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Creep rupture behavior of dissimilar weldments between FB2 and 30Cr1MolV heat-resistant steel by multipass welding at 783 K
(510°C) under different stresses (260 to 420 MPa) was researched. The fitted creep rupture exponent is 14.53, and the 10,000 h
extrapolating strength values predicted by the power law and Larson-Miller parameter show good agreement with
experimental data. The samples exhibit a ductile fracture character and fracture in the weld fusion zone, which has a highly
heterogeneous microstructure and grains with different morphologies and sizes and an obvious softening. There exist a
decrease in the dislocation and precipitate density and an increase in the subgrain size in the weld metal after creep. The
rupture is a transgranular fracture characterized by dimples as a result of microvoid coalescence. Laves phases along with
copper-rich precipitates are observed in the vicinity of fracture surface, which creates a stress concentration that can cause

transgranular fracture initiation.

1. Introduction

With the purpose of reducing carbon dioxide emissions
which cause increasingly serious environmental pollution
and meeting increasing demand on energy, research on
renewable green energy is needed on the one hand; tradi-
tional ultrasupercritical (USC) generation technology with
improved steam parameters like higher temperature and
pressure has developed rapidly in recent decades on the
other hand [1-3]. Dissimilar metal welding techniques have
been gradually utilized to manufacture many important
mechanical parts in industry, such as thermal power rotors
in USC unit or large petrochemical pressure vessels like reac-
tor and separator in petrochemical industry, since dissimilar
welding applications have the advantages like unique prop-
erty combinations, weight reductions, lower costs, and
improved energy efficiency [4]. However, as known, it is

challenging to produce excellent dissimilar welds due to dif-
ferent chemical and physical properties (melting point and
coefficient of linear expansion, thermal conductivity, etc.)
between different base metals [5, 6]. Generally, the proper-
ties of dissimilar weld depend on the properties of the base
materials, the selection of the welding methods and parame-
ters, and the postweld heat treatment process; and the welds
exhibit different mechanical property irregularities due to
uneven changes in the microstructure [4].

A great amount of researches [6-13] have been imple-
mented to assess the creep deformation and fracture behav-
ior of dissimilar weld joints of creep-resistant steels. For
instance, Dagmar [12] researched the precipitates quantita-
tively in weld joints of COST F and FB2 creep-resistant steels
with conventional and accelerated creep tests, and the frac-
turing was located in HAZ of the F steel. Creep resistance
of similar and dissimilar weld joints of P91 steel (a similar
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TaBLE 1: Main chemical compositions of parent material.

Material C Si Mn Cr Mo Vv Ni Cu w Co B Nb

FB2 0.11 0.099 0.38 9.14 1.53 0.18 0.14 0.022 0.01 1.37 0.0081 0.05

30Cr1MolV 0.27 0.073 0.71 1.11 1.26 0.23 0.53 0.023
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FiGure 1: (a) Edge shape of welded joints, (b) macro cross-section structure of welded joints, and (c) schematic drawing of the creep

specimen design.

weld joint of 9Cr1Mo steel and a dissimilar weld joint of
9Cr1Mo and 2.25Cr1Mo steels) was studied in Ref. [8] with
two experimental weld joints, finding out that for high tem-
perature, the similar weldment ruptured in the HAZ of the
parent material while the dissimilar weldment’s rupture
position was in the heat-affected zone (HAZ) of the weld
metal. Evaluation of the creep behavior of 2.25Cr-1Mo/
9Cr-1Mo dissimilar weld joint with its base and weld metals
was performed by Ref. [10]. In this research, dissimilar weld
joint of FB2 (13Cr9MolColNiVNbNB) and 30Cr1MolV
heat-resistant steel was produced. Compared with other
metals which may perform as functional material [14, 15],
heat-resistant steels have been commonly used as structure
material in ultrasupercritical (USC) power plants owing to
their creep and oxidation resistance and great high-
temperature strength. Ferritic (9-12wt.%) Cr steels [16] are
recognized as the key materials for producing casings and
forgings for turbines of USC units, and FB2 steels were
developed under the European Cooperation in Science and
Technology (COST) program [17] for large-scale forging
production applying under creep temperature 620°C.
30Cr1MolV [18-23] is a type of turbine-rotor steel, which
was designed in the 1990s to manufacture the high-
pressure or intermediate-pressure rotors in USC units, serv-
ing at a pressure between 23.5 and 25MPa and a tempera-
ture range of 538 and 540°C. Though studies have been
carried out to research long-term creep behavior of the

heat-resistant steels and their weldments, the creep behavior
of the dissimilar FB2 and 30Cr1MolV weldment still needs
detailed research.

Herein, in this paper, dissimilar welded pipe with FB2
and 30Cr1MolV forging pieces for the steam turbine rotor
were manufactured in Dongfang Turbine Company in
China, which satisfied all requirements set by technical stan-
dards. Creep testing at 783 K (510°C) under different stresses
was carried out. Microhardness values were obtained along
the crept welded joint. Optical microscopy (OM) and scan-
ning electron microscopy (SEM) were applied to explore
microstructure, fracture morphology, and precipitates in
crept specimens. The main goal of this work is to investigate
the creep stress sates under 783 K (510°C) on the creep rup-
ture behavior of the dissimilar weld joint of FB2 and
30Cr1MolV.

2. Materials and Methods

The chemical compositions of the two base metals are dis-
played in Table 1. The heat treatment of forged FB2 con-
sisted of one-time quenching and tempering twice, forming
full lath martensite microstructure. The 30Cr1MolV forging
first experienced a preheat treatment process including nor-
malizing and the following tempering and then was
quenched and tempered, to form bainite along with ferrite
structure. The multilayer welding was carried out employing



International Journal of Photoenergy

0 =420 MPa, t =13.9

(a)

Elongation (%)

3
100
8 -
P
o
2
] /‘\\\ - E
g
5
o
] e
- 60 8
21 =
0 T T T T T T 40
270 300 330 360 390 420
Applied stress (MPa)

—e— Elongation

—a— Reduction of area

(b

FIGURE 2: (a) Fractured specimens after creep test at 783 K (510°C) under different stresses and (b) creep ductility evolution with respect to

stress.

tungsten inert gas arc welding (TIG-W) for backing weld
and submerged arc welding (SA-W) for the subsequent mul-
tipass welding. Welding wire TG-S2CMH and US-521H
were adopted for TIG and SA welding, respectively. After
the welded circular pipe was produced, the postweld heat
treatment (PWHT) was conducted to stabilize microstruc-
ture and relieve internal stress.

Round tensile creep specimens were machined parallel
to the axial direction of the welded pipe with two types of
parent materials, and the welded fusion zone occupied a
center position, and the design and dimensions of the creep
specimens are shown in Figure 1. The uniaxial tensile creep
tests were carried out employing a leveraged creep machine
(CRIMS RD2-3) in the atmosphere, with high-temperature
furnace to keep a high temperature of 783K (510°C), under
seven applied stress levels, 420, 400, 350, 320, 300, 270, or
260 MPa. In order to monitor and regulate the test temper-
ature, two NiCr-NiSi thermocouples were attached to the
specimen. Gage length displacement and cumulative creep
strain were measured with double linear variable displace-
ment transducer (LVDT) extensometers, whose resolution
was 0.001 mm. The gage length and cross-sectional area of
each specimen were measured before and after creep testing
to calculate the percent elongation and the percent reduc-
tion in area. Microhardness values were obtained along
the crept welded joint. Optical microscopy (OM) and scan-
ning electron microscopy (SEM) equipped with energy-
dispersive spectrometer (EDS) were applied to explore
microstructure, fracture morphology, and precipitates in
crept specimens.

3. Results and Discussion

3.1. Fractured Specimens. Photos of welded specimens
between FB2 and 30Cr1MolV after creep tests at 783K
under different stresses from 420 to 260 MPa are displayed
in Figure 2(a). All of the investigated samples fractured in
the weld fusion zone. The location of fracture of dissimilar
weldments depends not only on the parent material but also

WI
11.6m

FiGure 3: SEM fractograph which shows secondary cracks,
inclusions, and local ductile fraction in the specimen after creep
test at 783 K (510°C) under 320 MPa.

on the creep test conditions. For example, the fracture of the
weldment of FB2 and COST F creep-resistant steels was in
the heat-affected zone (HAZ) of the F steel in Ref. [12].
Moreover, according to Ref. [8] which studied the P91/P22
weld joint, the fracture was initiated in P22 parent material
at relatively low temperatures and high stresses while frac-
ture occurred in the weld metal at higher temperatures and
lower stresses. Based on the research of Ref. [24] on dissim-
ilar steel welded joints between ferritic steel and austenitic
stainless steel (T92/HR3C), the rupture positions vary with
change in stresses, from T92 base material to HAZ of T92
and to weld seam with decreasing stress. A certain amount
of localized plastic deformation, i.e., the necking, after vari-
ous creep damages can be observed in samples under
stresses no less than 270 MPa, with the measured percentage
elongation ranging from 5.52% to 7.19% and the percentage
reduction of area from 55.73 to 73.19%. The detailed per-
centage elongation and reduction of area values under vari-
ous creep conditions are displayed in Figure 2(b). The
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FIGURE 4: (a) Variations between creep life and applied stress and (b) relationship between creep rupture strength and LMP, at 783K

(510°C).

Before creep

Ficure 5: OM images showing microstructure at different zones of the dissimilar weldments before and after creep at 783 K (510°C) under

300 MPa with a magnification of 50.

creep ductility exhibits little change between 420 and
300 MPa, and it drops dramatically at 270 MPa. The rupture
time exhibits an increasing trend with the drop of applied
stress, and the welded specimen does not break till the target
time of 10,000 hours for the lowest stress of 260 MPa. Room-
temperature and high-temperature tensile testing has been
implemented on welded joints, and just like creep testing,
all specimens ruptured in the weld metal, and the strength
decreases significantly while the ductility values increase
slightly with testing temperature. Under room temperature,
the yield strength, tensile strength, elongation, and reduction
of the area are 692 MPa, 617 MPa, 13%, and 72%, and they
change to 463 MPa, 430 MPa, 14%, and 78% for 823K
(550°C), respectively.

It is worth noting that the specimens under 400 and
320MPa deviate from the above rupture time increasing
with the drop of the stress trend, which is probably as
a result of the welding defects. Figure 3 displays the
SEM fractograph of the specimen at 320 MPa, and sec-
ondary cracks and inclusions can be observed. Besides,
small local ductile fracture regions which show dimpled
fracture surfaces spread out across the fracture surface,
implying that the fraction in this specimen is not pure
ductile fraction.

3.2. Creep Rupture Exponent and Life Assessment. Variations
between applied stress (o) and creep rupture life (,) of the
welded joint are logarithmically plotted in Figure 4 accord-
ing to the equation ¢, = Aec™", where A is a coefficient and
n is creep rupture exponent. The fitted creep rupture expo-
nent is 14.53, with a coefficient of determination, R?, of
0.93477. Zhang et al. [25] have successfully utilized this
law to predict the creep life of weldments between an austen-
ite heat-resistant steel and a nickel base weld metal at a spec-
ified temperature. The extrapolating strength of rupture time
at 10,000 h at 783K (510°C) can be obtained as 261.67 MPa,
which agrees with our experimental data (see Figure 2). In
order to evaluate the combined influence of the exposed
temperature and applied stress on the creep rupture of the
weldment, the Larson-Miller parameter (LMP) with a form
of P=T(C +1g t,) where C is the material constant, which is
one of the three versions of time-temperature parametric
(TTP) methods with a relative rate of success [26], is utilized
to analyze the creep data. The calculated results are dis-
played in Figure 4. The extrapolating strength of rupture
time at 783 K for 10,000 h is 259.02 MPa, with a LMP value
of approximately 2.16 x 10*. Therefore, the 10,000 h extrap-
olating strength values predicted by the power law and LMP
methods show good agreement.
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Before creep

After creep

FI1GURE 6: OM images showing microstructure with a magnification of 100 for weld fusion zone and with a magnification of 1000 for the
parent materials of the dissimilar weldments before and after creep at 783 K (510°C) under 300 MPa.

3.3. Microstructure. A microstructure inhomogeneity of dif-
ferent microzones of the welded joints before and after creep
can be clearly observed in Figures 5 and 6, before and after
creep testing. The OM image of parent material FB2 shows
a typical microstructure of high Cr (9-12wt.% Cr) ferritic
steel; that is, prior austenite grains are divided into packets
and further into blocks, and many elongated subgrains
which contain a high density of free density can be observed
in the blocks [27]. As for the 30Cr1MolV, it has a much
smaller prior austenite grains compared to FB2, and a bai-
nite and ferrite structure can be observed, agreeing with pre-
vious studies [21-23]. The heat-affected zone exhibits
different microstructures including coarse-grain zone and
fine-grain zone, whose evolution is mainly influenced by
weld thermal cycle (the heating and cooling rate), peak tem-
perature experienced, dwelling time, number of welding
passes, and postweld heat treatment.

As displayed in Figure 2, the fracture site is located at the
weld fusion zone, and accordingly, the weld seam (Figure 6)
shows a complex microstructure of bainite, martensite, and
coarse primary ferrite. Various crystallizing morphologies
including fine equiaxed grains and coarse columnar crystals
and dendrites can be observed in Figure 1(b) even with the
unaided eyes. Such microstructure variation can be attrib-
uted to the effect of each pass on previous welding pass.
The temperature gradient between weld and base metal leads
to rapid solidification that results in the formation of colum-
nar austenite grains. For multipass welding, the subsequent
passes might cause autotempering of previously deposited
metal, leading into the formation of fine former austenite
grain structures in previously near deposited metal. It can
be found in the weld seam of ruptured dissimilar weldment
at 783 K (510°C) under 300 MPa (Figure 6) that the equiaxed
grain zone is increased while the columnar crystals and den-
drites are decreased, perhaps because previously formed
martensitic structure in the weld seam is not stable and has
a tendency to degenerate into ferritic equiaxed crystals with
low density of dislocation as a result of recovery and recrys-
tallization during high-temperature creep.

3.4. Creep Resistance Analysis in Weld Metal. Weldments
have a highly heterogeneous microstructure; thus, the
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FIGURE 7: Hardness profile across the specimen before and after
creep ruptured at 783 K (510°C) under 400, 300, or 270 MPa.

microhardness can vary considerably over relatively short
distance. Figure 7 displays the hardness profile across the
original weldment before creep testing and the specimens
after testing at 783K at an applied stress of 400, 300, or
270 MPa. Please note that the width of the weld fusion zone
for crept specimens in the figure is smaller than its real
dimension, because a section of the fractured specimen,
approximately 10 mm, was cut off to observe the fracture
surface. The practical widths of the weld metal for the crept
specimen should be greater than those of the original weld
joint, as a result of the plastic deformation in creep testing.
It can be seen clearly that the base metal of FB2 exhibits
greater microhardness values than 30CrlMolV, whether
before creep tests or after. The hardness in weld metal
exhibits a decline trend with decreasing stress and increasing
creep time while the hardness in other microzones of the
weldment does not show such a sharp decline. Therefore,
the weld fusion zone changes from the maximum hardness
region to the minimum during creep testing, which is more
obvious for the regions on the side near the fusion boundary,
indicating that a softening phenomenon occurs in weld
metal. This result is different from the results from previous
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FIGURE 8: Bright field TEM micrographs of (a, b) martensitic lath structure in weld metal which does not experience stress and (c, d)
microstructure of the weld metal near the rupture site showing polygonized structure after 7386.5-hour creep.

FIGURE 9: EDS map scan of precipitates in the weld metal of specimen crept after 7386.5 hours.

researches on other heat-resistant steel weldments [25,
28-30], where hardness of the FGHAZ/IC-HAZ is the low-
est, and soft FGHAZ/IC-HAZ shows higher susceptibility
to type IV cracking.

There are mainly three strengthening mechanisms: solu-
tion strengthening, precipitation strengthening, and disloca-
tion substructure for high Cr ferritic steel [27]. It is known
that martensitic and bainitic transformation in the weld
seam can introduce an extremely high density of dislocation,
and these dislocations decrease rapidly with respect to the
microstructural change during creep testing, resulting in
the decrease in creep strength and microhardness. The evo-
lution of dislocation density in X20 and P91 (two martensite
ferritic steels), during heat treatment and creep, was ana-
lyzed using transmission electron microscopy (TEM) and
X-ray diffraction (XRD) in Ref. [31], and according to their
results on P91, the dislocation density is 4.20 x 10" m™ after
quenching and drops to 0.60 x 10'* m™* after one hour tem-
pering, to 0.06 x 10'*m™ in crept specimen. Figures 8(a)
and 8(b) show the TEM micrographs of elongated martens-

itic lath structure in weld metal which does not experience
stress; there exists a high density of dislocations within the
laths and subgrains, which is mainly attributed to the forma-
tion of martensite during welding and subsequent heat treat-
ment. The microstructural studies of specimen crept at
270MPa, as shown in Figures 8(c) and 8(d), exhibit a
decrease in the dislocation and precipitate density and an
increase of the size of precipitates. Besides deterioration of
the abovementioned strengthening mechanisms, Laves
phase precipitation, (Fe, Cr),(W, Mo), weakens the creep
strength by removing Mo from solid solution. Accordingly,
Laves precipitates along with Mn- and Cu-rich precipitates
can be observed along grain boundaries based on Figure 9,
which will be further discussed in the following section.
Moreover, previous studies demonstrated that the hard-
ness is affected not only by the dislocation structure but also
by other microstructures such as substructures like micro-
voids and precipitates [29]. Figure 10 displays the evolution
of microvoids with respect to creep stress. It can be found
out that a great amount of microvoids form in
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(c)

FIGURE 10: Microvoids near fracture in crept specimens under (a) 420, (b) 350, or (c) 270 MPa.

Figure 10(a), and the voids grow and eventually coalesce
with the decrease of creep stress and the increase of creep
time. More large-sized voids can be observed under
270MPa, and the area fraction of voids has also been
increased.

3.5. Fractography and Precipitate Analysis. Figure 11 displays
creep microvoids and precipitates near the fracture surface.

As displayed above, all of the investigated samples exhibit
necking after various creep damages, which is a ductile frac-
ture character. A tearing region can be clearly observed on
each fracture surface, which is considered an eventual plastic
deformation (tearing) of the fracture procedure. The SEM
morphologies at the smooth region of the ruptured speci-
mens exhibit transgranular fracture features which are char-
acterized by dimples as a result of microvoid coalescence
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Figure 11: SEM fractographs of the crept specimens at 783 K (510°C) under different stresses with different magnifications.

[32]. Equiaxed dimpled fracture surfaces can be observed in ~ dimples, and a large amount of the observed dimples are
micrographs at high magnification, and with the drop of the ~ centered around near-spherical particles. In general, the
applied stress, i.e., with the increase in creep time, large dim-  nucleation of microvoids preferentially takes place at precip-
ples emerge and thus, the dimples’ average size increases. itates or inclusions, acting as a stress concentrator; then, the
Creep cavities are found to be surrounded by the ductile  voids grow together to form a macroscopic flaw, resulting
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into fracture. Herein, the fracture mechanism is the micro-
void coalescence fracture, and the precipitates will create a
stress concentration that can cause transgranular fracture
initiation.

EDS analysis of the precipitates in Figure 12 shows that
the precipitate contains metal elements like Fe, Cr, and
Mo. According to previous studies [12, 33, 34], the precipi-
tates can be recognized as the Laves phase precipitates,
which is an intermetallic phase of W and Mo recognized
as (Fe, Cr),(W, Mo). And W is not obvious in the above pre-
cipitate since no W is added into 30Cr1MolV and only
0.01wt.% W is added to the FB2. About the formation
mechanism of the Laves phase, some researchers believe that
it swallows the M,,C, carbides by nucleating and growing
on it and forms a cluster around prior grain boundaries
[35]. After long-term creep, with the nucleation and growth
of the Laves phase, the Mo and W contents are decreased;
meanwhile, the pinning effect of the M,,C, is weakened,
leading into the decrease in solid solution strengthening
and creep strength, which will limit the life of component
under high-temperature service condition; in addition, it is
known that Laves precipitation can enhance the creep resis-
tance by inhibiting the subgrain structure recovery and pro-
viding the pining effect to boundaries for short time creep,
and such positive effect declines with creep time due to high
coarsening rate [36]. Big-size Laves precipitates can act as
cavity trigger, and precipitates larger than 130nm changed
the fracture mode from ductile to brittle according to the
research of Panait et al. [37]. Besides the Laves phase,
copper-rich precipitates containing Fe, Cu, Cr, and C can
be observed in the vicinity of the fracture surface. Xiao
et al. [38] discussed solute-dislocation interactions and

0.000keV  Octane super A

(b)

e fracture surface in the specimen after 7386.5-hour creep testing.

creep-enhanced Cu-rich precipitate (CRPs) evolution in a
novel ferritic-martensitic steel G115 during creep. And the
large precipitates may nucleate microvoids which results
into final fracture.

4. Conclusions

Dissimilar weldments between FB2 and 30Cr1MolV were
obtained employing multipass submerged arc welding
(SA-W) with backing weld being performed by tungsten
inert gas arc welding (TIG-W). High-temperature creep
tests at 783K (510°C) were carried out for various
applied stresses from 420 to 260 MPa. The creep rupture
behavior of the dissimilar weldments are studied and
summarized.

All creep samples fractured with a certain amount of
localized plastic deformation in the weld fusion zone, which
exhibits a heterogeneous microstructure as a result of multi-
pass welding. The specimen does not break for the target
time of 10,000h under the lowest stress of 260 MPa, and
the extrapolating strength of rupture time at 10,000 h with
power law is 262 MPa, and the value predicted by Larson-
Miller parameter is 259 MPa, which agree well with the
experimental result. The base metal of FB2 exhibits greater
microhardness values than 30CrlMolV, whether before
creep tests or after. The hardness in weld metal shows a
decline trend with decreasing stress and increasing creep
time, so the weld fusion zone changes from the maximum
hardness region to the minimum as a result of creep, indicat-
ing that a softening phenomenon occurs in weld metal. The
rupture occurs in the weld metal, probably as a result of the
decreased dislocation density, the appearance of the
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microvoids, and precipitates during creep. The SEM mor-
phologies at the smooth region of the ruptured specimens
exhibit transgranular fracture features, and equiaxed dim-
pled fracture surfaces can be observed. With the increase
in creep time, large dimples emerge and thus, the dimples’
average size grows. Creep cavities are found to be sur-
rounded by the ductile dimples, and a large amount of the
observed dimples are centered around near-spherical parti-
cles. The particles are recognized as the Laves phase and
Cu-rich precipitates based on the EDS analysis. Microvoids
preferentially nucleate at precipitates; then, the voids grow
together to form a macroscopic flaw, which leads into even-
tual fracture.
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port the findings of this study are included within the
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