheless, continuous development of
electron beam technology may provide possibilities in the future. It should be noted
that this study is based on a dissimilar weldment, which is used in power plant
environment. Further study may be extended to the tri-metallic joint configuration

with the same process in order to achieve even better results.

4.3 TUNGSTEN INERT GAS WELDING

4.3.1 Visual Examination

The Tungsten Inert Gas (TIG) welded dissimilar joints are presented in Fig
4.28. From the joints it is observed that in all the cases the heat affected zone of the
AISI 4140 and AISI 304 weld on both sides is wider than that for EBW and FRW
dissimilar welds. The width of the weld zone is comparatively large as compared

with EBW and FRW.

4.3.2 Macrostructure

The macro structure of TIG welded AISI 4140 and AISI 304 dissimilar metals
shows desirable penetration (Fig 4.29). The macrograph of weld cross-sections
showed that the deep and wide weld zone. In this study no weld defects were
observed on the surface.

\

4.3.3 Microstructure ‘
The microstructure of low alloy steel (AISI 4140) and austenitic stainless steel

(AISI 304) dissimilar weldment is heterogeneous. Fig 4.30 shows the different zone of
the weldment. This phenomenon is the result of the thermal cycle associated with TIG
welding. The microstructure of the heat affected zone of austenitic steel close to the weld
zone shows evidence of the small amount of grain recrystallization that took place during
the welding process. Also revealed was a little carbide precipitation, at interfac;e of AISI
304 stainless steel side. At the weld interface on the low alloy steel side the
microstructure was coarse, and contained malformed lamellae of pearlite. Also small
amount of precipitation noted at the interface of low alloy steel side. In addition, there was
a lot of variation in grain size in the HAZ of the low alloy steel, caused by variations in

cooling rate. Weld metal grains were formed as dendrites. Further some directionality

has been observed near fusion boundary, but not at the center portion of TIG weld.
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This may be due to local variation in solidification mode .and growth velocity at

fusion boundary and center portion of the weld.

4.3.4 XRD Analysis

X-Ray Diffraction studies were carried out to analyse the phases formed on
dissimilar TIG weldment in as welded condition . as shown in Fig 4.31. As welded
condition, (Cr,Fe)7C3 has been inditicate with high intensity peak whereas Cr-Ni-Mo,
CrNiFe , NisC, FeNi etc., are having low intensity peaks.

4.3.5 Electron Probe Micro Analysis

The elemental line profile across the welds is shown in Fig. 4.32. From the
data it was observed that the Cr and Ni diffuse from AISI 304 to-AISI 4140 side,
where as Fe diffuse to AISI 304 side. There is a enrichment of Cr, Ni, and Fe in the

weld zone.

4.3.6 Micro Hardness

Hardness distribution across the TIG welded AISI 4140 and AISI 304
dissimilar metals are presented in Fig 4.33. The hardness of the weld region is in the
range 473 Hv (min) to 513 Hv (max). Highest hardness (698 Hyv) ob\served at
interface of AISI 304 side.

4.3.7 Impact Toughness

Thé impact toughness of TIG weldment made by dissimilar metals of AISI
4140 and AISI 304 was observed to be 20 and 31 (J). Fractographs of the impact
tested TIG welds are presented in Fig. 4.34 (i-ii). From the fractographs it was
observed that the structure exhibit predominantly cleavage fracture with occasional
appearance of microvoid features. Figure 4.34 (i) show the elongated facet features
observed in the fractograph supports the lowest toughness (20 J). Also Fig 4.34(ii)
shows the dimple structure (ductile fracture) shows the maximum impact strength of

31 (D).
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4.3.8 Tensile testing

The tensile strength of welds made by TIG presented in Table 4.6. In general
the yield stress values that are more than those of low alloy steel in the as received

condition (417 MPa).

Table 4.6 Tensile strength of TIG Welded AISI 4140 and AISI 304

Test Trial Proof Stress Ext. Yield ’ Max Stress
(MPa) (%) (MPa)

1 542 28.28 676

2 585 21.64 693

The photograph of tensile tested specimen of TIG welded AISI 304 and AISI
4140 are presented in Fig. 4.35. In all the samples the fracture occurred on the heat
affected zone of AISI 4140 side and yield stress was in the range of 576 to 693 MPa.
Fractographs of TIG welded AISI 304 and AISI 4140 are presented in Fig. 4.36. SEM
micrographs shows predominantly well developed micro void quctile fracture features
in the weldment made by TIG Welded specimen and the stress Vs strain curve shown
in Fig 4.37.

4.3.9 Discussions

Micrographs of the transition zone of the samples which were welded by TIG
are given in Fig. 4.30. Grains in the weld metal oriented parallel to the heat flow.
Durgutlu A (1999) also reported similar result about grain orientation. Weld metal
contained as dendrites. TIG welding it leads to longer solidification time for the weld
metal as there is increased heat input to the weld metal. The longer solidification time
may be responsible for the grain orientations in different directions depending on the
flow from weld metal. The maximum hardness was noted at the weld interface adjacent to
AISI 304 sides may be due to carbon enrichment leading to carbide precipitation. From the
fractograph of impact test TIG weldment shows that the fracture during impact
loading propagated in the weld metal near the toe of the weld. Fracture surfaces after
impact are parallel to the loading direction. Microstructure of the weldment is free
from cracks. The minimum impact strength (20 J) of the TIG welds may be due to
low melting eutectics, carbide precipitation and intermetallics formation which is
supported by XRD and EPMA analysis (Fig 4.31, 4.32). The tensile test shows that
the failure was observed at the interface of the AISI 4140 as shows in Fig 4.35 may be
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due to excess phase formation which is supported by microstructure analysis Fig 4.30.
From the fractographs of tensile tested weldment some porosity and micro cracks
observed where the specimen leading to low yield stress (576 M’Pa). The TIG welded
dissimilar weldment between AISI 4140 and AISI 304 are satisfactory.
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CHAPTER 5

OXIDATION STUDIES OF FRICTION WELDED
DISSIMILAR WELDMENT IN AIR

This chapter deals with the critical examination of corrosion produ§cts of dissimilar
weldment when subjected the cyclic and isothermal oxidation at 500 to 900 °C in air. Visual
observations were recorded and gravimetric data were collected 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 parabolic rate

constants and scale thicknesses have been evaluated.

5.1 AIR OXIDATION TEST

Oxidation studies were performed on the dissimilar friction welded (FRW) specimen
under following coﬁdition.
(a) Cyclic oxidation in air (Each cycle consisting of 1 hour heating followed by 20 min
cooling which was carried out at temperature 500 and 600 °C)
(b) Isothermal oxidation in air (At 500, 700 and 900 °C for 50 hours)
The aim of cyclic oxidation is to create severe conditions which are near to the actual service
conditions. The high temperature corrosion studies were performed for FRW samples by
keeping constant weld parameter (B5). The welded samples were mirror-polished, down to |
um alumina wheel cloth polishing before corrosion studies. Weight-change measurements
were taken at the end of each cycle using an electronic balance (model 06120) with a
sensitivity of 1 mg for cyclic oxidation whereas continuous oxidation at the end of 50 hours.
At the time of weighing, even the spalled scale was also includéd to determine the total rate of
corrosion. Efforts were made to formulate the kinetics of corrosion. The surface of the
corroded specimens was visually observed to record color of the scale, spalling and peeling of
scale during cyclic corrosion. The samples after corrosion run were examined by SEM,

EDAX and XRD for surface analysis.
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52 RESULTS
521 Visual Examination

During cyclic study at 500 aﬁd 600 °C the colour of scale for the entire low alloy steel
(AISI 4140) steels was light purplish grey during first few cycles and turned to dark grey after
fifth cycle. In case of stainless steel (AISI 304) side blue colour patch started increasing just
after 4™ cycle. In the weld interface showed light grey colour after 8 th cycle. No much
interesting observation was noticed for all the cases up to 50 cycles. Fig 5.1 shows the
photographs of the weldment after hot corrosion exposed under air. BN

5.2.2 Thermogravimetric Data

The weight gain (per unit area) during corrosion test for the dissimilar FRW (AISI
304 and AISI 4140) in the air oxidation at the temperature of 500 and 600 °C, have been
plotted and is shown in Fig. 5.2 indicating parabolic behavior. The parabolic rate constant
Kp x 10 ° (g cm™S™?) were obtained from the slope of the linear regre\ssion fitted line
(cumulative weight gain / area)® Vs. number of cycles at 500 and 600 °C were 0.297 and
0.383 respectively. The weight gains after cyclic and isothermal oxidation were shown in the
table 5.1.

Table 5.1. The weight gain after 50 cycles/ 50 hours oxidation studies in air

Type of hot corrosion . Temper ature Weight gain after 50 cycles/ 50
CC) hours % 10g/cm2
Cyclic Oxidation 500 0.022
600 0.027
Isothermal Oxidation : 500 0.001
700 0.150
900 0.446

5.2.3 X-ray Diffraction Analysis

X-Ray diffraction studies were carried out to analyse the pf;ases formed on the
oxidized DSW. Fe,O; was identified be the major oxide with NiFe;O4 and NiCr,O4 as a
minor constituent (Fig 5.3(A,B)) for all three temperatures of exposure. At 500 °C oxidation

for both cyclic and isothermal condition, FeNi intermetallic compound was indicated with

234



Fig 5.1 Photograph after complete the high temperature corrosion of friction welded
AISI 4140 and AISI 304, exposed under air. (A) Cyclic oxidation at 500 °C, B)
Cyclic oxidation at 600 °C, (C) Isothermal Oxidation at 500 °C, (D) Isothermal
Oxidation at 700 °C, (E) Isothermal Oxidation at 900 °C.

Note: Right side of the specimen indicates AISI 304.
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Fe;O3; whereas the Cr,O; was absent. At 900 °C for isothermal oxidation, the scale on the

weldment contained Cr,Os;, CrNiFe intermetallic with NiS whereas FeNi was absent.

5.2.4 Scale Thickness Measurement

The samples were cut across the cross-section after exposure to air at 500 and 600 °C
for 50 cycles and mounted. The scale thickness was measured from SEM back scattered
images as shown in Fig. 5.4. The scale thickness values are 21.42 mp and 32.14 mp at 500
and 600 °C for dissimilaf frictioh welded dissimilar weldment resiaectively. Where as, in the
case of isothermal oxidation at 700 and 900 °C the average scale thickness on low alloy steel
side. Since the scale more prone to brittle and spalling nature, the exact scale thickness could

not be noted.
5.2.5 SEM/EDAX Analysis

SEM photographs showing surface morphology of the DSW after cyclic and
isothermal oxidation m air for 50 hours are shown in Fig 5.5 (a-e€). The EDAX analysis of
the scale formed on weldment after cyclic and isothermal oxidation in air at 500 °C, Fe;O3 1s
found to be the predominant phase. Fe;O; content is in the scale higher on the base metal
4140 and tends to decreases as we move towards HAZ-4140 — weld — HAZ-304 — 304
base metal. Whereas Cr,O; content of scale is reducing as we move from 304 —HAZ-304
—weld —HAZ-4140— 4140 base metal. Little amount of NiO is obtained on 304 side
whereas it was negligible on 4140 side, where as it is maximum at the interface. At 700 °C
isothermal oxidation, the percentage of Fe,Os, Cr2O3 and NiQ observed in the scale on the
weldment follows the same trend as at 500 °C. At 900 °C oxidation the percentage of CryO3

becomes higher in the scale on HAZ-304 as compared Fe,Os.

5.2.6 EPMA Analysis

EPMA analysis had been done only selected sample which contained thicker scale

thickness. BSEI and X-ray mapping for a part of oxide scale of dissimilar weldment after
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isothermal oxidation by exposing at 700 and 900 °C temperature is shown in\Fig. 5.6 to 5.10.
It can be inferred from the EPMA results that the scale mainly consists of iron oxide. .

The detailed X- ray mapping and elemental distribution analysis had been doﬁe oﬁ the
air oxidized specimen. The cross section of the specimen cleaned by ultrasonic method. “The
figure 5.11 and 5.13 shows the X mapping analysis on the isothermal air oxidized dissimilar
weldment exposed at 700 and 900 °C respectively. From the micrographs it was observed that
the Cr, Ni,Fe and carbon got enriched more on the weld zone as well as in the scale. With
increase the temperature to 900 °C it was noted that the amount of enrichment was also more.

The BSEI and EDS curve also supported the above. (Fig 5.12 and 5.14).

5.2.7 Discussion

From the oxidation studies weight gain curves tendency for oscillation type reaction
weight gain rate has been observed (Fig.5.2) perhaps due to changes in reaction rate which
are associatéd with the formation of a laminated, iﬁner-oxide layer, made up of bands of fine
and coarse grain oxide spinel, as suggested by M.H.Hurdus et al- [1990]. .
From the SEM/EDAX data, the percentage of change in Fe,Os in the scale remain constant
from base metal (4140) — 4140-HAZ and tend to decrease from 4140-HAZ to weld zone.
This trend is almost same for all the temperature of exposure. At 500 C cyclic oxidation this
Fe;Os5 further decreases as one moves from Weld — 304-HAZ and inéreases from 304-HAZ
— 304 base metal. Whereas at 600 °C oxidation Fe2O3 increases from weld — 304(HAZ)
and decreases from 304(HAZ) — 304 base metal (Fig.5.5 (a, b)). At 500 and 700 °C for
isothermal oxidation, the Fe,Os is -decreases as one moves from Weld— 304(HAZ) —304
base metal (Fig.5.5(c, d)). X

At 500 °C and 700 °C isothermal oxidation the percentage of Cr;O; in the scale

increases from Weld —304 (HAZ) — 304 base metal whereas at 900 °C oxidation CryOs

observed higher in the scale on 304 ( HAZ) (Fig 5.5 (e)).
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FeO is not detected in the scale of the weldment exposed to all the three temperatures. This
may be due to increase in the Cr2Os; content of scale on the weldment. Similar observation
has been made my Moretimer et al [1969]. The iron oxidized in preference of Cr in the alloy
4140 where Cr content is only 1.1% and the part of this Cr is present as carbide. This amount
of Cr is not sufficient for forming a protective layer of Cr,O; on the surface. There is little
migration of Cr from the interior as its diffusion coefficient is small. Oxygen diffuses through
the outer scale of iron oxides and reacts with chromium to for Cr,Os at the inner layers yvhich
exist as particles and not as continuous layers. )

The amount of Fe;Oj3 is higher in the scale on the weldment where as the presence
of chromium in the inner scale has been observed for all the temperatures of exposure.
Similar findings also reported by Lai et al [1990]

The scale on the weldment was observed to be fragile and had tendency for spalling perhaps
due to differences in the thermal-expansion coefficients of interface, and the two base metals
and their oxides. The scale thickness more on low alloy steel side which increased with
increase in temperatui‘e, also it was observed that the rate of corrosion was more in the weld
region as compared to base metal as can be observed in Fig 5.4. .

The phenomena of cracking of the scale on the low alloy steel side may be as the
result of the presence of Mo in low alloy steel. The oxide protrusions appeared from beneath
through the cracks is perhaps of greater specific-volume of iron oxide which also observed by
Bornstein et al [1971].

The presence of chromium oxide as revealed by XRD analysis in the scale on the
dissimilar weldment under isothermal oxidation at 700 and 900 °C. This may be due to
spalling of top Fe,O3 layer of the scale. Presence of only iron oxide in the scale on weld
interface has further been confirmed by EDAX indicating upper scal.e of Fe,O5; for

\

weldment which is followed by subscale where Fe;Os and CryO; are coexisting. This can
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be attributed to depletion of iron form the metal subscale thereby leaving behind
chromium rich pockets which further gets oxidised to form oxides of chromium in the
inner scale. Sadique et al. [2000] have suggested similar behaviour.

From the mapping and elemental analysis on hot corroded sample, it was observed that
the enrichment of Fe, Cr, Ni in the weld region as well as in the scale of low alloy steel
side (Fig 5.11 to 5.14), which leads to formation of intermetallic FeNi / CrNiFe which also

supported by EPMA and XRD (Fig 5.3).
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CHAPTER 6

HOT CORROSION STUDIES OF FRICTION WELDED
DISSIMILAR METALS IN MOLTEN SALT
ENVIRONMENT

This chapter deals with the critical examination of corrosion products and the
behaviour of friction welded dissimilar weldment. The hot corrosion studies were
performed on the weldments exposed at the temperature from 500, 550 and 600 'C under
the following mixture of molten salt for 50 cycles.

(i) NaySO4 + V205 (60%)

(ii) K2SO4 + NaCl (60%)

(iii) Na2SO4 (40%) + K2SO4 (40%) + NaCl (10%) + KCl (10%)
(iv) Na,;SO4 + NaCl (50%)

The samples were visually examined at the end of each cycie for any change in
the colour, lustre, adherence of scale to the substrate and spalling tendency. The weight
change 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 different environment. of molten salt mixture have been
reported under different subheadings. In view of comparison the thermogravimetric
data for each environment along with different temperature of exposure were
recofded. The parabolic rate constants and scale thickneés values have been evaluated

after 50 cycles of exposure.

6.1 RESULTS
6.1.1 Friction Welded Dissimilar Metals Exposed to Na,SO4 + V,05 (60%)

This subheading deals with the critical examination of corrosion products and
the behaviour of friction welded dissimilar weldment made by different burn-off length
namely 5, 7, 9, and 12 mm. The hot corrosion studies were performed on the weldments

exposed at the temperature from 500, 550, 600, 700 and 900 'C under the Na;SO4 + V205
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(60%) mixture of molten salt for 50 cycles. In view of comparison the
thermogravimetric data of each environment along with different temperature of
exposure were recorded. The parabolic rate constants and scale thickness values have
been evaluated after 50 cycles of exposure.

6.1.1.1 Visual Examination

~

In the hot corrosion study of the friction welded 4140 low alloy steel and 304
Stainless steel weldment, after first cycle indicated a light rough scale having brown
patches. These numbers of patches are more on 4140 side than 304 side. After
completion of 10 cycles the scale becomes thicker and with dark brown colour on low
alloy steel and there is extensive spalling. Whereas on 304 sides the scale was light
brown and adherent. With further increase in number of cycles, the scale becomes
darker. The color and texture of scale at weld region was different from that on the
- base metals. With increase in the temperature from 500 to 550 °C and then 600 °C the
thicker scale was observed bn HAZ of 4140 side which was light grey in colour,
whereas the scale on the HAZ of 304 was of darker grey colour. As the temperature of
exposure increased from 500 to 600 °C extent of spalling got increased. At high
temperature of exposure the scale more brittle and extensive spalling was observed.
When the dissimilar weldment were exposed at 700 and 900 °C the weld zone as well
‘as low alloy steel side shows high degrading. Fig.6.1 (i-v) shows the typical
macrographs of h_ot corroded samples after 50 cycles. N
6.1.1.2 Thermogravimetric Data

The plots of cumulative weight gain (mg/cm?) as a function of time (ﬁumber of
cycles) for four FRW parameters (burn-off length 5,7,9 and 12 mm) at the temperature
of 500, 550 and 600 °C in Na; SO4 (40%) + V3 Os (60%) up to 50 cycles are shown Fig
6.2. Hot corrosion studies also carried out at the temperature of 700 and 900 °C for the
above mentioned environment (Fig 6.3). B12 weldment showed the maximum weight
gain whereas B5 weldment showed the least weight gain. The parabolic rate constants,

K, for B5, B7, B9 at the different exposure of temperature (500, 550, 600, 700, 900°C)
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Fig. 6.1 Macrographs dissimilar friction welded AISI 4140 and AISI 304 subjected to
cyclic hot corrosion exposed under Na2S04 (40%) + V205 (60%) at 500, 550, 600,
700 and 900 °C after 50 cycles.
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are given in Table 6.1 The parabolic rate constant for corrosion of dissimilar weidment
made by burn-off length ‘B’ 12mm is around 2.5 times of that for B5S weldment. When
increasing the temperature of exposure was increased from 500 to 600 °C, the
parabolic rate constant approximately 15 times than that of at 500 °C. when the
weldment were exposed to given corrosive mixture at 700 and 900 °C, the rate of
corrosion is increased drastically and the Kp values are increased 50 and 400 times
respectively.

Table 6.1 Values of parabolic rate constant Kp

Description Kp (10°%gm*Cm’

Temperature Burn off length s
cO) (mm) .
5 0.229
500 7 0.336
9 0.477
12 0.575
5 0.697
550 7 0.858 .
9 0916
12 1.100
5 2.32
600 7 2.96
9 3.96 _
12 5.09 )
700 5 250.000
900 5 2099.000

6.1.1.3 X-ray Diffraction Analysis .

The XRD patterns for the hot corroded surfaces of welded samples by keeping
four different burn-off length (BS, B7, B9 and B12 mm) exposed to the Na,SO4— 60%
V,0s environment at exposure temperature of 500, 550 and 600 °C after 50 cycles are

shown in Fig. 6.4 - 6.6. It is evident from the diffraction patterns that the hot corroded
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weldment has Fe;Os; as the main phases along with relatively weak peaks of Cr2Os.
Corfoded weldment also reveals the formation of similar phases with different burn off
length B5 to B12. The peak intensity increase with temperature and burn -off length.
However, in the case of B12 at 600 °C the peak of the NiFe, (Cr, Fe), O3 and SiO;
peaks are found which are absent with exposure at 500 and 550 °C. When the
temperature of expose increaée to 700 and 900 °C, the intensity of Fe,O; peak
iﬁcreases with weak indicate of Cr>O3; FeNi and CrNiFe are observed (Fig 6.7).

6.1.1.4 Scale Thickness Measurement

The samples were cut across the cross-section after exposure to molten salt at 500, 550
and 600 °C for 50 cycles and mounted. The precise scale thickness values were measured from
SEM back scattered images shown in Fig. 6.8. Fig 6.9 shows the BSEI for friction weldment
exposed at the teinperature of 700 and 900 °C under ﬁaolten salt of Na,SOs— 60% V,0s. The
exact oxide scale thickness could not be measured for all the weldments due to intense
spalling and sputtering. The SEM micrograph shows the fragile and cracked scale for all the

weldment.

6.1.1.5 SEM/EDAX Analysis
SEM micrographs of the FRW specimens with four burn of length(B5, B7, B9 and

B12) showing surface morphology after cyclic hét corrosion for 50 cycleé at 500, 550,
and 600 °C, are shown in Fig.6.10 (A to L). The microg}'aphs of all the corroded
weldments clearly indicate the tendency spalling of the scale. The oxide grains of the
scale over the upper portion of the weld metal were generally fine-grained compared to
those over HAZ and base metal region of dissimilar weldment. The SEM micrograph of
the top surface of the weldment indicates a sharp difference in their morphélogies of the
Scale which fine grained and coarse grained over the weld and HAZ respectvely. The
EDAX analysis of the scale for the weldment shows Fe,Oj3 to be the predominant phase,
with small amounts of Cr;0O3, NiO, MnO and SiO,. From EDAX analysis (Fig 6.10 (A-
L)) across the low alloy steel 4140, HAZ-4140, weld, HAZ-304 and Stainless steel 304

with BS5 heated at 500 °C at given molten salt indicate maximum amount of Cr, Os is in
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Fig 6.10(E) SEM/EDAX graph shows the friction weldment by keeping 5 mm burn
off length, exposed at 550 °C under Na2S0O4— 60% V,0s after 50 cycles
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Fig 6.10(F) SEM/EDAX graph shows the friction weldment by keeping 7 mm burn
off length, exposed at 550 °C under Na2SO4— 60% V205 after 50 cycles
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Fig 6.10(G) SEM/EDAX graph shows the friction weldment by keeping 9mm burn
off length, exposed at 550 °C under Na2SO4— 60% V,0Os after 50 cycles
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Fig 6.10(H) SEM/EDAX graph shows the friction weldment by keeping 12 mm burn
off length, exposed at 550 °C under Na2SO4— 60% V05 after 50 cycles
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Fig 6.10(I) SEM/EDAX graph shows the friction weldment by keeping 5 mm burn off
length, exposed at 600 °C under Na2504—- 60% V,Os after 50 cycles
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Fig 6.10(J) SEM/EDAX graph shows the friction weldment by keeping7mm burn off
length, exposed at 600 °C under Na2S0O4— 60% V105 after 50 cycles
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Fig 6.10(L) SEM/EDAX graph shows the friction weldment by keeping 12 mm burn
off length, exposed at 600 °C under Na2S04— 60% V,0s after 50 cycles
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the scale above the weld, It decreases as we move to the HAZ on the Tow alloy steel side
and is negligible in the low alloy steel side. Where as scale on the low allf)y steel 4140
mainly consists of Fe, O3 and this Fe, O; goes on decreasing as we move towards the
HAZ-4140, weld, HAZ-304 and base 304 steel. The same trend is observed with burn off
length B7, B9 and B12 at 550 and 600 °c exposures. EDAX analysis shows NiO in the
weld region and AISI 304 base metal. It further increase with increase either burn-off
iength or temperature. Where as SiO2 gradually increasing as one move towards the
HAZ-4140, weld, HAZ-304 and base 304 steel. The concentration of V,0Os, Na, Os is
observed on the stainless steel side there by indicating un-reacted salt. At 700 and 900 °C
the scale on the weld zone as well as HAZ of 304 contains more Cr,0j; as compared with
other lower temperatures Fig 6.11 (A, B). From the EDAX data, the effect of temperature
and burn off length on the formation of oxides in the scale on the weldment shown in Fig
6.11 (C-H).

6.1.1.6 EPMA / EDAX Analysis _

The scale on the friction welded dissimilar metal weldment was found to be fragile
Even though by using slow speed cutting machine some of the scale was gone lost, so BSEI
and X- ray mapping have been analyzed selectively. .

BSEI and X-ray mapping for cross-section of corroded dissimilar weldment
exposed to Na,S04-60%V,0s at 500, 550, 600, 700 and 900 9%C for 50 cycles. The EPMA of
the cross-section of corroded dissimilar weldment made. by friction welding by
keeping different burn-off length (5,and 12mm) indicates that scale is mainly
consisting of Fe, Cr and Ni Fig. 6.12(A-E). Figure 6.12 (F to L) shows the X ray
mapping and elemental distribution analysis done by EDAX. Figure 6.12 (F and G)
shows that oxygen penetration in the scale of friction weldment of burn-ff length 5, 7
mm respectively exposed at 600 °C under molten salt environment. Also it was observed
that the scale mainly éonsisting with Fe, Cr and Ni. The elemental distribution in the
weldment shown in Fig 6.12 (H), it was noted that the Cr content is more in the weld zone as
well as the both side of HAZ. Fig 6.12 (I to L) shows that the X — ray mapping and elemental

distribution on the weldment after exposed at 700 and 900 °C.
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6.1.2 Friction Welded Dissimilar Metals Exposed to K,SO, + NaCl (60%)

This subheading deals with the critical examination of corrosion products aﬁd
the behaviour of friction welded dissimilar weldment made by different burn-off length
namely 5, 7, 9, and 12 mm. The hot corrosion studies were performed on the weldments
exposed at the temperature from 500, 550 and 600 'C under the K,SO, + NaCi (60%)
mixture of molten salt for 50 cycles. In view of comparison the thermogravimetric data
of each environment along with different exposure of temperature. The parabolic rate
constants and scale thicknesses values have been evaluated after 50 cycles of exposure.

6.1.2.1 Visual Examination

In the hot corrosion study of the friction welded 4140 low alloy steel and 304
Stainless steel weldment, after first cycle the white colour salt coating c\hanged in to
brown colour with some small black spots seen on the low alloy steel side. Negligible
reaction has taken place on the stainless steel side. After completion of 15 cycles the
scale becomes thicker and is of dark brown colour on low alloy steel and most of it
scale spalled out. Whereas on 304 sides the scale was light brown and adherent and on
the weld area the salt coating remain unreacted. With further increase i\n ngmber of
cycles, all the scale spalled out from low alloy steel side, leaving behind black colour
subscales. The color and texture oif scale at weld region was different from that on the
base metals. With increase in the temperature from 500 to 550 °C and then 600 °C the

thickness of scale was observed on the 4140 steel side with extensive spalling.

Figure.6.13 (i-iii) shows the macro structure of hot corroded samples after 50 cycles.

6.1.2.2 Thermogravimetric Data

The weight gain (per unit area) during corrosion test for the dissimilar friction
weldment made by changing burn-off length (5,7,9 and 12 mm) in the presence of a salt
layer of K2SO4 (40%) and NaCl (60 %) mixture at different temperature (500, 550 and 600
°C) have been plotted and is shown in Fig 6.14. Higher the burn-off length shows a
higheer weight gain throughout the entire range up to 50 cycles for all the temperatures of
exposure. The parabolic rate constants Kp were obtained from the slope of the linear

regression fitted line (cumulative weight gain / area)” Vs. number of cycles and is shown
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Fig 6.11(A) SEM/EDAX graph shows the friction weldment by keeping 5 mm burn
off length, exposed at 700 °C under Na2SO4- 60% V,0Os after 50 cycles.
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Fig 6.11(B) SEM/EDAX graph shows the friction weldment by keeping 5 mm burn
off length, exposed at 700 °C under Na2SO4— 60% V,Os after 50 cycles.
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Fig 6.11 (C) EDAX data shows the effect of burn off length and temperature on
formation of Cr203 on the friction weldment under molten salt environment of

Na2804—60% V205.
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Fig 6.11 (D) EDAX data shows the effect of burn off length and temperature on
formation of Fe20O3 on the friction weldment under molten salt environment of

NEQSO4—60% V205.
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Fig 6.11 (E) EDAX data shows the effect of burn off length and temperature on
formation of NiO on the friction weldment under molten salt environment of Na,SO4—
60% V5,05
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Fig 6.11 (F) EDAX data shows the effect of burn off length and temperature on

formation of MoO3 on the friction weldment under meolten salt environment of
Nast4—60% VzOs_
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Fig 6.11 (G) EDAX data shows the effect of burn off length and temperature on

formation of SiO2 on the friction weldment under molten salt environment of
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Fig 6.11 (H) EDAX data shows the effect of burn off length and temperature on

formation of MnO on the friction weldment under molten salt environment of
Na2804—60% V205,
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Fig. 6.12 (C)} BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off length 5 mm,
subjected to cyclic oxidation in Na;S04-60%V,0s at 600°C for 50 cycles, 500 X.
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Fig. 6.12 (F) BSEI and X-ray
mappings of the cross-section of
dissimilar friction welded AISI 304 and
AISI 4140 by keeping burn-off length
Smm exposed to Na,S04-60%V,05 at
600 °C for 50 cycles.
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mappings of the cross-section of
dissimilar friction welded AISI 304 and
AISI 4140 by keeping burn-off length
7mm exposed to NaSO4-60%V,0s at
600 °C for 50 cycles
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Fig. 6.12(H) BSEI and EDAX of the cross-section of dissimilar friction welded

AISI 304 and AISI 4140 by keeping burn-off length 7mm exposed to Na;SO4-60%V._
,0s at 600 °C for 50 cycles.
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dissimilar friction welded AISI 304 and
AISI 4140 by keeping burn-off length
Smm exposed to NaS04-60%V,0s at
700 °C for 50 cycles
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Fig. 6.12(L) BSEI and EDAX of the cross-section of dissimilar friction welded

AISI 304 and AISI 4140 by keeping burn-off length Smm exposed to Na;SO4-60%V.
,Os at 900 °C for 50 cycles.
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Fig. 6.13 Macrographs dissimilar friction welded AISI 4140 and AISI 304 subjected
to cyclic hot corrosion exposed under K2S0O4 + NaCl (60%) after 50 cycles. (i-iii)
Weldment made by keeping 5 mm burn off length and exposed temperature of 500,
550, 600 °C respectively.
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Welding Method: FRW (Burn-off length 5, 7, 9 and 12 mm),
Environment: K2S04 + NaCl (60%),
Temperature of exposure: 500, 550, and 600 °C
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Fig 6.14. Plots of cumulative weight gain (mg/cm?) as a function of time (number of
cycles)
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in table 6.2. The parabolic rate constant of dissimilar weldment made by B12 is higheét
than that of BS and is around 2.4 times of that for B12 weldment exposure at 500 °C.
When increasing the temperature of exposure from 500 to 600 °C, the parabolic rate
constant approximately more than 10 times than that of at 500 °C.

Table 6.2 Values of parabolic rate constant Kp

Description Kp (10'6(gm2Cm'4S")
Temperature (°C) | Burn off length (mm)

5 4.460

500 7 7.190
9 11.120
5 15.700

550 7 18.310
9 37.850 .
12 - 30.340
5 53.000

600 7 56.210
9 65.380
12 75.810

6.1.2.3 X-ray Diffraction Analysis

The XRD patterns for the hot corroded surfaces of welded samples by keeping four
different burn-off length (BS, B7, B9 and B12 mm) exposed to the K>SO, (40%) and
NaCl (60 %) environment at exposure temperature of 500, 550 and 600 °C after 50
cycles are shown in Figs.6.15, 6.16 and 6.17. X-Ray diffrac;tion studies were carried
out to analysis the phases existing in the hot corroded product. In the weldment, the
scales were found to contain Fe,O; as major oxide with Cr,0O;, FeS, NiFe;O4 and

NiCr20O4 were present as a minor constituent.
6.1.2.4 Scale Thickness Measurement

The samples were cut across the cross-section after exposure to molten salt at 500, 550

and 600 °C for 50 cycles and mounted. The scale thickness values were measured from SEM
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back scattered images shown in Fig. 6.18(i-iii). The exact oxide scale thickness could not be
measured for all the weldments due to intense spalling and sputtering. The SEM micrograph
shows the fragile and cracked scale for all the weldments.

6.1.2.5 SEM/EDAX Analysis

SEM photographs showing surface morphology of the dissimilar weldment after 50
cycles hot corrosion studies are shown in Fig 6.19 (A-J). EDAX analysis for the
weldment shows Fe;O3 to be the predominant phase. From the analysis, the scale on the
base metals (4140) at 500 °C and 550 °C indicated the presence of small quantities of
MnO and K,O along with higher percentage of Fe;O3 (91-99%) whereas at 600 C the
2.58% of Cr; O3 is indicated. In the case of base metal stainless steel side, while varying
the temperature from 500 to 600 °C the scale has higher percentage of Fe,Osz (37-93%)
and Cr;03 ( 2.80 — 21%) along with other minor phases MnO, NiO, SO3., etc. EDAX
analysis for scale on the weld interface by changing temperatures 500, 550 and 600 C,
shows Fe>O3 (91-61%) to be the predominant phase with Cr; O3 (2 -19%) with other
minor phases MnO, NiO, SOs, SiO,, étc. From the EDAX data, the effect o\f temperature

and burn off length on the formation of oxides in the scale on the weldment shown in Fig

6.19 (K-N).

6.1.2.6 EPMA Analysis

BSEI and X-ray mapping for cross-section of corroded dissimilar weldment

X

exposedL to K;S04 (40%) and NaCl (60 %) at 500, 550 and 600 °C for 50 cycles are shown in
Fig. 6.20 (A-C). The EPMA of the cross-section of corroded dissimilar weldment made
by friction welding by keeping different burn-off length (5, 7, 9 and 12mm) indicates
that scale is mainly consisting of Fe, Cr and Ni. Figure 6.21 (A) shows\ that oxygen
penetration in the scale of friction weldment of burn-off length 5 exposed at 500 °C
under molten salt environment. The X-Ray mapping elemental distribution on the weldment
after exposed at 600 shown in Fig 6.21 (B and C). It was noted that the Cr concentration is

more in the weld zone as well as the both side of HAZ.
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Fig. 6.15 X-ray diffraction patterns for the hot corroded surfaces of friction welded
samples by keeping four different burn-off length (BS, B7, B9 and B12 mm)
exposed to the K,SO, (40%) and NaCl (60 %) environment at exposure temperature
of 500 °C after 50 cycles.
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Fig. 6.16 X-ray diffraction patterns for the hot corroded surfaces of friction welded samples by
keeping four different burn-off length (B5, B7, B9 and B12 mm) exposed to the K,SO, (40%) and
NaCl (60 %) environment at exposure temperature of 550 °C after 50 cycles.
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Fig. 6.17 X-ray diffraction patterns for the hot corroded surfaces of friction welded
samples by keeping four different burn-off length (B5, B7, B9 and B12 mm)
exposed to the K>SO, (40%) and NaCl (60 %) environment at exposure temperature
of 600 °C after 50 cycles.
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Fig 6.18. BSEI for hot corroded friction weldment under K2S0O4 + NaCl (60%),
exposed temperature of 500, 550, 600. (i) and (ii): Exposed temperature 500 and 600
°C respectively for weldment made by keeping 5 mm Burn off length. (iii) and (iv):
Exposed temperature 550 and 600 °C respectively for weldment made by keeping 12
mm Burn off length.
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Fig 6.19(A) SEM/EDAX graph shows the friction weldment made by keeping 5 mm

burn off length, exposed at 500 °C under K,SO, (40%) and NaCl (60 %) after 50
cycles
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Fig 6.19(B) SEM/EDAX graph shows the friction weldment made by keeping 7 mm
burn off length, exposed at 500 °C under K,SO, (40%) and NaCl (60 %) after 50
cycles
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burn off length, exposed at 500 °C under K;SO4 (40%) and NaCl (60 %) after 50
cycles
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Fig 6.19(D) SEM/EDAX graph shows the friction weldment made by keeping 5 mm

burn off length, exposed at 550 °C under K,SO, (40%) and NaCl (60 %) after 50
cycles
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Fig 6.19(E) SEM/EDAX graph shows the friction weldment made by keeping 7 mm

burn off length, exposed at 550 °C under K>SO, (40%) and NaCl (60 %) after 50
cycles
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Fig 6.19(F) SEM/EDAX graph shows the friction weldment made by keeping 12 mm
burn off length, exposed at 550 °C under K,SO4 (40%) and NaCl (60 %) after 50
cycles _' ' ’
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Fig 6.19(H) SEM/EDAX graph shows the friction weldment made by keeping 7 mm
burn off length, exposed at 600 °C under K>S0, (40%) and NaCl (60 %) after 50
cycles : _ _
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Fig 6.19(I) SEM/EDAX graph shows the friction weldment made by keeping 9 mm
burn off length, exposed at 600 °C under K>SOy (40%) and NaCl (60 %) after 50
cycles
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Fig 6.19 (L) EDAX data shows the effect of burn off length and temperature on

formation of Cr203 on the friction weldment under molten salt environment of
KzSO4——60% NaCl

389



14

12

10

% of MnO

—&—B5at500°C —I3—B9at500°C

—i—B5at550°C —»—B12at 550 °C

—¥—B5 at 600 °C

—0—B12 at 600 °C

4140(HAZ)

WELD

-
A

304(HAZ)

Fig 6.19 (M) EDAX data shows the effect of burn off length and temperature on
formation of MnO on the friction weldment under molten salt environment of K;SO4—

60% NaCl

35

30 r

25

20

% of NiO

15

10

—o—B85 at 500 °C

—A—B5 at 550 °C

—¥—B5 at 600 °C

- B¢ at 500 °C

——DB12 at 550 °C

—0—B12 at 600 °C

4140

4140(HAZ)

@ng-_:_—a—éf

—a
4

WELD

304(HAZ)

304

Fig 6.19 (N) EDAX data shows the effect of burn off length and temperature on
formation of NiO on the friction weldment under molten salt environment of K>SO4—

60% NaCl

391



o



555






399






BSEI v T

AISI 304 “ 1 & AISI 40
L@‘ A L o S
i B e ~ ffi _d =

f““vﬁ; sl e ¥ .
i L e

™ s,

e g i3\g spc 07-Feb-2007 16:39:16
LSecs: 28

157

Fe

.3 o R

1.0 -

KCrt

0.7 +

03 4

mA M

09 = hapis ’ T ' Y Y T
2.08 4.00 8.00 3.0 18.00 12.00 14.08 16.00 16.00 20.00
Energy - keV

c:\edoxri2\genesis\genmaps.spc 07-Feb-2007 16:42:45
LSecs: 46

32 W

25 D

19 -

KOt

1.3

CIM
o .li 1

2.0 T 1 — 2y Y T T T T
2.00 4.00 6.00 8.00 10.00 12.00 14.00 46.80 18.00 20.00
Energy - keV

ciedax32\genesis\genmapa.spe 07-Feb-2007 16:37:22
LSecs: 38

23 4
Fe
10 A
1.4 -
KCnt
Cr
09 —
0.5
M NI
0.0 T T Y Y T T Y >t —
2.00 4.00 6.00 8.00 10.00 12.00 14.00 18.00 18.00 20.00
Energy - keV
credaxd2g ing pe.ape 07-Feh-2007 16:40:59
LSecs: 37
20
Fe
16 (“
1.2
HCnt|
Cr
0.8 -
0.4 4
M
Ni
A
0.0 ™ T 1 y T T g T -
200 4.00 6.00 8.00 1000 1200 1400 1600 18.00  20.00
Energy - ke
ciled spc 07-Feb-2007 16:44:39
Secs: 48
2.9
Fe
2.3 -
E
1.7
KCnt
1.2
0.6 7
Cr,
Ni
0.0 -~ T 1 3 Y ) -t T T
200 4.00 6.00 8.00 40008 1200 1400 1800 1808 20.00

Energy - kaV
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(60%) at 600 °C for 50 cycles.
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- 6.1.3 Friction Welded Dissimilar Metals Exposed to Na,SO4 (40%) + K,SO,
(40%) + NaCl (10%) + KCI (10%)

This subheading deals with the critical examination of corrosion .products and
the behaviour of friction welded dissimilar weldment made by different burn-off length
namely 5, 7, 9, and 12 mm. The hot corrosion studies were performed on the weldments
exposed at the temperature from 500, 550 and 600.°C under the NasSO4 (40%) + K,SO4
(40%) + NaCl (10%) + KCI (10%) mixture of molten salt for 50 cycles. In view of
comparison the thermogravimetric data of each environment along with different
exposure of temperature. The.parabolic rate constants and scale thicknesses values
have been evaluated after 50 cycles of exposure. |
6.1.3.1 Visual Examination

In the hot corrosion study of the frictién welded 4140 low alloy steel and 304
Stainless steel weldment, after first cycle the white colour salt éoating c;hanged in to
brown colour with some small black spot appeared on the low alloy steel side.
Negligible reaction took place on the stainless steel. After completion of 15 cycles the
scale becomes thicker and with dark brown colour on low alloy steel and most of the
scale spalled out. Whereas on 304 sides the scale was light brown and adherent and on
the weld area the salt attack was not perceptible. With further increase in number éf
cycles, all the scale Spalled out from low alloy steel side, living behind black colourd
subscale. The color and texture of scale at weld region was different from that on the
base metals. With increase in the temperature from 500 to 550 °C and then 600 °C the
thicker scale was observed on the 4140 steel side and extensive spalling took place. At
600\ °C of exposure the scale was more fragile and extensive spalling V\;as observed.
Fig.6.22 (i-iv), shows the macro structure of hot corroded safnples after 50 cycles.
6.1.3.2Thermogravimetric Data
The weight -gain (per unit area) during corrosion test for the dissimilar friction weldment
(AISI 304 and AISI 4140) in the presence of a salt layer of (40 wt% K,SO4, 40 wt%
NazS0,, 10 wt% KCI, and 10 wt% NaCl mixture at different tefnperature (:500, 550 and
600 °C, have been plotted and is shown in Fig.6.23 indicating parabolic behavior. Higher

the burn-off length (i.e. B12) shows a highest weight gain for all the temperatures of
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exposure. The parabolic rate constants Kp were obtained from the slope of the linear
regression fitted line (cumulative weight gain / area)® Vs. number of cycles and is shown
in table 6.3. Thre parabolic rate constant of dissimilar weldment made\ by burn-off
length ‘B’ 12mm is larger than that of made by born-off length 5mm for all the
temperature of exposure. When increasing the temperature of exposure from 500 to
600 °C, for the weldment of 5 mm burn off length the parabolic rate constant
approximately more than 10 times than that of at 500 °C.

Table 6.3 Values of parabolic rate constant Kp

AY

Description Kp (10°%gm*Cm™7sT)

Temperature (°C) Burn off length (mm)
500 - 5 1.670
550 5 3.590

7 5.260

9 7.980

12 11.850 .
600 5 17.170

12 23.440

6.1.3.3 X-ray Diffraction Analysis

The XRD patterns for the hot corroded surfaces of welded samples by keeping
four different burn-off length (BS, B7, B9 and B12 mm) exposed to the Na,;SO, (40%)
+ K280y (40%) + NaCl (10%) + KCI (10%) environment at exposure temperature of
500, 550 and 600 °C after 50 cycles are shown in Fig 6.24(A, B). X-Ray diffraction
studies were carried out to analyse the phases formed on hot corrosion product on the
dissimilar friction weldment. The surface of the scale has plenty of Fe>O3 with minor
constituent of Cr,O3 NiFe;04, NiCr.O4 and FeNi were identified. The léss;internﬁetallic
compound CrNiFe were identified in scales with less intensity for 500 and 550 C

€xposurcs.

6.1.3.4 Scale Thickness Measurement
The samples were cut across the cross-section after exposure to molten salt at 500, 550
and 600 °C for 50 cycles and mounted. The scale thickness values were measured from SEM

back scattered images shown in Fig. 6.25 (i-vi). The exact oxide scale thickness could not be
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measured for all the weldments due to intense spalling and sputtering. The SEM micrograph

shows the fragile and cracked scale for all the weldment. .

6.1.3.5 SEMV/EDAX Analysis

SEM / EDAX analysis showing scale surface morphology and -the phases formed after 50
hours cyclic hot corrdsion studies on the scale of dissimilar friction weldmerit as shown in
Fig 6.26 (A-F). From the analysis for all the burn-off length and temperature of exposure,
Fe;Os is found to be the predominant phase in the scale on the weldment. At 500 C the
scale of base metals (4140 and 304) contain plenty of Fe,Os (84-91%) which is very less
(52%) in the HAZ of 304 noted in Fig 6.26(A) where as the percentage of Cr,O3; and NiO
is higher. The maximum amount of Fe;O3; (96%) noted on the scale of HAZ of 4140 side
where as the % of Cr;Os is negligible. At 600 C hot corrosion the scale on the weldment
contains plenty of Fe,O3 (88-92 %) and the Cr;Oj; is not as much as at 500/550 C (Fig
6.26. E, F). EDAX analysis of the scale on the weldment for the three temperatures of
exposure shows some unreacted salt as Na;O, SOz and K;O. From .t'he EDAX data, the
effect of temperature and burn off length on the formation of oxides in thé scale on the

weldment shown in Fig 6.26 (G-N).

6.1.3.6 EPMA Analysis _

BSEI and X-ray mapping for cross-section of corroded dissimilar weldment
exposed to NaySO4 (40%) + K>SO, (40%) + NaCl (10%) + KCI (10%) at 50(5, 550 and 600
°C for 50 cycles are shown in Fig. 6.27 (A- F). The EPMA of the cross-section of
corroded dissimilar weldment made by friction welding by keeping different burn-off
length (5, 7, 9 and 12mm) indicates that scale is mainly cdnsistin_g of Fe, Cr and Ni.
Figure 6.28 (A) shows that oxygen penetration in the scale of friction weldment of
burn-off length7 mm exposed at 550 °C under molten salt environment.\ The X-Ray
mapping elemental distribution on the weldment after exposed at 600 shown in Fig 6.28 (B

and C). Higher concentration of Cr,O; is observed on weld zone as well as the both side of

HAZ.
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6.1.4 Friction Welded Dissimilar Metals Exposed to Na;SO4 (50%) + NaCl
(50%)

The hot corrosion studies were performed on the weldments ﬁqade with by different burn
off length 5, 7, 9, and 12 mm exposed at the temperature from 500 and 550 °C under the
NazSO4 (50%) + NaCl (50%) mixture of molten salt for 50 cycles. The p\arabo]ic rate
constants have been calculated from the thermogravimetric data for each temperature

and scale thicknesses values have been evaluated after 50 cycles of exposure.

6.1.4.1 Visual Examination

In the hot corrosion study of the friction welded 4140 low alloy steel and 304 Stainless
steel weldment, in first cycle the white colour salt coating changed in to brown colour
with some small black spots observed on the low alloy steel side only where neg]igiblé
reaction has taken place on the stainless steel side. Thicker scale with dark brown
colour could be observed on low alloy steel after 15 cycles. Whereas on 304 side the
scale was light brown and adherent and on the weld area the salt coating remain
unreacted. With further increasé in number of cycles, all the scale spalled out from low
alloy steel side, living behind black colour subscales. The color and texture of scale at
weld region was different from that on the base metals. With increase in the
temperature from 500 to 550 °C, the thicker scale was observed on the 4140 steel side
and extensive spalling took place. At 550 OC temperature of exposure the scale
bécomes fragile and extensivé spalling was observed. Fig.6.29'(i, ii)  shows the

macro structure of hot corroded samples after 50 cycles.

6.1.4.2 Thermogravimetric Data N

The corrosion kinetics of specimens under the molten salt deposits (Naz;S0, (50%) + NacCl
(50%)) is shown Fig 6.30 as parabolic plots of weight gain per unit area versus function of
time (number of cycles). The parabolic rate constant Kp were obtained from the slope of
the linear regression fitted line (cumulative weight gain / area)2 vs. number of cycles and
is shown in table 6.4. When increasing the temperature of exposure from 500 to 550 °C,

the parabolic rate constant increase to more than 5 times than that at 500 °C.

408



Table 6.4 Values of parabolic rate constant Kp

Environment _ Na,SO4 + NaCl (50%)

Temperature 500 °C 550 °C

Burn-off length | BS B7 B9 | BS B7. B9 B12
Kg x10°° 1.020 1.740 1.980 1} 2.440 3.190 3.960 5.390
(g cm™’s™) '

6.1.4.3X-ray Diffraction Analysis

X-Ray Diffraction studies were carried out to analyse the phases‘ formed in the
scale on dissimilar weldment under given molten salt environment. Hot corrosion
studies under molten salt environment (Na2SO4 + NaCl(SVO%)) at 500 and 550 °C,
Fe> O3 and Cr>O3; are found be the predorﬁinant phases. Where as (Cr, FC)Q.‘():;, FeNi and
FeS observed with low intensity peaks. At 500 °C for 5Smm burn-off length NiS,
CrNiFe and NiFe;O have been noted and which is absent for 7 and 9mm burn-off
length shown in Fig 6.31(A). Where as at 550 °C CrNiFe have been observed in the
scale on the dissimilar weldment made by 5 and 12 mm burn-off length which is absent
for 7 and 9 mm burn off length Fig 6.31(B). \ |
6.1.4.4 Scale Thickness Measurement

The samples were cut across the cross-section after exposure to molten salt at 500 and
550 °C for 50 cycles and mounted. The scale thickness values were measured from SEM back
scattered images shown in Fig. 6.32.
6.1.4.5 SEM/EDAX Analysis
SEM photographs show surface morphology the ‘scale formed on dissimilar weldment
after cyclic oxidation in given environment at 500 and 550 °C respectively. EDAX
analysis of the scales indicates Fe;O; to be the predominant bhase as can be sean in Fig
6.33 (A-G). The F e,03 content is higher on the base metal 4140 side and tertd to decrease
as one moves towards HAZ(4140) —> weld— HAZ(304) — 304 base metal. Where as
Cr,03 content of scale is higher on the heat affected zone of 304 alloy side as compared to
304 base metals as can be seen Fig 6.33 (A-C).
At 550 C under given molten salt environment, the SEM/EDAX analysis shows that

Fe;0O3 and Cr,0O; as the predominant phase on the weld interface as well as on the HAZ of
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304 side. Where as some minor amount of MoOs;, MnO and NiO were observed on the
remaining part of the Fig 6.33 (D-E). . From the EDAX data, the effect of temperature
and burn off length on the formation of oxides in the scale on the weldment shown in Fig

6.33 (J-N).

6.1.4.6 EPMA Analysis

BSEI and X-ray mapping for cross-section of corroded dissimilar weldment
exposed to Na;SO,4 (50%) and NaCl (50 %) at 500 and 550 °C for 50 cycles are shown in Fig.
6.34(A-E). The EPMA of the cross-section of corroded dissimilar weldment made by
friction welding by keeping different burn-off length (5, 7, 9 and 12mm) {ndicates that
vscale is mainly cbnsisting of Fe, Cr and Ni. Figure 6.35 shows that oxygen penetration

in the scale of the friction weldment exposed at 550 °C in the given environment.
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Fig. 6.22 Macrographs dissimilar friction welded AISI 4140 and AISI 304 subjected
to cyclic hot corrosion exposed under K2SO4 + NaCl (60%) after 50 cycles. (i-iii)
Weldment made by keeping 5 mm burn off length and exposed temperature of 500,

550, 600 °C respectively. (iv) Weldment made by keeping 12 mm burn off length and
exposed temperature at 600 °C.
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Welding Method: FRW (Burn-off length 5, 7, 9 and 12 mm),
25 - Environment: Na,SO, (40%) + K2504 (40%) + NaCl (10%) + KCI (10%),
Temperature of exposure: 500, 550, and 600 °C
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cycles) for 500, 550 and 600 °C.
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Fig 6.24(A). The XRD patterns for the hot corroded surfaces of welded samples by
keeping four different burn-off length (B5, B7, B9 and B12 mm) exposed to the
Na,SO4 (40%) + K2S04 (40%) + NaCl (10%) + KCI (10%) environment at exposure
temperature of 500 and 550 °C after 50 cycles
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Fig 6.24 (B) The XRD patterns for the hot corroded surfaces of welded samples by
keeping four different burn-off length (B5 and B12 mm) exposed to the Na,SO4
(40%) + K2S04 (40%) + NaCl (10%) + KCI (10%) environment at exposure
temperature of 600 °C after 50 cycles
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Fig 6.25. BSEI for hot corroded friction weldment under Na;SO4 (40%) + K2504
(40%) + NaCl (10%) + KCIl (10%) exposed temperature of 500, 550, 600. (i):
Exposed temperature 500 °C for weldment made by keeping 5 mm Burn off length.
(i1) and (iv): Exposed temperature 550 °C for weldment made by keeping 5, 7 and 12
mm Burn off length respectively. (v) and (vi): Exposed temperature of 600 °C for
weldment made by keeping 5, and 12 mm Burn off length respectively.
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Fig 6.26(A) SEM/EDAX graph shows the friction weldment made by keeping 5 mm
burn off length, exposed at 500 °C under Na;SO4 (40%) + K2S04 (40%) + NaCl
(10%) + KCI (10%) after 50 cycles
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Fig 6.26(B) SEM/EDAX graph shows the friction weldment made by keeping 5 mm
burn off length, exposed at 550 °C under Na;SOy4 (40%) + K2S04 (40%) + NaCl
(10%) + KCl1 (10%) after 50 cycles
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Fig 6.26(C) SEM/EDAX graph shows the friction weldment made by keeping 9 mm
burn off length, exposed at 550 °C under Na,SO4 (40%) + K2S04 (40%) + NaCl
(10%) + KCl (10%) after 50 cycles

425



~—»—Cr203 ——MnO ——NIiO
MoO3 —e—Fe203

8¢ 4 92
LT A { 90
és- | 88
; | 86
25 2
o 1 84 ¥
=47 =
= 182 %
3¢ =
§ 1 80
52T 178
x

1t 4 76
0 L 1 - L T 74

4140(A) HAZ-4140(B) Weld®  HAZ-304(D)  304(E)

Fig 6.26(D) SEM/EDAX graph shows the friction weldment made by keeping 12 mm
burn off length, exposed at 550 °C under Na;SO4 (40%) + K2SO4 (40%) + NaCl
(10%) + KCI (10%) after 50 cycles
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Fig 6.26(E) SEM/EDAX graph shows the friction weldment made by keeping 5 mm
burn off length, exposed at 600 °C under Na,SO, (40%) + K2S04 (40%) + NaCl
(10%) + KCl1 (10%) after 50 cycles
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Fig 6.26(F) SEM/EDAX graph shows the friction weldment made by keeping 12 mm
burn off length, exposed at 600 °C under Na,SO4; (40%) + K2S04 (40%) + NaCl
(10%) + KC1 (10%) after 50 cycles
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Fig 6.26 (I) EDAX data shows the effect of burn off length and temperature on
formation of MnO on the friction weldment under molten salt environment of 40 wt%
K2S0q4, 40 wt% Nay; SOy, 10 wt% KCl, and 10 wt% NaCl.
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Fig 6.26 (J) EDAX data shows the effect of burn off length and temperature on
formation of NiO on the friction weldment under molten salt environment of 40 wt%
K5S0y4, 40 wt% NaySO4, 10 wt? KCl, and 10 wt% NaCl.
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Fig 6.26 (K) EDAX data shows the effect of burn off length and temperature on
formation of MoO3 on the friction weldment under molten salt environment of 40
wt% K2S04, 40 wt% Nar,SOy4, 10 wt% KCI, and 10 wt% NaCl.
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Fig 6.26 (L) EDAX data shows the effect of burn off length and temperature on
formation of Na2O on the friction weldment under molten salt environment of 40
wi% K350y, 40 wt% Naz;SO4, 10 wt% KCI1, and 10 wt% NaCl.
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Fig 6.26 (M) EDAX data shows the effect of burn off length and temperature on
formation of SO3 on the friction weldment under molten salt environment of 40 wt%
K>SOy, 40 wt% NaSOy4, 10 wt% KCI1, and 10 wt% NaCl.
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Fig 6.26 (N) EDAX data shows the effect of burn off length and temperature on
formation of K20 on the friction weldment under molten salt environment of 40 wt%
K2S04, 40 wt% NazS04, 10 wt% KCI, and 10 wt% NaCl.
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Fig. 6.27(A) BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off length 5 mm,
subjected to cyclic oxidation in Na,SO4 (40%) + K2504 (40%) + NaCl (10%) + KCl1
(10%) at 500°C for 50 cycles, 500 X.
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Fig. 6.27(B) BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off length 5 mm,
subjected to cyclic oxidation in Na;SO, (40%) + K2504 (40%) + NaCl (10%) + KCl
(10%) at 550°C for 50 cycles, 400 X.
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Fig. 6.27(C) BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off length 7 mm,
subjected to cyclic oxidation in NaySQ4 (40%) + K2S04 (40%) + NaCl (10%) + KCI
(10%) at 550°C for 50 cycles, 700 X.
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Fig. 6.27(F) BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off lengthl2mm,
subjected to cyclic oxidation in Na;SO4 (40%) + K2S04 (40%) + NaCl (10%) + KCl
(10%) at 600°C for 50 cycles, 500 X.
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Fig. 6.28(C) BSEI and EDAX of the cross-section of dissimilar friction welded
AISI 304 and AISI 4140 by keeping burn-off length 12 mm exposed to Na; SO, (40%)
+ K2S04 (40%) + NaCl (10%)+'KCl (10%) at 600 °C for 50 cycles.
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Fig. 6.29 Macrographs dissimilar friction welded AISI 4140 and AISI 304 subjected
to cyclic hot corrosion exposed under Na2S0O4 + NaCl (50%) after 50 cycles. (i) and

(ii) Weldment made by keeping 5 mm burn off length and exposed temperature of 500
and 550 °C respectively.
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Welding Method: FRW (Burn-off length 5, 7, 9 and 12 mm),

Environment: Na,SOy (50%) + NaCl (50%0)
Temperature of exposure: 500 and 550°C
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Fig 6.30. Plots of cumulative weight gain (mg/cm?) as a function of time (number of
cycles) for the friction weldment in the molten salt environment.
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Fig. 6.31(A) X-Ray diffraction patterns for hot corroded dissimilar friction weldment
at 500 °C. Burn-off length: B5, B7 and B9, Environment: Na;SO4 + NaCl (50%)
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Fig 6.32. BSEI for hot corroded friction weldment under Na,SO, + NaCl (50%) exposed
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Fig 6.33(A) SEM/EDAX graph shows the friction weldment by keeping S mm burn
off length, exposed at 500 °C under Na2SO4 — NaCl (50%0) after SO cycles.
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Fig 6.33(B) SEM/EDAX graph shows the friction weldment by keeping 7 mm burn
off length, exposed at 500 °C under Na2S0O4 — NaCl (50%) after 50 cycles.
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Fig 6.33(C) SEM/EDAX graph shows the friction weldment by keeping 9 mm burn
off length, exposed at 500 °C under Na2SO4 — NaCl (50%0) after 50 cycles.
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Fig 6.33(D) SEM/EDAX graph shows the friction weldment by keeping 5 mm burn
off length, exposed at 550 °C under Na2S04 — Na(l (50%) after 50 cycles.
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Fig 6.33(E) SEM/EDAX graph shows the friction weldment by keeping 7 mm burn
off length, exposed at 550 °C under Na2S04 — NaCl (50%) after 50 cycles.
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Fig 6.33(F) SEM/EDAX graph shows the friction weldment by keeping 9 mm burn
off length, exposed at 550 °C under Na2S04 — NaCl (50%) after 50 cycles.
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Fig 6.33(G) SEM/EDAX graph shows the friction weldment by keeping 12 mm burn
off length, exposed at 550 °C under Na2SO4 — NaCl (50%) after 50 cycles.
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Fig. 6.33(I) EDS analysis on the weld zone of hot corroded di531m1far weldment.
Environment: Air Oxidation, Exposure temp: 600 °C (50 cycles).
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Fig 6.33 (J) EDAX data shows the effect of burn off length and temperature on
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Fig 6.33 (K) EDAX data shows the effect of burn off length and temperature on
formation of Cr203 on the friction weldment under molten salt environment of
Na>S04~50% NaCl.
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Fig 6.33 (L) EDAX data shows the effect of burn off length and temperature on

formation of NiO on the friction weldment under molten salt environment of Na,SQ4—
50% NaCl.
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Fig 6.33 (M) EDAX data shows the effect of burn off length and temperature on
formation of MnO on the friction weldment under molten salt environment of
Na2304—50% NaCl.
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Fig 6.33 (N) EDAX data shows the effect of burn off length and temperature on
formation of SiO2 on the friction weldment under molten salt environment of
Na,;S04-50% NaCl..
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Fig. 6.34(B) BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off length 5mm,
subjected to cyclic oxidation in Na,SOy4 (50%6) and NaCl (50 %) at 550°C for 50 cycles,
600 X.
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Fig. 6.34(C) BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off length 7mm,
subjected to cyclic oxidation in Na;SO4 (50%) and NaCl (50 %) at 550°C for 50 cycles,
250 X.
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Fig. 6.34(D) BSEI and elemental X-ray mapping of the cross-section of dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off length 9mm,
subjected to cyclic oxidation in Na;SO4 (50%) and NaCl (50 %) at 550°C for 50 cycles,

700 X.
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Fig. 6.34(E) BSEI and elemental X-ray mapping of the cross-section 6f dissimilar
weldment made by AISI 4140 and AISI 304 by keeping burn off length 12mm,

subjected to cyclic oxidation in Na;SO4 (50%) and NaCl (50 %) at 550°C for 50 cycles,
500 X.
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Fig. 6.35 BSEI and X-ray mappings of the cross-section of dissimilar friction
welded AISI 304 and AISI 4140 by keeping burn-off length 5mm exposed to Na,SOu-
NaCl (50%) at 550 °C for 50 cycles.
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6.2. Discussion

6.2.1 Friction Welded Dissimilar Metals Eprsed to Na,S0O, + V,05 (60%)

Thermogravimetric graph shows the weight gain curves, tendency for oséillation
type reaction weight gain rate has been observed ( Fig.6.2 and 6.3) perhaps due to changes
in reaction rate which are associated with the formation of a laminated, inner-oxide layer,
made up of bands of fine and coarsé grain spinel oxide, as suggested by M.H.Hurdus et al
[1990]. The weight gain graph for the dissimilar weldment éxposed at 700 and 900 °C
shown in Fig. 6.3. The weight gain graph shows that the weight gained by weldment
increases continuously, although the rate of increase is relatively high during the initial
perioa of exposure. The Na;S04—60% V205 will combine and form NaVO; as propbsed
by Kolta et al [1972]: Na,SO, + V,0s = 2NaVO3 (1)+ SO, + 1/ 20;. Thi§>1»\IaVO3 acts as
a catalyst and also serves as an oxygen cafrier tb the base alloy, which wi\ll lead to the
rapid oxidation of the basic elements and form the proteét_ive oxide scales. Studies on the
hot corrosion of N_i‘at lower tempefatures in the presence of Na,SO4 and SOj; have shown
the formation of nickel sﬁlﬁdc to be the prime mode of degradation which results from
init_ial formation Na2SO4—NiSO4 molten phase [K.P. Lillerud et al (1984) and A K. Misra
et al (1984)]. The rapid increase in weight gain during the initial period was¥also reported
by Gitanjaly et al _énd Tiwari et al [Gitanjaly (2003) aﬁd Tiwarir et al (1997)] in their
studies of the ﬁof corrosion behaviour of nickel-based super-alloy. The slower increase in
weight gain after an initial rise is probably due to the simultaneous growth and dissolution
of ‘oxide scale in the molten salt due to the reaction Cr203 + 4NaVQO; ‘+ 3/2 O —
2NaxCrO4 + 2V;,05 [Kofstad P (1988) and Swaminathan J et al (1993)]. Fryburg et al
(1984)} have suggéStéd tﬁat this Na,CrOy gets evaporated as a gas. The observed intensive
spalling/sputtering bf the scale on the weldment can be attributéd to severe strain
devélopx_éd due té thevv pfecipitation of Fe;O3 from the liquid phase and inté‘r-diffusion of

intermediate layers of iron oxide as has been reported by Sachs (1958).
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It is obseryed that the thickness of scale is more on 4140 side than 304 sides. After
completion of 50 cycles hot corrosion treatment; it is indicated that the effect of hot
corrosion is more on 4140 side which also can be seen in the degree of scaling and
spalling of scale on the 4140 side. Detachment of scale by means the formation of scale
with in growing scale as a result of two-way flow of the reactants [A. Atkinson (1982)].
M.J.Graham (1984) demonstrated that oxygen is distributed into the inne{ region of a
growing, adherent Cr,Oj3 scale even thougﬁ the major transport process during oxidation is
outward diffusion chromium. Also in the case of DMW the coefficient of thermal
expansion differ for each base metal, weld and the scale, and so further stresses are
generated during cooling which may affect adheéion property of the scale.

The XRD graph shows that the scale on (F ig. 6.4 - 6.6) hot corroded :A/eldment has
Fe,03 as the main phase which increase with temperature of éxposure and burn of length.
Relatively weak peaks of Cr,Oj; are also present. From EDAX data (Fig. 6.10 (A-L)) it -
can be inferred that, with increase in the burn- off length and hot corrosion temperature,
the amount of Fe,O; is higher in the scale on the base 4140 all‘oy and it keeps on
decreasing as wé 'm(»)ve towards base 304 alloy sides. From the EDAX data it was
observed that the scale on the weld ione as well as both HAZ consisting highcr percentage
of Fe203 and Cr_203 when the}:v weldment exposed at 700 and 900 C shown in Fig 6.11
(A,B). The cumulative EDAX data shows the effect of burn of length and té‘mperature on
oxide formation in the weldment as indicated in Fig 6.11 (C-H). With increase in the
temperature of corrosion studies, the higher content of Cr, O3 and Fe; Os in scale over the
interface is observed which may be dué to enrichment of this zone with Fe, Cr and Ni with
continuous interdiffusion of elements during hot corrosion cycles. Aécording to L.D.Paul
et al (1991), in the molten salt environment, the resistance to corrosion for all the steels is

less than that in air. This has been ascribed to presence of vanadium; sodium and sulfur
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accelerate the corrosion of steels. Spalling may be one of the reasons for enhanced
corrosion. Spalling isvdue to the oxides of Mo, which cause alloy-induced acidic fluxing
[F.S. Pettit ét al (1984)]. The férmatiOn of Na2M604 from MoQO3 that accumulates along
-the‘qx'ide‘ scale has been reported by Fryburg et al. (1984). Na;MoO, affects the melting of
some discrete areas‘into a large moilten phase and the molten oxide phase m_igrates across
the sample, disrupting and fluxing the scale above it. This is further conf\'lrmed by tﬁe
abse_nce of Mo in thé écale. Spailing in meaium coal-fired boilers of this tybe to steel was
élso observed by Wang (1988), where more than 70% of the scale spalled during'testing.
The presence of chromium in the scale, along with iron oxide for T22 steel is consistent
with the findings of Sadique et al (2000), who reported that Fe-Cr alloys in o;(ygen at high
temperature form spinel (FeCr,0,) and Cr,0s on the inner rside and F 6203 on the outside of
the scale. | |

Figure 6.12 (F) shows EPMA results further confirm the formation of Fe203,
Cry0;, NiO mainly in the cross section of scale on the weld interface when-‘ it exposed at
600 VCC. Also it was observed that the penetration of oxygen in the scale. Where as at
700 and 900 ©C the scale on the low alloy steel predominating as compare to stainle:ss
steel Fig 6.12 (I, K). EDAX analysis across the cross-section indicates mainly Cr, Fe and @
Ni in the weld interface Fig 6.12 (H, J anci L). This Cr, Fe and Ni rich layer believed to
have grown due to the diffusion across the weld interface to form oxides in the upper
part of the scale. |
6.2.2 Friction Welded Dissimilar Metals Exposed to K2SO4 + NaCl (60%)

The corrosion‘ kinetics shows that the hot corrosion weight gain curves, tendency

for oscillation type reaction weight gain rate has been observed ( Fig.6.14) perhaps due to

changes in reaction rate which are associated with the formation of a laminated, inner-
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oxide layer,- made up of bands of fine and coarse grain spinel oxide, as reported by
M.H:Hurdus et al [1990]. |

Temperature has been found to have pronounced effect on weight gain. fnitial rate of
weight gain was higher which Slowly decreased showing parabolic behaviour. Based on-
the magnitude of weight gain DSW are found to undergo accelerated oxidation under
éyclic conditions in this particular environment of K>,SO4 and 60 % NaCl. Although the
oxidation is accelerated yet not catastrophic as suggested by [Kofstad P [1988]. On
comparing our results with that reported by Salisbury et al [1971], hot corrosion of DMW
was found to behav¢ in a way similar to corrosion of Fe base alloy with chromium less
than 3%, in SOz—Ar atmosphere. DMW shows more degradation near the interface with
the grains fully degraded as can be seen Fig. 6.13 (i-iii). .
After completion of 50 cycles hot corrosion treatment, it is indicated that the effect of hot
corrosion is more bon 4140 side which also can be seen in the degree of scaling and
. spalling of scale on the 4140 side was high. |

Intensive spalling/sputtering of the scale of the weldment can be attributed by the
following reason: |

1. Coefficient of thermal expansiori di_ffers for each base metal, weld and the scale, which
generate the stress. |

2. Severe strain_developed due to the precipitation of Fe;Os3 from the liql{id phase and
inter-diffusion of inte;mediate layers of iron oxide as reported by Sachs [1958].

3. Formation of scale with in the growing scale as a result of two-way flow of the reactants
such as oxygen Whi_ch is distributed inté the inner region of a growing, adherent Cr,Os
scale and the outward diffusion of chromium from bar metal to the scale as suggested by

A}

A. Atkinson [1982] and M.J.Graham [1984].
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?f;fromf.the, SEM/EDAX data, the percentage of change in Fe203 in the scale remain
cohsfant from base metal(4140) to 4140-HAZ and tend to déc_reases from 4140-HAZ to
weld. zone of the weldmént. This trend is almost same- for all the burn-off length aﬁd
temperature of exposure. It further decreases from weld zone to 304-HAZ at 500 °C and
increases from 304-HAZ to base 304 (Fig 6.19 (A-C). At 550 °C exposure tempefature it
increases from weld zone to 304-HAZ and remain constant from 304-HAZ to base metal
(304)7for B12 and the same decrease from 304-HAZ to base metal (304) for BS (Fig 6.19
E). At 600 °C the scéle on the loW alloy steel 4140 side mainly consist of Fe; O3z and it
decreases as we mové towardé the 4140-I—IAZ, weld zone and 304-HAZ and remain
cons:tant from 304-HAZ to base metal (304) for BS‘ and the same decrease from 304-HAZ
to base metal (304) for Bi12 Fig 6.19 (G-J). At 500 °C exposure temperature for BS .arid
B12, the amount of Cr203 in the scale of 304-HAZ is maximum and it dec;eases as we
move towards the base metals. At 550 °C, the amount of Cr,O5; in the scale on wéld
interface is maximum and it decreases as we move towards base metal 4140 for both
B5 and B12, whereas the same decreases as we move frdfn weld to 304-HAZ. The
percentage of variation Fe,O; and Cr,03 on the different zone for differer;t temperatpre
of exposure and burn-off length as can be seen F ig 6.19 (A-J). The cumulative EDAX d;ta _
ShOWS the effect of burn of length and temperature én oxide fqrmation in the weldment as_
indicated in Fig 6.19 (K-N).

The galvanic type coupling of the welded joints has accelerated corrosion irt the presence
of an electrolyte such as molten salt. This is evidenced by the following: The weld metal
undergoes little damagevdue to the presence of considerable amount of chromium which

can form a strong protective layer of Cr,O;. This layer may pi‘ovide a high resistance for

the hot corrosion attack to initiate. However, on the base metals (4140 and 304) steel side,
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initiation time is negligible and hence a higher attack is noticed on the HAZ on both sides
of DMW joints.

EPMA analysis shows that the scale mainly consisting Fe, Cr, Ni ( Fig 6.20 ({A-C), which
may be attribﬁted to diffuéion of these element during friction welding as well as hoot
corrosion cycles.' Figure 6.21 (A) shows the EPMA cross section on the weldment when
it exposed at 500 °C. It was observed that the formation of coﬁtinuous layer of chromium
Fe, Cr, and oxygen. 'VDepletion of Cr adjacent HAZ of 304 is indicated by the EPMA
analysis of hot corroded Sample at 600 °C might have been ascribed diffusion of Cr
towards the low alloy steel side Fig 6.21 (B) which also proved by cross section EDAX
analysis across the weldment Fig 6.21 (C).

6.2.3 Friction Welded Dissimilar Metals Exposed to Na;SO,4 (40%) + 1512504 (40%)

+ NaCl (10%) + KCI (10%)

From the hot corrosion weight gain curves tendency for oscillation fype reaction weight
gain'-rate has beeﬁ observed (Fig.6.23) perhaps due to changes' in reaction rate which are
associated with the formation of a laminated, inner-oxide layer, made up olf bands of fine
ar-ld coarse grain spinel oxide, as suggested by M.H.Hurdus et al [1990]. |
Temperature has been found tc; have pronounced effect on weight gain. Initial rate of
weight gain was high which slowly decreased resulting parabolic behaviour. Based on the
magnitude of weight gain DSW are found to undergo accelerated oxidation under cyclic
conditions in this particular environment of 40 wt% K;SO,, 40.wt% Nay;S0O,4," 10 wt% KCl,
and 10 wt% NacCl as also reported-by Kofstad P [1988]. DMW shows more degradation
near the weld interface with the grains fully degraded as can be seen F ig 6.22 (i-iv).
Intensive' spalling/sputtering of the scale of the weldment can be attributed to the
following reason: 1. Coefficient of thermal expansion differs for each ba_sé metal, weld

and the scale, which generate the stress. 2. Severe strain developed due to the precipitation
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of Fe,O3 from the liquid f.vhase and inter-diffusiqn of intermediate layers ofiiron oxide as
repoﬁed by Sachs [1958]. 3. Formation of scale with in the growing scale as a result of
two-Way flow of the reactants such as oxygen which is distributed into the inner region of
a growing, adherent Cr,Oj; scale and the o.utward diffusion of chromium from base metal
to the scale as suggested by A. Atkinson [1982] and M.J.Graham [1984].

- FeO is nof detected in_ the scale of the weldment exposed to all the three
ten;;;e.:r.alt'ureslu. .Thi; méy‘l;e dﬁe to iﬁc.re.aée-:‘ in tﬁé crzo; content of scale on the weldment.
Similar observation has been made my Moretimer et al [1969]. The iron oxidized in
preference of Cr in the alloy 4140 where Cr content is only 1.1% and the part of this Cr is
present as carbide. This amount of Cr is not sufﬁ'cient for forming a prdtective layer of
Cr,03 on the surface. The diffus.ion of Cr from interior to the outer sﬁrfac'e is not much as
diffﬁsic;n coefficient of Cr is small. Oxygen diffuses through the outer scale of iron oxides
and reacts with chromium to for Cr,O; at the inner layers which exist as paﬁicles and ‘Anot
as continuous layefs.' The amount of -Fe203 is higher in the scale of weldn;ent where. as
‘_[he presence of chromium in the inner scale has been observed for éll the temperatures
of eXposure. | '

.-

~Z

NiFe>O,4 and NiCr,0O4 were observed as a minor constituent. In the XRD anals'j}:‘sis .
of the surface, sodium chloride or as chlorides of iron, chromium, molybde;wm were.nott
observed. It is well known that chlorides of iron, chromium etc., are volatile. So they
might have escapéd from the surface or Subsurface leaving beh-ind voids, pits, etc.

The dissimilar weldment suffered different corrosion rate over base metals (41;10
and 304) and their interface. Heat affe_cted Zones were predomipantly attacked along weld
interface.

Corrosion product was found to be fragile and prone to spalling. Corrosion

products contained Fe,O3; and Cr,0Os with small amount of SOs; and MoOs3 in many cases
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as identified by M.A. Uusitalo et al [2004]. Identification of these elements is possible, but
quantitative information on sulfur or molybdenum content of the scales cannot be obtained
because of over lappiqg peaks (S Ka and Mo La) in XRD analyses Fig 6.24 (A,B).

From the. SEM/EDAX analysis for all the burn-off length and temperature of
exposure, Fe;O; is found to be the predominant phase in the scale on the weldment. At
600 °C hot corrosion the scale on the weldment contains plenty of Fe,Os (88-92 %) and
the CroOs is not as much as at 500/550 C (Fig 6.26. A-F). It was o‘bserved .\that the weld
interface consisting higher percentége of Fe>Os and Cr,Os as compared both basen metals
mabe be due to diffﬁsion of Fe and Cr across the weldment. EDAX analysis of the scale
on the weldment for the three temperatures of exposure shows some unreacted salt as
Na,O, SO; and K>O. The cumulative EDAX data shows the effect of burn _of length and
temperature on oxide formation in the weldment as indicated in Fig 6.26 (G-]CI).

The active oxidation process took place in molten salt hot corrosion studies. The
formed metal chloride_s were oxidized inside the salt layer and part of the released chlorine
diffused back to the salt/metal interface. The low allow steel side of the weldment
suffered severe corrosion where the'Fé203 is dominating all the cases. -

It is observed that the thickness of scale is more on 4140 side than 304 sides. After
cc_)mpletion of 50 cycles hot corrosion treatment, it is indicated that the effect of hot
corrosion is more ori 4140 side which also can be seen in the degree of scaling and

spalling of scale on the 4140 side.

EPMA analysis shows that the scale on the weldment consisting mainly Fe, Cr and
Ni shown in Fig (6.27 (A-F). Further EPMA has revealed the penetration of oygen into the
inner scale on the weld interface of dissimilar weldment when it exposed at 550 °C as
shown in Figs. 6.28 (A,B) leading to internal oxide formation thereby denu\ding the weld
interface of 'reéctive elements. This; in turn, leads to the formation of base-metal oxides at

the salt-metal interface.
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BSEI and X-ray mappings of the cross-section of dissimilar friction welded AISI
304 and AISI 4140 by keeping burn-off length 12 mm exposed to Naz’SO4 (40%) + K,2SOq4
(40%) + NaCl (10%) + KCl (10%) at 600 °C for 50 cyclés shown in Fig 6.58 (B). it was
observed- that intergranular / selective oxidation attack is indicated by the EPMA
analysis. This may bé attributed to the accelerated oxidation under cyclic conditions in
this particular environment of 40 M% K5S04, 40 wt% Nazsog, 10 wt% KCI, and 10 -wt%

NacCl as also reported by Kofstad P (1988).

6.2.4 | Friction Welded Dissimilar Metals Exposed to Na,SO4 (50%) + NaCl
(50%) '

From the oxidation studies weight gain curves tendency for oscillation type .
reaction weight gain rate has been observed (F ig'.6;30) perhaps due to changes in reaction
rate which are assoéiétéd with the fofr'natioh of a laminated, inner-oxide layer, made up of
bands of fine and coarse grain :oxide spinel, aé suggested by M.H.Hurdus et al [1990].
Temperature.'has been found to have pronounced effect on weight gain. Initial rate of
weight gain was higher which slowly decreased showing parébolic behaviour. Based.lon
the magnitude of we‘ig_ht gain DSW are found to undergo accelerated oxidation under -
cyclic conditions» in this particular enyironment of Na,SO4; + 50 wt% NéCl as a!so
optioned by Kofstad P [1988]. DMW shows more degradation ».near the weld interface v‘v1th
the grains fully degraded as can be seen Fig.6.29 (i.ii). Intensive spalling/sputtering oﬁé:’the
}scale» of tl;e weldméht_can be attribute»d by the following reason: 1. Coefﬁci%nt of ther‘mal
gx_pansion differs for each base metal, weld and the scale, which geherate the stress. 2.
Severe strain deve_lopéd due to ’ghe precipitation of Fe;0O; from the liquid phase and inte}-
diffusion of intermediate layers of iron oxide as reported by Sachs [1958]. 3. Formation of
scale with in the growing scale as a result of two-way flow of the reactants such as oxygen

A

which is distributed into the inner region of a growing, adherent Cr,O; scale and the
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outward diffusion of chromium from bar metal to the scale as suggested by A. Atkinson
[1982] and M.J.Graham [1984]. |

It is widely agreed that the hot corrosion weight gain will be more severe when the
temperature is higher than the melting point of salt deposits. Although the testing
temperature in thiS study is lower than the melting point of salt deposit (50 wt % Na;SO4 +
50 wt % NaCl (600 °C), the corrosion rate is at least three rorders of magnitude higher than
that of air oxidation. Corrosion morphology of the weldment shows that the weld interface
is more prone to fomiaﬁon of fragile scale than base metals may imply that NaCl coating
plays an important role in hot corrosion behavior, even at temperatures lower than 600 °C
as also reported by A.U. Seybolt (1970); A.U. Seybolt (1970) and Y. Shinata (1987). Hot
corrosion requires a molten salt to be in contact with the specimen. If there are no molten
phases, the corrosion rate observed may to be low.

| - The mixtures with salt mixture of 50 wt % Na,SO4 + 50 wt % NaCl were

parti;ally melted at 500-550 °C, indicating thét Na;SO,  acidic- and basic-fluxing
mechanism which would ihduce accelerated oxidation of weldment. the'reas at the
exposure temperature of more than 600 C, the salt mixtures exist in a com\pletely liquid
phase where the fast evapqration characteristics of NaCl led to a residue of solid Na>SO;4
on the weldmenf surface as suggested by Charng-Cheng Tsaura et al [2005]. Many
researchers have pointed out that the formation of sodium chromate, NaZCrOQ, could result
from oxychlé_ridation in which chromium or chromium oxide reacts with Naél and oxygen
even when the temperature is lower than the melting point of salt deposits [C.J. Wang
t200£), M.K. Hossain et al (1978) and N. Hiramatsu et al (1989)]. As the NaxCrOy is
formed, the salt will wet the specimen surface due to the low-melting eutectic NaCl-

NazCrO4 (500 °C) and lead to a mechanism of hot corrosion dominated by molten salt.

Oxychloridation, in which NaCl reacts with metal and the oxygen dissolved in molten
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salts.. to form metal oxides, sodium-containing oxidés, and chlorine, is believed to be the
initial reaction of NaCl—induced hot corrosion. There ére three ways that chlorine may Be
further reacted in this study [Y. Bourhis etal (1975) and C.J. Wang (2002)]: |
(1) Escaped to atmosphere .
2) Dissolved into Cr;O3 lattice increasing the content of cation vacancies and accelerating
- the oxidation of alloy |

(3) Reacted with alloy substrate to form metal chlorides.

The metal-chloride geherated by the reaction between metal and chlorine produced from
the bechloridat_ion evaporates, diffuses out and oxidizes in a place wit;1 appropriate
p'artial_pressure of oxygen to form metal-okide and chlorine which is supported by X’RD
and EDS shown in Fig 6.33(H,I). From XRD analysis it was observed that Fe20O3 in the
scale is more predominant which increasés with temperatufe. In molten salt
environment, the intensity of Fe2Os;, Cr,03 were observed to Be higher as c;mpare to air
oxidation Fig 6.31(A,B). |

The released chlorine is returned back to.the process again. Hence, during the
cyclicvchloridation/oxidation reaction process, the chlorine acts as qatalyst to accclerate{»
corrosion [N. Hiramatsu et al (1989)]. SEM/EDAX results shows that the' scale on the
interface of the weldfnen_t is more fragile and spalling in .nature. The cumulative EDXX;;
data shows the effect of burn of length and temperature on oxide formation in the
weldment as indicated in Fig 6.33 (J-N).

The presence of NaCl in the mixtures of NaCl/Na;SO4 could initiate attack in high
chromium conteﬁt in the interface which is diffuse from austenitic stainless steel to low
alloy steel as reported by Johnson et al [D.M. Johnson et al (1975)] as seen in Fig. 6.33

(D) and 6.35. The kinetics of hot corrosion with NaCl/Na>;SO4 mixtures shows unstable

weight change growth rate and much more severe hot corrosion than is qbserved with

513



simpl-e oxidation. In -a molfcen salt environment, sulfur Was incorporated into scale and
proceeds to a sulfide formation in‘ the alloy substrate. Therefore, as the formation of
protective oxide scale was inhibited by the presence of NaCl, chlorides and: sulfides tend
to form in the alloy substrate as indicated leading to the propagation of hot corrosion as

suggested by Charng-Cheng Tsaura et al [2005].

Figure 6.35 shows EPMA results further _cqnﬁrm the formation of Fe20O3, Cr203,
MnO mainly in the cross section of scale on the weld interface when it exposed at 550 cC.
Furthér EPMA has revealed the penetration of oxygen into the inner scale on the weld
interface of dissimilar weldment. Also it was noted that intergranular / selective oxida.tiqn
attack is indicated by the EPMA analysis. This may be attributed that the presence of NaCl
in the mixtures of NaCl/Na,SO4 could initiate attack in high chromium c\ontent in the
interface which is diffuse from austenitic stainless steel to low alloy steel as reported by

Johnson et al [D.M. Johnson et al (1975)]. .
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'CHAPTER 7

"HOT CORROSION STUDIES OF EBW AND TIG
WELDED DISSIMILAR METALS IN MOLTEN SALT
ENVIRONMENT

This chapter deals with the critical examination of corrosion products and the
behavidur o_f electron beam welded and tungsten inert gas welded diésimilar weldment
- (AISI 4140 and AISI 304) The hot corrosion studies were performed on the weldments |
exposed at the temperature 600 ‘C under the foll‘owing mixture of molten salt for 50
) cycles | | |
(i) Na2804 + V205 (60%)

(ii) K2804 + NaCl (60%) .

- The Samples were visually examined at the end of each cycle for any change in
the colour, lustre, adherence of.scale to the substrate and spalling tendency The welght
change measurements were made at the end of each cycle. Efforts have also been made
to understand the mechanism of corrcsmn wherever possible.

The corrosion pfoducts wet'e analysed with the help .of XRD, SEM/EDAX and
EPMA The results for different. environment of - molten salt mlxture have been
reported,zunder dlfferent subheadmgs In view of comparison  the thermograwmetnc
data ‘of each. environment at _60_0 °C exposure of temperature were recorded. The‘
i)arab‘o_‘lﬂi‘c rate constanté and scale thickness values'have been evaluated after 50 cycles‘

of exposure.
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7.1 RESULTS

7.1.1 Electron Beam Weldment exposed to Na,SO,4 + V,05 (60%) and
K,SO, + NaCl (60%) environment at 600 'C

This subheading deals with the critical examination of corrosion products of

electron beam welded dissimilar AISI 4140 a_nd AIST 304 metals.

7.1.1.1 Visual Examination

In the hot corrosion study of the EBW welded 4140 low alloy steel and 304
Stainless steel weldment under Na2804 + V,0s (60%) , after first cycle indicated a
lvight brown scale héving dark brown patches. These numbers of dark brown colour
patches are more on 4140 sideAthan 304 side. After completion of .10 cycles the scale
becomes thicker and with light ash colour on the weld zone. Whereas on 304 side the
scale had dark brown patches ‘obs'erved where the scale go spalled out.. With further
increase in number of cycles, the whole scale turns to darke brown colour. The color
and textufe of scale at weld region was different from that on the base mefals.

In the hot corrosion study of the electron beam welded 4140 low alloy steel
and 304 Stainless steel weldment, after first cycle the white colour salt coating
changed in to black colour with some small brown spots seen on the low alloy steel
side. Negligible reaction has taken place on the stainless steel side. After éompletion of
15 cycles the scallie'becomes thicker and is of black colour on low alloy steel and most
of it 'scale spalled out. Whereas on 304 sides the scale was dark ash colour and
adhé'rent., With further increase in numbcr'of cycles, most of the scale spalled out from
low alloy steel side, leaving behind brown colour subscales. The color and texture of
scale at weld region was different from that on the base metals. Fig.7.1 (,é), (b) shows

the typical macrographs of hot corroded samples after 50 cycles.
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7.1.1.2 Thermogravimetric Data

The plots of cumulative weight gain (mg/cm?) as a function of time (number of
cycles) for electron beam weldment exposed at the temperature of 600 °C in Na; SO,
(40%) + V3 (55 (60%) and KQSOQ + NaCl (60%)‘ up to 50 cycles are shown Fig 7.2.
The weldment showed the. high weight gain when it exposed under molten salt mixture
of KZSO4 + NaCl (60%) as. compare to Na; SO4 (40%) + V2 Os (60%) experiments.

-

The parabohc rate constants, K, were shown in Table 7.1.

" Table 7.1 Values of parabolic rate constant Kp ‘

Weldmg Technlque ~ Environment ' T Kp (10'6(gm2Cm"‘S"’),
Electron Beam Weldmg - NazSO4 + V20s (60%) 7.720 ,

T K>SO4 + NaCl (60%) 37.850
7.1.1.3 X-ray Diffraction Analysis | - ) :

o1 g’%The' XRD ‘patterns for: the "hot corroded. surfaces of" electron beam‘ welded
samples -1*exposed to-the Na;SOQ4—.60% V,05and K2804 + NaCl (60%) environment at
exposure temperature of 600 °C after 50 cycles are shown in Fig. 7.3 It is evndent
from- the diffraction. patterns. that the hot corroded weldment has Fe203 as the main
phase along with relatively weak peaks due of Cr,0;. The peak intensity of these
phases under Na;SO4— 60% V;_O_; is higher as compared to exposed in the molten ';alt
of K>S0, + NaCl (60%). | o ) |
7._1.1;4 Seale Thiekness Measurément

- The samples were cut across the'cross-sectioﬁ after exposure to Na;SO4— 60% V,0s5
and K2804 + NaCl (60%) molten salt at 600 °C for 50 cyeles and mounted. The scale
thlcknesls#values were measured from SEM back scattered 1mages shown in Fig. 7.4. The
exact ox1de scale thlckness,could n_ot_ be measured for all the weldments .c;ue fo intense
spalliﬁgk and sputtering. The SEM micrograph' shows the ﬁ"agile and cracked scale for all the

weldment.
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7.1.1.5 SEM/EDAX Analysis

Surface Morphology

| 'SEM micrographs of the electron beam we}ded specimens sdeing surface
morphology after cyclic hot corrosion under Na;SO4— 60% V,0s for 50 cycles at 600 °C,
are shown in Fig.7.5. The micrographs to surfaces of all the éorroded weldments clearly
indiéates a rough scale. The oxide grains of the scale over the weld zone were generally
much fine-grained as compared to those over HAZ and base metal region of dissimilar
weldment. The EDAX analysis of the scale for the weldment shows Fé‘203 to be the
preciominant phase, with small amounts of Cr,Os;, NiO, MnO and SiO,. From EDAX
analysis across the hot corroded weldment at 600.°C in given molten salt indicate higher
concenfration of Fe, O; is in the scale over the wé]d zone as well as HAZ of low alloy
steel side, Where as it decreases as one move to the stainless steel side. Also it was
observed that the scale on the HAZ of stainless steel mainly consisting of Cr, Os The

same trend was observed when exposed under K>SO, + NaCl (60%) at 600 °C, are shown

in Fig 7.6.

7.1.1.6 EPMA Analysis 7

BSEI and X-ray mapping for cross-section of corroded dissimilar weldment
exposed to different molten salt environment of Na,SO4-60%V,0s and K,SO, + NaCl
(60%) at 600 °C for 50 cycles. lThe EPMA of the cross-section of corroded dissimilar
weldment mad_e by eléctron beém welding by exposi’hg different environment
indicates that thin scale is mainly consisting of Fe, Cr and O coexi'st.ing Fig. 7.7.
Cross sectional EDAX analysis indicated that the weld zone contains e;lrichment of

Cr, Ni, Fe and C due to diffusion of Fe and C from 4140 side and Cr and Ni from 304
side Fig 7.8. '
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7. 1 2 TIG Weldment exposed to Na2S04+60°A»V205 and KZSO4 + NaCl
(60%) envnronment at 600 C

S »Thls subheadmg deals with the critical examination of corros1on products of
TIG welded dissimilar weldment made by AISI 4140 and AISI 304. The hot corrosion
studles were performed on the we]dments exposed at the temperature from 600 'C under

the: Na2804-60%V205 and K2804 + NacCl (60%2%) mixture of molten salt for 50 cycles.

7.1.2.1 Visual Examination ’ .
In the hot corros‘ion study ot‘ the TIG welded 414t) low 'al'loy steel and 304
Stamless steel weldment under Na,SO4 + V305 (60%) , after first cycle indicated a
yellow1sh brown co]our ‘scale. After completlon of 5 cycles the scale turns to black
251&;{ o‘nb the weldment andklis prone to spalling. There is not much variation between
dlfferent‘zone of the weldment. Wlth further increase in number of cycles, the scale
. becomes darker in colour After 50 cycles the color and texture of scale at weld reglon
was different from that on the base metals.
T In the case of K2804 + NaCl (60%) mixture of molten salt the scale formed on
the weldment is mOre fragile and» spalled out. The reaction on the HAZ of both sides
appeared.to be that on more as compare the base metals. After first cycle the scale 1s of
greenish white colour. After 6 cycles the whole surface become reddish brown dots was
appeared on the green colour scale. Wrth increase number of cycles the scale becomes red .

and black patches were observed on the weld zone as well as HAZ. F1g 7.9 (a), (b) shows |

the typlcal macrographs of hot corroded samples after 50 cycles.

7.1.2. 2Thermogravimetric Data

_ The plots of cumulatlve ‘weight gain (mg/cm )as a function of time (number of
cycles) for TIG weldment at the temperature of 600 °C in Na; SO4 (40%) + V, 05
(60%) and K>SO, + NaCl (60%) up to 50 cycles are shown Fig 7.10. The weldment

showed the more weight gain when exposed under molten salt mixture of K>SO, +
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NaCl (60%) as compared to Naz SOy (40%) + V,; Os (60%). The parabolic rate

constants, K, for TIG weldment are shown in Table 7.2.

Table 7.2 Values of parabolic rate constant Kp

Welding Technique Environment Kp (10°%gm*Cm™s™)
Tungsten Inert Gas Welding NaySO4 + V,0s (60%) 5.92
K>2SO4 + NaCl (60%) 35.510

7.1.2.3 X-ray Diffraciion Analysis
' The XRD patterns for the hot corroded surfaces of TIG welded dissimilar
metals exposed to »the different environment of Na>SOs— 60% V-,0;5 and K>SO, + NaCl
(60%) at 600 °C after 50 cy—eles are shown in Fig. 7.11 It is evident from the
diffraction patterns of the hot corroded weldment under both environments consisting
Fe203 -as.the main phase along with relatively weak peaks of Ci'gO_o,r, (Cr,Fe);0s3, NiFe,
NiFe;0; and NiCr,Ou. | .
7.1.2.4 Scale Thickness Measurement
The TIG welded safnples were cut across the cross-section after exposure to Na;SO4—
60% V.05 and KQSOA, + NaCl (60%) molten salts at 600 °C for 50 cycles. and mounted.
The scale thickness values were measured from SEM back scattered images shown in Fig.
7.12. The exact exide scale thickness ceuld not be measured for all the weldments due to
intense spalling and sputtering. The SEM micrograph shows the fragile and cracked scale for -

all the weldment.

7.1.25 SEM/EDAX Analysis

SEM microgrephs of the TIG welded specimens shiowing surface mof’phology after
cyclic hot corrosion under Na,SO4 + 60% V205 for 50 cycles at 600 °CI, are shown in
Fig.7.13. The micrographs to surfaces of all the corroded weldment clearly indicates the
presence of fragile spalling behaviour of the scale. The EDAX analysis of the scale on

the weldment shows Fe,;O; to be the predominant phase, with small amounts of Cr;0s,

A3
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NiO, MnO and SiOz..- It was observed that the higher percentage of MoQO; (11%) in the
seale on. the weld zone. of the dissimilar weldment. Where as in the case of K;SO, +
NaCl (66%),molten salt environment, the percentage of Fe>O; obtained over the scale on the
weldment'follows the_ same trend like the above said environment. Also it was noted that
MnO of the scale on the weld zone shown is higher as compared to the one on base metals
Fig7.14.
7.1.2.6 EPMA Analysis . v

| " BSEI and X-ray mapping for cross-section of corroded dissimilar weldment
exposed to,differeht molten salt environment of Na;S04-60%V,0s and K;SO,; + NaCl
(60%) at 600 °C for 50 cycles. ;’The EPMA of the cross-section of corroded dissimilar
weldmeht made by TIG Awelc'iing by exposing different environment indicates that
scale is fnainly eonsisting of Fe, Cr and Ni. Figure 7.15 (A and B) shows the X- réy
mappmg ‘and cross sectlonal EDAX for TIG welded sample of AISI 304 and weld:
zone respectlvely and (Fig 7. 16 (A and B) shows the weld zone and AISI 4140 s:de
~ for the same sample. ' ;
7.2 DISCUSSION». :
7.2.1 Electron Beam Weldmg LB

| ‘Investigation on. the effect of hot corrosion on Electron beam Welded AISI 4140

zihd AISI 304 dlssimilar weldment exposed at' 600 °C u'nder different molten salt
environm‘ents-are given below. | .-
(i) NaxSO, + V205 (60%) R ' o .> .
(i) K2SOu+, Nacu('60%) ,
The electronrbeam welded dissimilar metals after cyclic oxidation in the given salt mixture

at 600 C have shown parabollc behaviour Fig 7.2. It intense spallmg of scale was observed

frq_rh t}_le weldment region for molten salt mixture of K,SO4 + NaCl (60%). Parabolic rate
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constant. in this environment is:approximately 4.5 times than that of other environment
(Na,SO4 + V;0s (60%)).

The higher corrosion rate for dissimilar weldment under molten salt mixture of
K>SO, + NaCl (60%) which may be due to ’the more active oxidation proce;s. The metal
chlorides must have got oxidized inside the salt layer and part of the released chlorine
diffused back to the salﬁmeta] interface. The low alloy steel side of the weldment suffered
severe corrosion where the Fe,Oj3 is dominating phase in the scale.

Probably this factor is responsible for the higher weight gain under KgSO4 + NaCl
(60%) for this dissimilar weldment as compared to Na;SO4 + V205 (60%) environment.
Accelerated corrosion observed in the-environment of Na>SO, + V20s (60%) up to the end
of eXposure may be in accordance with the findings of Misra (1986). During his hot
corrc;sion 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
weuld attain the MOO:; activity necessary for the formation of solid NiMoO, and this
would cause a decrease in the length of the period of accelerated certosion. Lower
percentage of Mo in the low alloy steel side for the present study might have increased the
period of accelerating corrosion up to the end of 50 cycles.

The severe spallmg of scale identical to the present study for similar type of steel
i.e. T22 type of steel durlng hot corrosion in medium BTU coal gasifier environment has
also ‘been reported by D. Wang (1988) where more than 70% of the scale got spalled
H{Jriﬁé their test. M J.Graham demonstrated that oxygen is distributed into the inner
region of a growmg, adherent Cr203 scale even though the ma_]or transport process during
oxidation is outward d1ffus10n chromlum Also in the case of DMW the ‘coefficient of
thermal expansion differ for each base metal, weld and the scale, and so further stresses

are generated during cooling which may affect adhesion property of the scale.
The surface XRD indicated the formation of Fe;Os as the main constituent of the

scale. The formation of Fe;Os has also been observed by Shi (1993) for the oxidation of iron

by Na,SO4 at 750°C and by Tiwari and Prakash (1996) during hot corrosion of Iron-base
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superallcy in‘the NazSO;;—GO%VzOs environment at 900°C. Weak intensity peaks of Cr,O; in
the-scale of weld zone may be due to chromium cai'bide precipitation in the weld zone Fig
7:3.". Also: it~was'ﬁoted that spi'nel (FeCr;04) and Cr;O3; on the scale. This can also be
attrlbuted'to'depletlon of iron. due to.- ox1dat10n to form the upper scale thereby leaving
chromtum rxch pockets those further get oxidised to form ll'Ol’l chromium spinel which is
also supported by Sadlque et al (2000). |

' - The EDAX data shows the higher percentage of chromium in the weld zone when
it exposed under K,SO4 + NaCl (60%) as compared to another environment. This may be
attributed to chloride + sulfate mixture which supports a higher concentration of dissolved
Cr aﬁd Fe than sulfate only salts as suggested by David A et al T(2004) Fig 7.5 and 7.6.

Cross seetion EPMA and EDA).( revealed that the scale on the weld interfaces contained
hlgher amount of Fe,’ Cr and Ni. Also it was noted that the penetratlon of E)xygen to the
weld 1nterface This may be attrlbuted to diffusion of these elements during weldmg as

fopn R n. A»f P vér T f . r
Bl L0 - e 1 ¢
well : as corrosion cycles : _ , v

T ,._n-:"

7.2.2'Tungsten Inert Gas welding _
‘Hot corrosion on TIG Welded AISI 4140 and AISI 304 dissimilar m.‘etalsexposed

at 600 °C under different molten salt environments are given below.

(i) NazSO4 + V,05 (60%)

b

(ii) K280, + NaCl (60%) T

N 'After cyclic oxidation in the given salt mixture at 600°C heve shawn parabolic
behav1ou;~ Whereas 1ntense spallmg and higher corrosion rate yvas l’lOthCd for molten salt
r;11;(ture of K2504 2 NaCl (60%) Parabohc rate constant of this environment is
apgnomm\a?e}y 5.5 times more than for the other environment (-Na2SO4 + V305 (60%)). .

bﬁring the exberim‘ent, »separati;on of the oxide _lrayer. occurs at the metal-scale interface.

Internal oxidation had also occurred in addition to sulphidation. This was possible by the

diffusion of oxygen through the cracks in the external oxide létyers. The formation of crack
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can be attributed to the difference in thermal coefficients of the low albloy steel and
stainless steel and weld metal and the higher volume of oxide formed on the weld metal

A less—prétective inner scale férmed in the case of HAZ and weld zones as
compared to the base metai, presumably allowing fpr a greater inward diffusion of oxygen
ions and thus facilitating a greater concentration of oxygen available for reaction with the
chromium of the alloy matrix. More rapid diffusion of oxygen ions through the HAZ scale
Qaused extensive internal oxidation and formation of a subscale zone densely populatg:d
with internal precipitates due to deplletion of Cr.

Higher corrosion rate may be due to the presence of chlorides which allowed a salt
ﬁhase to exist at the metal/ scale interface. Importantly, this also means that a coﬁtinuous
salt phase pathway exists to deliver oxidant directly to the metallic phase, and in parallel,
to move dissolved metal species away. from the reaction site whi‘ch is also supported by S.
Ahila et al (1993, 1994).

In the TIG weiding the heat affected zone observed widér as compare to EBW. The
grgir_i boundary attack of HAZ may be due to sensitization effect. As revealed by XRD,
diffefent bphases of various reaction produots'wer.e formed on the weldment. The scale
dissimilar welded samples showed an outer layer containing Fe;Os, Cr203; and FeCr;0O4
Fig 7.12. \

The presence of Fe;Os is maximum on the scale abov_'e the weld and HAZ zohé,
also the constituent of Cr, Ni and Fe in the weld zone as revealed by the cross sectional

EDAX and EPMA analysis. It was observed that the pe.netration of oxygen in weld

interface indicate the weld zone and HAZ more prone to corrosion Fig 7.16 (A and B).
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Fig. 7.1(A)  Macrographs dissimilar Electron Beam Welded AISI 4140 and AISI
304 subjected to cyclic hot corrosion exposed at temperature of 600 °C under Na,SO,
+ V3205 (60%) after 50 cycles.
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3 B . -
- - 3. by el N o

Fig. 7.1(B) Macrographs dissimilar Electron Beam Welded AISI 4140 and AISI
304 subjected to cyclic hot corrosion exposed at temperature of 600 °C under K2SO4
+ NaCl (60%) after 50 cycles.
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Fig 7.2. Plots of cumulative weight gain (mg/cm?) as a function of time (number of -
cycles) for the EBW weldment under cyclic hot corrosion at 600 °C, in the molten salt
NazSO4 + V205 (60%) and K2S04 + NaCl (60%).
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Fig. 7.3 X-Ray diffraction patterns for hot corroded dissimilar EBW weldment of
AISI 4140 and AISI 304 exposed at 600 °C in Na;SO4 + V205 (60%) and K2S04 +
NaCl (60%) for 50 cycles.
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Fig 7.4. BSEI for hot corroded Electron Beam weldment at exposed temperature of

600 °C.
(1) EBW exposed under Na;SO4 + V,05 (60%) at 600 °C.
(i) EBW exposed under K2SO4 + NaCl (60%) at 600 °C.
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Fig 7.5 SEM/EDAX graph shows the EBW weldment of AISI 4140 and AISI 304
exposed at 600 °C under Na,SO4 + V205 (60%) after 50 cycles.
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Fig 7.6 SEM/EDAX graph shows the EBW weldment of AISI 4140 and AISI 304
exposed at 600 °C under K2S04 + NaCl (60%) after 50 cycles.
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Fig. 7.7 BSEI and elemental X-ray mapping of the cross-section of dissimilar
EBW weldment of AISI 4140 and AISI 304, subjected to cyclic hot corr051on in
K2S04 + NaCl (60%) at 600°C for 50 cycles, 100 X.
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Fig. 7.9(A)  Macrographs dissimilar TIG Welded AISI 4140 and AISI 304
subjected to cyclic hot corrosion exposed at temperature of 600 °C under Na;SO4 +

V.05 (60%) after SO cycles.

AISI 4140
AISI 304
HAZ of 4140 HAZ of 304
eld

Fig. 7.9(B) Macrographs dissimilar T1G Welded AISI 4140 and AISI 304
subjected to cyclic hot corrosion exposed at temperature of 600 °C under K2S0O4 +

NaCl (60%) after 50 cycles.
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Fig 7.10. Plots of cumulative weight gain (mg/cm?) as a function of time (number of
cycles) for the TIG weldment under cyclic hot corrosion, at 600 °C in the molten salt
NazSO4 + V205 (60%) and K2S04 + NaCl (60%).
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Fig. 7.11 X-Ray diffraction patterns for hot corroded dissimilar TIG weldment of
AISI 4140 and AISI 304 exposed at 600 °C in Na,SO, + V,0s (60%) and K2S04 +
NaCl (60%) for 50 cycles.
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Fig 7.12. BSEI for hot corroded TIG weldment at exposed temperature of 600 °C.
(i) TIG exposed under Na,SOy4 + V05 (60%) at 600 °C.
(ii) TIG exposed under K2S0O4 + NaCl (60%) at 600 °C.
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Fig 7.13 SEM/EDAX graph shows the TIG weldment of AISI 4140 and AISI 304

after 50 cycles.

exposed at 600 °C under Na,SO4 + V2,05 (60%)
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Fig 7.14 SEM/EDAX graph shows the TIG weldment of AIST 4140 and AISI 304
exposed at 600 °C under K2804 + Na(] (60%) after 50 cycles.
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Fig. 7.15 (A) BSEI and elemental X-ray mapping of the cross-section of dissimilar
TIG weldment of AIS! 304 and weld zone, subjected to cyclic hot corrosion in K2SOq4
- 60%NaC} at 600°C for 50 cycles, 120 X.
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Fig. 7.15 (B) BSEI and EDAX form cross section of dissimilar TIG weldment of
AISI 304 and weld zone, subjected to cyclic hot corrosion in K2SQ4 - 60%NaCl at
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Fig. 7.16 (A) BSEI and elemental X-ray mapping of the cross-section of dissimilar
TIG weldment of weld zone and AISI 4140, subjected to cyclic hot corrosion in
K2S04 - 60%NaCl at 600°C for 50 cycles.
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CHAPTER 8
COMPARATIVE DISCUSSION

In this chapter, an attempt has been made to present the Vresult‘s ‘of the current
investigation giving comparative mechanical properties of AISI .4140‘ and AISI 304
dissimilar weldment with fiction welding, electron beam welding and tungsten inert gas
welding process. The hot corrosioﬁ behaviour of these weldments under different
environment as has also been discussed below. ‘

The mechanical properties of AISI 4 146 and AISI 304 dissimilar welment made
by friction Weld'in‘g‘,' electron beam welding and tungsten inert gas welding are reported
in Table8.1 The bar charts showing the overall mechanical properties for the dissimilar
weldment madé by FRW, EBW and TIG are presented in Figs. 8.1. |

Sound welds could be obtained with all the three welding processes. The
mechanical properties of the welds are similar to ones reported by N.O zdemir et al
(2007), J.Tusek et al (2001), A.Celik (1999) and V.V satyanarayana et al (2005).

The tensile strength value of the dissimilar alloyjoinfs made by the three welding
processes is more than the individual parent metals. Moreover from the irivestigation it
was observed that the yield strength of weldment made by EBW (681 MPa) was higher
than the one made By'TIG (634 Mpa) or FRW (485 Mpa). The ductility of the EBW and
TIG weldment were higher with an.elongation of 24 % and 31 % respectively when
compared with friction weldment, where elongation was around 18%. The sequence for
the overall yield strength of dissimilar weldment made by three welding process has
been observed as given below:

EBW > TIG > FRW

Micro hardness tests were taken along a line in the middle of the thickness and
included both base metals, the heat-affected zones (HAZ), and the weld area for all types
of dissimilar welds. The hardness data for weldment made by friction welding process
shows that the higher hardness values were generally obtained in the weld ;'egions of the

friction weldment. The effect of burn off length on hardness shows that the higher
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hardness (386 HV) is observed when the burn off length 12 mm. where as it is 305 HV
for burn off length of 5 mm. The sequence for the hardness at weld zone of friction
welded dissimilar metals for different burn off length has been observed to follows.

B12>B9>B7 > BS5

In case of the dissimilar alloy weldment made by EBW and TIG \;veldment, the
maximum hardness values has been recorded in the weld zone adjacent to AISI 304 side.
It is higher (738 HV) in the weldment made by EBW as compared to the value recorded
in the weldment made by TIG welding process (548 HV). The sequence for the overall
maximum hardness recorded in the weldment made by three welding brocess has been
observed as given below: )

EBW > TIG > FRW

The impact strength of friction welded dissimilar metals by keeping burn off

length 5 mm is 26 J, where as it is 11 J for 12 mm burn off length. It was also observed

that the impact strength of weldment made by TIG and EBW welding process is 25.5 J

and 21 J respectively. .
Investigationr on the effect of burn-off length on friction welded AISI 4140-AISI

304 dissimilar metals revealed that in general the impact toughness of these welds is very
low with increase the burn off length. The iﬁverse relation between hardness and
‘toughness is as per the established trends. The sequence for the impact strength of
friction welded dissimilar metals has been observed as given below:
B5>B7>B9 > BI2

The reduction in toughness and increase in hardness with increase in burn-off

N

length is related to increased carben and iron migration from the low alloy steel side
towards stainless steel whereas Cr and Ni diffuse from stainless steel side towards low
alloy steel side due to higher temperatﬁres that prevail arouﬁd the weld interface with
increase in burn-off length. Diffusion of these elements leads to formation of
intenﬁetallic and precipitation of carbide at the weld interface, which is also supportéd
by XRD, EDS and EPMA analysis. The sequence for the overall impact strength in the
‘weldment made by three welding process has been observed as given below:

TIG > EBW > FRW
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Results.as obtained:after.hot corrosion of AISI 4140 and AISI 304 dissimilar weldment
made by FRW, EBW and TIG under different environments as well as temperatures are
given below and the results are summarized in Table 8.2 to 8.6. These tabulated results
are ready reference to compare the hot corrosion behaviour of the dissimilar weldments.

The bar charts showing the overall weight gains in air and molten salt
envirénments after 50'cycles for the dissimilar weldment made by FRW, EBW and TIG
are presented in Figs. 8.2 (a). It further reported by Kp valueg as referred in bar chart Fig
8.2 (b).

Fro_m the bar charts, it can be inferred that the friction welded dissimilar metals
under study have» shown low oxidation resistance against the given molten salt
cnv1ronments as compared to that against the air under cyclic conditions. The maximum
Welght gam at 600 °C exposed to Na,SO4 + V205 (60%) is 50 times than that of
equseq under air under cyclic condition. Where as it is 190 times in the environment of
KZSQ4 + NaCl (60%). Ih the éase of Nay;S0O4 (40%) + K2SO4 (40%) + NaCl (10%) +
KCI (10%) the weight gain is around 100 times as compared to the weldment exposed to

“air, whereas the weight gain is around 50 times in the environment of Na2SO4 + NaCl
(50%).

The hof corrosion rates for the investigated friction welded dissimilar metals

based on the overall weight gains after 50 cycles of oxidationat all temperature and

environments could be arranged in the following order:

K2504 + NaCl (60%) = Na2S04 (40%) + K2S04 (40%) + NaCl (10%) + KC1 (10%) =

NazSO4 + V205 (60%) > NayS04 + NaCl (50%)

In general friction welded dissimilar metals made by keeping burn off length 5
mm has indicated .a -maximum resistance to molten salt environment amongst the
weldment made by keeping burn off length 7, 9 and 12 mm. The weight gain of the
weldment made by keeping 12 mm burn off length, exposéd to any given molten salt
environment is around 1.4 times as compared to weight gain for weldment by keeping 5

x

mm burn off length. The sequence for the overall protective behaviour of dissimilar
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weldment in all the molten salt environments used in this study has been observed as

given below:
B5>B7>B9>BI12

From the bar charts, it can be inferred that friction welded dissimilar metals has
provided minimum resistance to oxidation in the molten salt environment at 600 C as
compared to the weldment exposed at 500 C. In general the weight gain of 'weldment for
the given environments at 600 C is around 3.5 times than that of the weldment exposed
at 500 C. ‘ _
" From the investigation it can be concluded that of K2SO4 + NaCl (60%) is most
aggressive environment. The maximum weight gain recorded for the weldment made by
keeping 12 mm burn off length exposed td K2S04 + NacCl (60%) at 600 C.is 3.86 times
higher than that exposed to Na,SO; + V.05 (60%). Also it is 1.8 times higher as
compared to the environment of Na,SO4 (40%) + K2S04 (40%) + NaCl (10%) + KCI
7(10%). The poftion of NaCl in salt mixtures makes the mixture more aggressirve as it
leads to highest weight gains through out the 50 cycles which has been already explained
in Chapter 6 and 7. .

From bar chart for the weight gain by weldment made by three welding process
exposed to NaySO4.+ V205 (60%) and K2SO4 + NaCl (60%) at 600 C. It can be inferred
that the weight gain of weldment made by EBW and TIG eXposed to Na>S0O4 + V205
(60%) is around 1.5 times higher than that of the weight gain of weldment made by
FRW. The weight gain of weldment made by FRW exposed to K,;SO4 + NaCl (60%) is
around 1.2 times lower than that of the Weight gain of the weldment made\‘by EBW and
TIG. It shows that the environment of K;SO4 + NaCl (60%) is more aggressive for the

-weldment made by FRW as compared to one made by EBW and TIG. It was observed
that the weight gain for the weldment made by EBW and TIG, exposed to K2SO4 +
NaCl (60%) is around 2 times than that of the weldment exposed to Na;SO4 + V,0s
(60%). The sequence for the overall protective behaviour of dissimilar ‘'weldment in
molten salt environment has been observed as given below:

At 600 C exposed‘ to Na,SO4 + V205 (60%):

FRW-B5 > FRW-B7 > FRW-B9 > FRW-B12 > EBW > TIG
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At 600 C exposed to K2SO4 + NaCl (60%):
EBW > TIG > FRW-B5 > FRW-B7 > FRW-B9 > FRW-B12

EDAX data represents the constituent of oxide in the scale on the friction welded
AISI 4140 and AISI 304 dissimilar metals w1th different environments given in Fig 8.3
(A to L). It was observed that at 600 °C temperature of exposure under air oxidation, Fe2
03, Cr203 and NiO dominating in the scale on the weld zone as well as 304 side. In the
molten-salt environment of K2SO4 + NaCl (60%), the constituent of Cr2 O3 in the scale
on the weld zone is very less 5 to 7 % as compared to air oxidation where it is 10 to 20 % |
Attack on weld zone as well as HAZ of both base m_etals was due to the formation of a
liquid phase which could flow.along the grain boundaries and weaken them. This led to
aceelerated corrosion and intensive spalling/sputtering of the scale of the weldment. This

might be responsible for high corrosion rate to in K2 SO4.+'N-aCl_ (60%) environment.

In the molten salt env1ronment of Na2804 + V,0s5 (60%), the scale on the weld
zone as well as HAZ of both side consisted of Cr203 (7 to 10 %) and NiO (2 to 4.5 %),
where as other environment incorporated with NaCl, the percentage of these phases
decreased. It can be inferred that the presence of alkali chlorides .in the deposit causes
much more aggressive hot corrosion attack than a salt deposit containing only alkali
sulfates. Active oxidation, involving transport of metal chlorides in the liquid salt phase,
destroys the normally protective Cr203 scale as suggested by Bani P et at‘ (2004). Also
Y.S. Li et al (2005) reported that Cr is not an effective e]ement for corrosion resistance
improvement of Fe-base and Ni-based alloys due to chloride salt attack. M.A. Uusitalo et
al (2004) found that active oxidation caused accelerated corrosion when the low alloy
steel and austenitic stainie'ss steel were exposed to molten salt containing 40 wt%
K2804, 40-wt% Na2S04, 10 wi% KCl, and 10 wt% NaCl at 550 °C for 50 hours.

From the EDAX data, ‘the scale on the weld zone of EBW and TIG weldment
contains higher amount of Cr203 and NiO. Which is higher as compared to Friction
weldment when exposing under K25S04 + NaCl (60%) at 600 °C Fig 8.4 (A - J). It can
be inferred for this that EBW and TIG weldment has provided maximum resistance to
corrosion in this environment as cornpared to friction welded weldment. Fast formation
of a continuous chromia scale on the weld zone has been attrtbuted to the easy diffusion
of Cr, and Ni towards:the weld zone frem alloy 304 side as suggested by C. Zhang et al

(2005). Also it was observed that the concentration of MoO3 in scale on the weld zone of
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TIG and EBW weldment, which may have led for improvement the corrosion resistance

under this environment as suggested by Tetsuo Ishitsuka et al (2002).

The corrosion rate is less when the weldment exposing in* molten salt
environment at 500 and 550 °C temperature. It can be inferred that corrosion rate
decreases significantly, if the deposit temperature is below the first melting temperature.
Chemical reactions are generally faster in liquid phase than as solid-solid reactions. The
liquid phase also pr‘ovides an electrolyte for ionic transport or electrochemical attack as
suggested by K. Salmenoja et al (2000), N. Hiramatsu et al (1989), M.J. McNallan et al
(1981), H.J. Grabke et al (1998), O.H. Larsen et al (1996), J. Klower et \al (1995), Y.
Kawahara (1997)]. |

At 700 and 900 °C rapid corrosion rate was observed due to rapid reaction of

molten salt when the friction welded dissimilar metals were exposed to Na;SO4 + V1,05

(60%) environment. ’ - .

566



Tablg 8.1 The cumulafive mechanical properties of AIS| 4140 and AIS! 304 dissimilar welment made by FRW, EBW and TIG.
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| W) | ey logap (Jo i oy
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| {CrFe)Cy Cri T Fe CINi.C |
\7 S Fel G o7 1 l 7| Lowbumof i |
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2 | CrNeFe, (Crfely | | | Fallure atlow | higher bu-
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& o (e - s st (B
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“Table 8.2 Oxidaion data of frietion weldment of dissimilar metals of AIST 4140 and AIST 304 iu Air environment

Ouidation Temp  Weight gain XRD SEMEDAX
'0) ! Kp@ In 4o
fmglen™ (" ign’em’s"
Cyclic Osidation 00 0297 Fey 0, MO Fe,0; Ori0y igher &t weld
o000 0383 Fe,0; 00y NFe,0,NiFe,0), Fe,0; Cr0, and NIO higher at weld
fsothermal Oxidation 300 0001 F6203N1F8204, NlCI’zO4NlO FEZOlegOg hlgher a 3 [HAZ)
(30 hous) Qs FhquCnggm NiFe,0, NiCT204‘ FEQOingOg h\ghef at 304 (HAZ}
M 4

FEQO3 Cf;ng NiFEQO/,} NingOA

i

P,y CriCs higher at 304 (HAZ)




Table 8.3 Friction weldment of dissimiar metals of AISI 4140 and AIS! 304 in NaySO4 + Vs (80%) environment in cyclic conditon

e B Weishfggi“ Kp XRD SEMEDAX
elding
e ()| ™™ | gnion's)
0267400 ‘ Fey0; CriQ and NIO higher at weld
5 s Pl Oy Fefl NS inerface. Also increase whie
70T | g Mn0, Fe,0; NiS, Cr0; NiFe,0; | increase bum-offength
' ' NiC\"gOz;
530 5
g | 0448 T Fe; 0y
|0 [ gan NiS, .0 Cr0, Feyl
| | | | e CrfQy and NIC higher 2L weld
0500999 | n Uy Ul and N g
' | 6T ‘ e s NS ieate sonceese hle
7| 06153 ‘ 1658 MO, Fe,0y NIS, Cr,0; NiFe,0, | Increase bum-offlength and
' NiCr,0, temperature
550 \9 LTHE6 ggrs ‘\F?\’z 0. Fess Oy My
- \ ' \{N\FEQO{,‘ NiCr0;
| L6k iTnoo iFezog,c@ogfeamMno2
0914877 , Fe,03 Cr,0; and NiO higher at weld
: 2 Fez% A0, 0, N iferface. Also increase while
| 1 1M e o0 Ory NFesQy NCr; | inorease bum-offength and
' . . temperature
50 |9 1194571 106 F?ZOS, Cr 203” NiFe;0,, NICFZOQ p
' \ NiS, (CT,FE)203
| MR g | Fey Crls NS $10, (OrFely
\ . ‘ Fe,0; Cr,0; and NIO higher at 304
R LAV FeyCl NiS, G0y NiCr,0y (foz;' = 9
(CT,F&);)Oa
o |5 | 2748 | Fe,0 NiS, Cri0y NCr0,, (.04 higher than Fe,0; at 304
° T T H)
EBW 1 45045 Fg203, NiS, Cr,0; NiFe204, Fe,05 Cr,Os and NIC higher at 304
W i NCr, (el 0, 2
1666733 Fe,0s Cri0 NIS, NiFe204, Fe,0; and MoO3 high at weld zone
TG |60 1720 O, (el
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Table 8.4 Friction weldment of dissimilar metels of AISI 4140 and AISI 304 in K204 + NaCl (60%) environment in cyclic condition

Wiking | Tenp | BL | "COMEN, 180 SEMEDAX
8 mg!cm . Ia dad
(C) | (mm 10°(gmCm"S )
5[ emt |4l P Cr e, NCr s | 10 NO gt ST
|7 Fe, G0 Fe0, NCIe Fe 04, Cr,0y and NIQ higher at 304(HAZ)
1609037 | 7490 (CrFe),0; -
g 2000 (11120 Fe20310(203| NiF9204, NiCl'zOQ F0203|0f203 andk20 hlgh%f ot 304(HAZ)
12
:
5 Fe,0; Gry0y NiFe,0,, NiCiQ, | Fe0y OrfQy higher at weld as well as HAZ
o | 231% 15700 (OrFel0; of 304 and 4140
£
3 ] | | Fe0y Crils (CrelOc MO, ) FeOy Or,; higher el weld as wel as HAZ
g 2508073 118.310 of 304 and 4140
: g 2%y | Fe0y Crs (CrFe)OuMn0; |
E 2 e,y Or,0y NiFe, Qg NCri0y | Fiey0y G0y higher atweld
Lo 3306 30340 (CrFel0; |
5 14369897 | 53.000 Fe,0; Cr0s NiFesQy, NCriQy | Fey03 CryQy and MnO igher at 304(HAZ)
60 |7 F%OaCl’gO& NFe,0; NiCr204, FegOg,and M0 higher at H40(HAZ)
4498335 | B6.210 (CrFe) 0, |
9 FEZO;;‘ Cng& NiF6204, NiCr204, FE;O& CI'QOg and Mn0 hlgh&l’ at 4140(HAZ)
4851596 | 69.380 (CrFe)0y
12 Fey0s GO NiFe;0y NCry0, | Fe,05 Or,0y and MnOigher atweld as wel
5240719 | 75810 as HAZ of 304 and 4140
EBW | 600 3675410 | 35540 Fey;, Ori0y NiS, NiFe204, Fe,0, Cr,Os and NIO higher at 304 (HAZ)
NiCr,04 (Or Fe)0; ‘_
M6 |60 1691206 | 37850 Fe,0;, Cr,0; NIS, NiFe204, Fe,0 and MnQ high at weld zone
NlCr204 @r,Fe)zO:;
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Table 85 Friction weldment of dissimtar metals of AIST 4140 and AISI 304 inNa,S0, (0%) + o504 (40%) + NaCl (10%) + KC! (10%) environment in cyelic

Soralion

Wldng | Temp | BL | "0 | IR0 SEVEDA
(G | {mm) § I do
| mglcm2 | b (9"1] i
} . i | | } N A -
| , o0y Gy NiFe0,, NGO, | Fe,0s CriQy and NO higher & weld and 304 (HAZ)
. | 0773611610 NS s |
" : Rk T RRY) ‘FeQOglCrganNiFeQOm NiCr0,, | Fe0; MnC higher et weld
% NS, (CrFe),0s SiC2
! ] R Fefl 010 NP, NGO, -~
: o 19 1604083 | 1540 | e, 00, NFef0, NCr0s | o0 0y a0 NI gt 304 A2
u (OB TIIRD Fr 0, NFefBu NCHOL | Fes Crfdy and NI tihercbweld and 304 (HAZ
: | 4R | 1T Fe 0 GO Ny, NCri0, | Py and Mn hogher 2t weld as well as both HAZ, Crs
(Cr Fel,0; higher at 304 (HAZ)
B0 0| B “EanCngglNiFean,, NICr,0,, | Fe,0s and Mn0 hogher at weld as well as both HAZ. Cry
| (0l e 1040
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Table 8.6 Friction weldment of dissimilar metals of AISI 4140 and AIS1 304 in Na,S0Q, + NaCl (30%) environment in cycic conditon

Welding | Temp | BL Welghtgz::n Kp YRD SEM/EDAX
o mgem” | .o,
('C} | {mm) 107{gm Cm ™S
5 FGzOg‘ Cf203‘ NiFe,0,, NiCr204, NiS, FE;Oal Cr0s N0 hogher at 304 (HAZ)
il 0.605805 | 1.020 FeS,(Cr Fe),0s
3 7| 0792465 | 1740 Fezol Cngg} Fes, (CI’,FE);Oa FEQO& szOg hOgth at weld and 304 (HAZ)
¢
"§ g 0.845577 | 1980 FEQO& szan Fes, (Cf,FE]zOg FEQO&CFQOQ, hOQth at weld and 304 (HAZ)
3 0
é 510938083 12440 ey Cry; NFe,Q;, NiC0, NS, NIO 1 FeyOs CrfQy and M hogher at weld
E 80 |7 Fey03 Cr,y NiCr,, NS, NIC, Fe;04 Cr,0y hogher af weld
G 11194152 | 3960 Fes0s Ory0; (CrFel0y Fey0; Cr,0; hogher at weld
2 1139357 15390 Fe,0; Gy NFe,Q,, NICr0, Fe,0; G0 hogher at weld
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Fig. 8.1 Bar charts showing cumulative mechanical properties of AISI 4140 and AISI 304 dissimilar metals made by FRW, EBW and TIG,
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K2504 + NaCl (60%)

yu
~ -
55 -
M
5L
Friction welding Burn off length (B): 5,7,9and 12 mm ['
43 +1 TIG Tungsten Inert Gas welding 1
EBW Electron Beam welding I
l Na,S0, (40%) + K204
Temperatue of Exposure 500, 530 and 600 °C (40%) + NaCl {10%)
B +KC{10%)
LR
§ ! —r—
g 3 r -
c |
£
D251 I r
&L
7 NaS0, +V,0: (60%)
3 A Na,50, + NaCl (50%)
r ™
: - A
g I I.‘ r
{ L% Il
0 [ | i
-
05 1<
A il
OITTIT'IJIIJIJTIrJl/fI)iJ.I)ilTll}JlJl!/)}l)-I?
00 0000000000004 0 0000000000040 0000000 0000C0O
0C 00000ONVUOO00SC 000VDNNOO00SC 0VHONCO C00LAVD
WO YLYHELYOLOOOYYE LULLLROLEOVORL DOLVOOL VOLLHVLY
g9 spoNgnenaranlig orogtangranlg poRoNaN HEooRaN
0 a n F o n F oo 0

Fig. 8.2 () Bar charts showing cumuletve weight gain (mg/eny’)for dissinlr weldment subjected to ey oxidation in it and molen selt environment for 50 cycles
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0. K2S0d + NaCl (60%)
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51



% of Cr203 at 600 C for B5

25 —¢— Air Oxidation
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5
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4140 HAZ-4140 Weld HAZ-304 304

Fig 8.3(A) The constituent of Cr203 in the scale on friction weldment exposing in
different environments at 600 °C.
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Fig 8.3(B) The constituent of Fe2O3 in the scale on friction weldment exposing in
different environments at 600 °C.
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% of MnO at 600 C for B5
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Fig 8.3(C) The constituent of MnO in the scale on friction weldment exposing in
different environments at 600 °C.
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Fig 8.3(D) The constituent of NiO in the scale on friction weldment exposing in
different environments at 600 °C.
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% of Cr203 at 550 C for B5
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Fig 8.3(E) The constituent of Cr203 in the scale on friction weldment exposing in
different environments at 550 °C.

% of Fe203 at 550 C for B5

120

100 |

60 —+—m\§ -

40 | —B—Na2804+V205(60%) \
et K2804+NaCl(60%)

e Na2S04(40%) +K2S04(40%)+NaCl(10%)+KCI(10%)

—%— Na2S04 + NaCl (50%)

o . 1 o . & . P A &
. L

% of Fe203

20

@ @

4140 HAZ-4140 Weld HAZ-304 304

Fig 8.3(F) The constituent of Fc20O3 in the scale on friction weldment exposing in
different environments at 550 °C.
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Fig 8.3(G) The constituent of NiO in the scale on friction weldment exposing in
different environments at 550 °C.
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Fig 8.3(H) The constituent of MnO in the scale on friction weldment exposing in
different environments at 550 °C.
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Y% of Cr203 at 500 C for BS
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Fig 8.3(I) The constituent of Cr203 in the scale on friction weldment exposing in
different environments at 500 °C.
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Fig 8.3(J) The constituent of Fe203 in the scale on friction weldment exposing in
different environments at 500 °C.
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% of NiO at 560 C for B5
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Fig 8.3(K) The constituent of NiO in the scale on friction weldment exposmg in
different environments at 500 °C.
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Fig 8.3(L) The constituent of MnO in the scale on friction weldment exposing in
different environments at 500 °C.
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Fig 8.4(A) The constituent of Cr203 in the scale on EBW weldment exposing in
different environments at 600 °C.
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Fig 8.4(B) The constituent of Fe203 in the scale on EBW weldment exposing in
different environments at 600 °C.
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Fig 8.4(C) The constituent of MnO in the scale on EBW weldment exposing in
different environments at 600 °C.
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Fig 8.4(D) The constituent of NiO in the scale on EBW weldment exposing in
different environments at 600 °C.
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Fig 8.4(E) The constituent of MoO?3 in the scale on EBW weldment exposing in
different environments at 600 °C.
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Fig 8.4(F) The constituent of Cr203 in the scale on TIG weldment exposing in
different environments at 600 °C.
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Fig 8.4(G) The constituent of I'e203 in the scale on TIG weldment exposing in
different environments at 600 °C.
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Fig 8.4(H) The constituent of MnO in the scale on TIG weldment exposing in
different environments at 600 °C..
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Fig 8.4(I) The constituent of NiO in the scale on TIG weldment exposing in different
environments at 600 °C.
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Fig 8.4(J) The constituent of MoO3 in the scale on TIG weldment exposing in
different environments at 600 °C.
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CHAPTER 9

CONCLUSIONS

The conclusions from the present study containing weldment of AISI 304 and
AISI 4140 dissimilar metals obtained by three types welding process namely Friction
Welding (FRW), Electron Beam Welding (EBW) and Tungsten Inert Gas welding
(TIG). All tﬁe weldments was critically examined the mechanical properties namely
micrdehardness across the weldment, impact toughness and tensile strength. The
cyclic-ox_idatibﬁ studies were condﬁcted on the weldment in air as well as the different
molten salt environmepi of
(i) NaxSO4 '+ V205 (60%); (ii) K2SOq + NaCl (60%); (iii) Na>SO4 (40%)+ K,SOy4
(40%)+ NaCl (10%) +KCl (10%); (iv) Na2'SO4 + NaCl (50%).

Salient conclusions from the present study are enumerated below:

1. The results of this investigation have shown that AISI 304 austenitic stainless steel

can be welded to AISI 4140 low alloy steel by above mentioned welding process.

2. Souhd welds could be obtained befween AISI 304 austenitic stainless steel and

AISI 4140 low alloy steel by all the thre'e:welding techniques.

3

3. Heat affected zone of dissimilar weldment made by TIG is wider as compared to

EBW and FRW.

4. Formation of carbide and intermetallic compound in the friction weld zone is less

as comparea to EBW and TIG welding.

591



a

5. All the three welding processes the soft zone is observed on the heat affected zone
of low alloy steel AISI 4140 side may be due to carbon depletion as it is migrating to

AISI 304 side.

6. In friction welding process it was noted that the peak hardness increases with
increase in burn-off length. Whereas the hardness values in adjacent low alloy steel
further falls 