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Inconel 740H® alloy is considered a leading candidate for advanced ultra-
supercritical steam power generation at temperatures up to 750°C and pres-
sures up to 35 MPa. Stable alloy microstructures for extremely long-term use
are needed; however, extended exposure to high temperatures and stresses
can lead to microstructural instabilities when the material is joined with other
alloys, thereby decreasing component lifetime. It is, therefore, critical to
understand the microstructural evolution of weldments of this alloy during
high-temperature and high-pressure exposures. This research specifically
aims to evaluate the effects of stress and joining processes on the lifetime of
Inconel 740H welded with Thermanit 263 filler metal (based on Alloy 263™).
Electron microscopy techniques were used to evaluate the evolution of y’-
precipitates, grain boundary phases, grain sizes and boundary types, weld-
ment interfaces, and other relevant microstructural characteristics resulting
from long-term exposure at elevated temperatures (650—-850°C) and external
stresses (53—-440 MPa) during creep testing. The creep strength of Inconel
740H weldments with Alloy 263 (740H/263) as a filler metal was less than that
of Inconel 740H/740H base metal because of the microstructural instability of

Alloy 263 at the subject creep temperatures.

INTRODUCTION

The worldwide development of advanced-ultrasu-
percritical (A-USC) technology is intended to help
power plants generate electricity and burn less coal
per megawatt-hour (meaning less coal for electricity
production) while subsequently decreasing fuel cost
per megawatt and decreasing emissions of COs.
Higher operating temperatures and pressures can
lead to greater efficiency of fossil-fuel powered
steam boilers. A-USC conditions of temperature
and pressure include steam conditions of up to
760°C and 35 MPa.'® These can result in 10-12%
higher efficiencies than conventional coal-fired
power plants and concomitant reductions in CO,
emission.”® For these applications, the challenge
becomes selecting alloys that can sustain high-
temperature steam environments. These conditions
rule out the potential use of ferritic and stainless
steels and most solid solution—strengthened Ni-
based alloys™’ because they do not possess the
needed high-temperature mechanical properties
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and thermal stability. Thus, the frontrunner alloys
for these conditions are precipitation-strengthened
Ni-based alloys, and there are several candidate
alloys durable enough to sustain the operatiné
conditions in A-USC power plants. Inconel 740H
and Haynes 282® are currently the leading candi-
dates for A-USC power plants for both turbine and
boiler applications. In this study, we focus on
Inconel 740H. Additionally, materials joining of
the materials is an important aspect of fabricating
components, and the weldability of Inconel 740 and
740H with matching filler metal has previously
been studied.” In this study, weldments of crept
Inconel 740H with Thermanit 263® filler metal were
evaluated.

Inconel 740H is an age-hardenable Ni-based alloy
developed by Special Metals Corporation.” Its appli-
cation is in the heavy section components in boilers
and turbines.” ' Inconel 740H is a derivative of the
original Inconel 740 but with a modified composi-
tion, particularly decreased Ti to hinder the forma-
tion of n-phase, and increased Al to improve the
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stability of 7.7 Also, the Si level is reduced to avoid
complex silicide G-phase formation. Inconel 740H is
precipitation-strengthened by 7' [Ni3(Ti,Al)] precip-
itates with Lly structure. Additionally, the
microstructure contains large, blocky primary Ti—
rich MC carbides with face-centered-cubic structure
(fce); fee Cr-rich Mg3Cg carbides; and y#-phase (NisTi)
(750°C to 850°C). Moreover, Inconel 740H has a
high fraction of grain boundaries with coincident
site lattices (CSLs) that are characterized by low
energy as a result of a good atomic fit. Specifically,
two types of CSL (X3 and X9) boundaries are found
in Inconel 740H. Thus, the presence of special grain
boundaries, particularly of the X3 type with its high
proportion of coincident sites, improves the creep
resistance of the alloy.!!!2 Corrosmn resistance is
also an important property for A-USC applications.
For superheater tubing, the alloy must resist both
steam oxidation on the inside and coal ash corrosion
on the fire side.” Because of the high Cr content
(25 wt.%) in 740H, the formation of a protective
Cry03 oxide layer provides long-term protection
against both steam oxidation and coal-ash corrosion
at high temperatures. The compositional modifica-
tions associated with Inconel 740H improved the
weldability of this alloy class,” making it a good
candidate for fabrication in heavy section
weldments.

Nimonic® 263 alloy, which forms the basis of the
Thermanit 263 filler metal (Bohler Welding) used
for the weldments in this study, is an aerospace
superalloy originally developed by Rolls-Royce Ltd.
in 1971 and it is a precursor for Inconel 740 and
Inconel 740H. It is used in gas turbine applications
because it has good oxidation resistance and attrac-
tive creep strength. It is readily fabricable with good
ductility in welded assemblies compared with
Nimonic 80A.'*5 Its high Cr content improves
high-temperature oxidation resistance, while a high
Ti level and low Al will eventually promote the
formation of #-phase (NigTi). In general, the
microstructure of Nimonic 263 consists of fcc MC
(Ti, Mo) carbides (forming at grain interiors), grain
boundary fee Mo3Cg (M Cr, Mo, and Co) carbides,
grain interior L1, 7/ N13(T1 Al) precipitates, and
plate-like n-phase (NigTi).'*

In this work, creep-rupture specimens of Inconel
740H welded With Thermanit 263 were used to
investigate welds and their microstructures after
exposure to high temperature and stresses, to
evaluate any tendency for microstructural instabil-
ity under such conditions. We found a correlation
between the microstructural changes in Alloy 263
welds with increasing temperature and mechanical
performance.

EXPERIMENTAL PROCEDURE

A plate of Inconel 740H was welded using
shielded metal arc welding, since that is one of the
joining techniques being evaluated for use in A-USC
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power generation plants. The Inconel 740H was
welded in an annealed (1107°C for 1h, water
quench) and aged (800°C for 4 h, air quench)
condition and then given a post-weld heat treat-
ment. Thermanit 263, used as a filler metal, was
procured from Bohler Welding (it is a variant of Ni-
based Alloy 263). The compositions in wt.% of
Inconel 740H and Alloy 263 are shown in Table I.
For comparison, the composition of Inconel 740 is
also included. Machined cross-weld creep-rupture
specimens from a welded plate underwent post-weld
heat treatment (800°C/4 h). Creep-rupture testing
was conducted following the ASTM E139 standard
using smooth-bar specimens (6.4-mm diameter with
a 31.8-mm gauge length) at three different temper-
atures (650°C, 750°C, and 850°C) with five projected
lifetimes (1000 h, 2500 h, 4500 h, 8000 h, and
20,000 h). Creep- rupture testing detalls can be
found elsewhere.!” All creep-rupture tests were
conducted with constant loading until failure at
the test temperature. The results were compared
with the extensive ORNL database on Inconel 740/
740H creep rupture from the previous A-USC boiler
program.”%7

Characterization of the microstructure after creep
testing involved analysis of the base (Inconel 740H)
and weld (Alloy 263) metals from the stressed
(gauge) section. Microstructural characterization
included optical microscopy, scanning electron
microscopy (SEM) using a Hitachi S4800 and a
JEOL model 6500F;'® and scanmng transmission
electron microscopy (S/TEM) using an FEI F200X
Talos operating at 200 kV, equipped with an
extreme field emission gun (X-FEG) electron source,
a high-angle annular dark-field (HAADF) detector,
and a Super-X EDS (energy-dispersive x-ray spec-
troscopy) system with four silicon-drift detectors
(SDD) (Bruker XFlash 120 mm?). Part of the
microscopy was also performed on a JEOL 2200FS
STEM/TEM instrument operating at 200 kV,
equipped with a CEOS GmbH (Heidelberg, Ger-
many) corrector on the illuminating lenses and an
EDS system (30 mm? XFlash® 5030 T Bruker).
TEM specimens were prepared from the polished
cross sections from the weld using focus ion beam
milling and an in situ lift-out method. Bulk polished
specimens for optical microscopy analysis were
etched with electrolyte containing 15 mL glycerol,
5 mL HNOj, and 10 mL HCI.

RESULTS AND DISCUSSION
General Observations and Microstructure

Figure 1 shows an optical image of the entire weld
cross section before creep testing. The weld itself
was about 10 mm wide with an intact interface
between the Alloy 263 weld and the base metal
(Fig. 1a). Figure 1b shows higher magnification of
optical images from Fig. 1 showing the interface
between weld and base metal as well as the center of
the weld. Evidently, Inconel 740H is characterized
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Table I. Nominal composition of Inconel 740, 740H and Alloy 263 in wt.%

Ni Cr Co Ti Al Nb Fe Mo Mn Si C
IN740 Bal 25 20 1.8 0.9 2.0 0.7 0.5 0.3 0.5 0.03
IN 740H Bal 24.5 20 14 14 1.5 1.5 0.1 0.5 0.15 0.03
Alloy 263 Bal 20 20 2.2 0.6 - 0.7 5.9 0.6 0.4 0.06

(@

5mm

Fig. 1. Optical images showing (a) entire weld cross-section and (b) higher magnification of the center of the weld of Alloy 263 and the interface
between Inconel 740H and Alloy 263 after post-weld annealing treatment before creep testing.

by smaller grains containing a number of special was about 50 ym wide and was free of HAZ micro-
grain boundaries such as twins, whereas grains fissures, which are often found in restrained welds
within the center of the weld were larger of Ni-based alloys with a wide freezing range.” As
(~ 300 ym) with random grain boundaries and no expected, at the interface, the grains of the weld

indication of twins. The heat-affected zone (HAZ) metal (Alloy 263) were elongated owing to the
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solidification of the weld; whereas, at the center of
the weld, less elongated grains were observed.

Fifteen specimens were creep tested at 650°C,
750°C and 850°C. Figure 2 compares the creep
behavior of the cross-weld specimens of Inconel
740H base metal with that of Inconel 740H weld-
ments with Alloy 263 filler metal. The solid symbols
(triangles) indicate completed tests, and open sym-
bols refer to the ongoing tests. The solid line is the
master fitted curve from creep testing of 740H/740
base metal,>!” and the dashed line indicates 25%
lower strength than the base metal (740H/740)
stress. The creep-rupture results indicated that
weldments of Inconel 740H with Alloy 263 showed
shorter lifetimes than Inconel 740 and 740H spec-
imens containing the base metal only. Also, the
degree of strength reduction was dependent on the
test temperature. At the testing temperatures of
650 and 750°C, the weldments were weaker by
about 15% than was the Inconel 740H/740 (solid
triangles were below the 740H/740 solid line); at
850°C, the creep strength was even less compared
with Inconel 740H/740, considerably more than 25%
less. Lower strengths are expected for Inconel 740H/
Alloy 263 welds than for Inconel 740H/740; the loss
of strength is related to the respective alloy compo-
sitions (Ti and Al amount) and microstructures, as
is addressed in the following sections.

Figure 3 shows polished cross sections of selected
specimens after creep-rupture testing. For the three
test temperatures, examples were taken at lower
(Fig. 3a) and higher (Fig. 3b) applied stresses. Fig-
ure 3¢ shows higher magnification of the weld
shown in Fig. 3a and b. All failures occurred within
the weld, where formation of voids, cavities, and
secondary cracks was found (Fig. 3c). Analysis of
the results suggests that, for all temperatures at
lower stresses, the rupture was close to the middle
of the weld (Fig. 3a), with the metal/weld interface

1000 - ‘ T T
[ 2 points  g50°C 750°C 850°C
500 : &
L 740/740H Base Metal
~
—_~ %~~
o
200 =
2
7
@ 100+ 5
=
(4p)
50| A 740H/Therm. 263 \ .
| A 740H/Therm. 263 ongoing .
=== 75% of base metal stress
* Alloy 263 base metal (from ref. 4) A
20t : i ; i h I A -
20000 22000 24000 26000 28000

LMP (C=19.392)

Fig. 2. Comparison of the Larson-Miller parameter of 740H/Alloy
263 cross-weld with 740H/740 base metal and the base-metal data
for Alloy 263 adapted from Viswanathan et al.*
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relatively perpendicular to the load direction. How-
ever, for higher stresses, the failure was contained
within the weld; but it was closer to the metal/weld
interface (Fig. 3b), and the metal/weld interface was
reoriented by ~ 45° with respect to the loading
direction.

At 650°C, in the weld (Alloy 263), 7 precipitates
were finely dispersed in grain interiors; and small
random grain boundary cracks perpendicular to the
load direction were found. At shorter exposures
(~ 2000 h), grains were not reoriented nor elon-
gated as a result of the applied load. But after
longer exposure times (~ 4000 h) saddle grain
reorientation due to applied stress was observed
(Supplement 1). As expected, large plate-like pre-
cipitates (7-NizTi phase) were not found at such low
temperatures. However, higher-magnification SEM
characterization of the sample tested for longer
times (~ 4000 h) captured the initiation of the y-
Ni3Ti phase formation (Fig. 4a), which was mainly
associated with the area close to carbides, particu-
larly MC carbides (M = Mo, Ti). This finding sug-
gests that the evolution and growth of the #-NisTi
phase occurred, to some extent, at the expense of Ti
consumption from the surrounding carbides at this
temperature.'® The average size of the Mo, Ti
carbides for this temperature was 0.82 + 0.07 ym.
They were randomly distributed within grain inte-
riors, with some also found at the grain boundaries.
The sizes of the MC carbides measured after each
testing condition are summarized in Fig. 5a. Grain
boundaries were mainly decorated with My3Cg
(M = Cr, Mo). At higher stress (440 MPa/650°C),
grains were more elongated with random grain
boundary cracks (Fig. 3b).

At 750°C, at both lower (189 MPa) and higher
(219 MPa) stresses, the grains were elongated and
reoriented along 45° to the loading direction, com-
pared with the 650°C specimens. Some grains near
the fracture surface were still not elongated. Grain
boundary cracks, small voids, and cavities were
present at grain boundaries (Fig. 4b). Additionally,
a phase change to #-NisTi phase was more readily
observed than was the case at 650°C. The average
size of the y-NisTi phase was 2.17 ym £ 0.7 ym
(Fig. 5b); it appeared near MC carbides forming a
local Widmanstétten pattern (Fig. 4b). The average
size of the Mo, Ti carbides was 0.67 ym + 0.02 ym
(Fig. 5a), which slightly decreased when compared
with the carbides present at 650°C.

At 850°C, cavities, voids, and small and large
random grain boundary cracks aligned perpendicu-
lar to the loading direction were observed (Fig. 4c,
d). Additionally, at higher applied stress (84 MPa),
large cracks penetrated the grain boundaries; the
cracks aligned close to 45° to the applied load with a
few cracks propagating to the base metal across the
interface (Fig. 7c). After a shorter exposure time
(~ 800 h), grains were slightly elongated near the
fracture surface. However, after longer exposure
and lower stresses, grains seemed to be more
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(@) 650°C/407MPa 750°C/189MPa 850°C/53MPa

Weld 263

(b) 650°C/440MPa 750°C/219MPa
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Fig. 3. Optical images showing polished cross section of the creep-rupture specimens after a failure for three different temperatures for (a) lower
stresses and (b) higher stresses. (c) Higher-magnification images from the weld section for all the conditions.




1816

Unocic, Chen, and Tortorelli

Fig. 4. Backscattered electron (BSE) images showing Alloy 263 from the gauge region for (a) 650°C/407 MPa/~ 4000 h, (b) 750°C/189 MPa/
~ 6000 h, (c) 850°C/53 MPa/~ 2000 h, and (d) 850°C/84 MPa/~ 800 h. Higher-magnification images showing microstructure for (e) 850°C/
53 MPa/~ 2000 h and (f) 850°C/84 MPa/~ 800 h conditions.

equiaxed, as shown by electron backscatter diffrac-
tion (EBSD) (see Supplementary Fig. S1). Already
after ~ 800 h, a high volume fraction of #-NigTi
phase plates was found with an average size of
6.51 um =+ 2.3 um; they were arranged in a strong
Widmanstétten pattern. The average size of #-NigTi
phase plates formed at 850°C was 7.17 um + 0.8
um; they were much larger than those found at
750°C (2.18 ym + 0.8 um) (Fig. 4¢, d). A summary
of #-NigTi phase plate average size measurements
for both temperatures is shown in Fig. 5b. Addi-
tionally, the sizes of Mo, Ti carbides decreased
(Fig. 5a).

In the areas between #-NisTi phases, areas with
large ) phase were found, but their number

decreased (Fig. 4f) compared with samples exposed
at lower temperatures. Part of the disappearance of
the y’ phase is related to Ti consumption from the y’
phase by the growing #-NisTi phase. An example of
the y/ phase with EDS elemental maps of Al and Ti
is shown in Fig. 6. The bright field-STEM image
also shows #-NisTi phase plates clearly outlined by
Ni and Ti elemental maps. Further, the grain
boundary Mo, Cr-carbide shows enrichment in Si.
Finally, coarsening of the 7’ phase was observed in
the base metal (Inconel 740H). Overall, at 850°C,
the growth of #-NigTi phase plates was at the
expense of consumption of Ti from both Mo, Ti
carbides and the y’ phase (NisALTi).
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Fig. 5. (a) Average size of Mo, Ti carbides measured for different temperatures. (b) Average size of #-NizTi phase.
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Fig. 6. (a) Bright field-STEM image showing microstructure of Alloy 263 after creep-rupture testing (850°C/84 MPa/~ 860 h) with EDS
elemental maps showing existence of three different phases: (b) n-phase (NisTi), (c) y’-phase [Niz(Al,Ti)], and (d) Mo-carbide.

Figure 7 shows an example of the interface
between the base metal and the weld. At 650°C
and 750°C, for both low and high stresses, the
interface remained intact. At 850°C, when the
interfaces at two different stress levels are com-
pared, the interface at lower stress (53 MPa)
remains intact (Fig. 7b), whereas the specimen
exposed to higher stress (84 MPa) shows advanced
cracks along grain boundaries, almost reaching the
base metal/weld interface (Fig. 7c).

Oxidation

The oxidation behavior of the welds (Alloy 263)
exposed to air at 650-850°C under stress was also
studied (Fig. 8). As expected, the extent of oxidation
evolved with increasing temperature. The

microstructure and phase composition of oxide scale
were analyzed by SEM and EDS (Fig. 9). After

exposure at 650°C (Fig. 9a), a thin double oxide
layer (~ 0.5 um) formed with negligible internal
oxidation. The outer oxide layer was mostly spinel
enriched in Ti, Ni, and Cr, beneath which a thin
silica inner layer was present. The oxide/metal
interface was enriched in Mo. A thicker surface
oxide layer was found on the sample tested at 750°C
(~ 2 um) with more extensive internal oxidation of
about 10 ym. The EDS elemental maps (not shown
here) revealed a three-layer structure. The outer
oxide layer consisted of Ti and Cr with some
incorporation of Al, while the middle layer was
mainly chromia (Cry0O3), beneath which a silica
inner layer enriched in Ti was found. Similar to the
results at a lower temperature (650°C), there was
some Mo enrichment just beneath the oxide layer.
At 850°C, even though the exposure time was
shorter than at 750°C, the oxide was much thicker,
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850°C

Alloy 263 |

IN740H

Fig. 7. (a) BSE images showing interface after creep-rupture test at 650, 750, and 850°C. Higher-magnification BSE images showing interface
after creep-rupture test at 850°C for different stress levels: (b) 53 MPa/~ 2000 h and (c) 84 MPa/~ 800 h.

Fig. 8. BSE images showing exposed surface after creep-rupture test under different conditions: (a) 650°C 407 MPa/~ 4000 h, (b) 750°C
189 MPa/~ 6000 h, (c) 850°C 53 MPa/~ 2000 h, and (d) 850°C 84 MPa/~ 800 h.
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50 ym

Fig. 9. EDS elemental maps for (a) 650°C/407 MPa/~ 4000 h and (b) 850°C/53 MPa/~ 2000 h.

15 um. The EDS elemental maps identified a three-
layer structure (Fig. 9b). The outer layer was
enriched in Ti-oxide particles, the intermediate
layer included mainly CryO3, and the inner layer
was enriched again in Ti- and Si-oxide particles.
There was no continuous silica layer. Also, at this
temperature, there was no Mo enrichment beneath
the oxide layer. Oxidation behavior of Nimonic 263
alloy exposed up to 1000 h to deaerated supercrit-
ical water at 600—700°C under 25 MPa was studied
by Zhu et al.?° The work showed a complex oxide
structure formed on the surface of Nimonic 263,
including an outer layer of Ni-Fe/Ni-Cr spinel oxide,
Ni/Co hydroxide, and TiOs and an inner layer of a
mixture of NiCr,0O,4 and Crs03; the innermost layer
was made up of Cry0Os3. Interestingly, at 600°C, the
authors found a MoO; layer, which disappeared

with increasing temperature. This finding suggests
that enrichment of Mo at the metal/oxide interface
in our work might actually be related to the
formation of the MoOgs layer, which requires addi-
tional characterization for further confirmation.
Nevertheless, this layer vanishes with exposure to
higher temperatures, which is similar to the obser-
vation by Zhu et al. In summary, the complexity of
the morphology and thickness of the oxide layer
grows with increasing temperature.

Deformation Mechanism

The deformation mechanism in y'-strengthened
Ni-based superalloys has been studied in great
detail by a number of researchers.?'23 In general,
the deformation mechanism changes with
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(a) 750°C/189MPa/~6000h

(b) 750°C/219MPa/ ~3000h
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¢) 850°C/84MPa/~800h
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Fig. 10. Bright field—-STEM images of Alloy 263 showing examples of the microstructure from the stressed region tested at (a) 750°C/189 MPa
with creep lifetime of ~ 6000 h, (b) 750°C/219 MPa with creep lifetime of ~ 3000 h, and (c) 850°C/84 MPa with creep lifetime of ~ 800 h with

EDS elemental maps confirming y’ phase.

increasing 7 precipitates size.?!, ?* Small )’ precip-
itates undergo cutting by weakly paired dislocations
to strongly paired dislocations, while large ' pre-
cipitates are bypassed by Orowan looping of dislo-
cations. The size of Y’ precipitates in the weld metal
(Alloy 263) at 750°C was ~ 120 nm after testing
for ~ 3200 h and ~ 250 nm after testing for ~ 6400
h; whereas at 850°C, the size of )’ precipitates
was ~ 100 nm after ~ 800 h with reduced number
density due to the formation of #-NigTi phase
formation. At both temperatures, dislocation cutting
was found mainly at shorter exposure times
(Figs. 10b and c¢), indicating the resistance of
precipitates to the deformation. This finding further
implies that even though 7' precipitates were coars-
ening and decreasing in number density with high-
temperature exposure (850°C) (Fig. 10c), they still
acted as the deformation barrier. At longer testing
times (~ 6000 h) at 750°C, dislocation pinning by }’
precipitates was found, with limited y’ precipitates
being sheared. A high dislocation network was also
found in the matrix between #-NisTi phases.
Overall, the ' precipitates in the weld metal
(Alloy 263) were less stable than ' precipitates in
Inconel 740H because of the lower Al to Ti ratio,
which subsequently promoted formation of #-NisTi.
Therefore, the weld appeared to be the weakest
point for the Inconel 740H joined with a filler metal
of Alloy 263. This finding supports the creep results,
explaining why the failure occurred in the weld
metal and the lower creep strengths for Inconel

740H/Alloy 263 weldments compared with the
Inconel 740H/740 base metal. Some comparable
creep-rupture data for base-metal Alloy 263 (at
700°C)* are included in Fig. 2. The inclusion of
these points indicates consistency with the present
data for the weldments made with Alloy 263 filler
metal,which show a reduction in creep resistance
relative to the Inconel 740/740H base metal. This
research shows that Inconel 740H/Alloy 263 weld-
ments are suitable for operation at lower operating
temperatures less than about 750°C.

CONCLUSION

Inconel 740H welded with an Alloy 263 filler
metal by shielded metal arc welding was investi-
gated after creep testing at 650°C, 750°C and 850°C.
All creep failures occurred within the weld region,
with intergranular failure and cracks propagated
along grain boundaries. No cracks were found in the
Inconel 740H base metal. The creep strength of
Inconel 740H weldments with Alloy 263 filler metal
was less than that of Inconel 740H base metal/
Inconel 740 because of the inferior microstructural
stability of Alloy 263 at elevated temperature.
Evident microstructural changes were observed in
Alloy 263 tested at 850°C, with a strong Wid-
manstédtten pattern of #-NisTi phase at the expense
of Mo, Ti carbides and 7’ phase (NizAl,Ti). The
oxidation of Alloy 263 advanced with exposure
temperature.
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