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Abstract

For dissimilar metal welds (DMWs) involving nickel-based weld metal (WM) and ferritic heat resistant steel base

metal (BM) in power plants, there must be an interface between WM and BM, and this interface suffers mechani-

cal and microstructure mismatches and is often the rupture location of premature failure. In this study, a new form

of WM/BM interface form, namely double Y-type interface was designed for the DMWs. Creep behaviors and life

of DMWs containing double Y-type interface and conventional I-type interface were compared by finite element
analysis and creep tests, and creep failure mechanisms were investigated by stress-strain analysis and microstructure
characterization. By applying double Y-type interface instead of conventional I-type interface, failure location of DMW
could be shifted from the WM/ferritic heat-affected zone (HAZ) interface into the ferritic HAZ or even the ferritic BM,
and the failure mode change improved the creep life of DMW. The interface premature failure of I-type interface
DMW was related to the coupling effect of microstructure degradation, stress and strain concentrations, and oxide
notch on the WM/HAZ interface. The creep failure of double Y-type interface DMW was the result of Type IV fracture
due to the creep voids and micro-cracks on fine-grain boundaries in HAZ, which was a result of the matrix soften-

ing of HAZ and lack of precipitate pinning at fine-grain boundaries. The double Y-type interface form separated

the stress and strain concentrations in DMW from the WM/HAZ interface, preventing the trigger effect of oxide notch
on interface failure and inhibiting the interfacial microstructure cracking. It is a novel scheme to prolong creep life
and enhance reliability of DMW, by means of optimizing the interface form, decoupling the damage factors from WM/
HAZ interface, and then changing the failure mechanism and shifting the failure location.

Keywords Dissimilar metal weld, Nickel-based weld metal, Ferritic heat resistant steel, Interface, Creep strain,
Microstructure, Failure mechanism, Creep life

1 Introduction

Ferritic heat resistant steels with good performance and
low cost have been widely used to fabricate key compo-
nents in power plans [1-5]. Among them, martensitic
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stainless steel with better resistance of creep and oxida-
tion is employed in high temperature position of the unit,
and martensitic steel or bainitic steel is employed in low
temperature position to save costs [13—15]. Initially, the
filler metal made of austenitic stainless steel was selected
to manufacture the DMWs [16]. At the interface between
austenitic weld metal (WM) and ferritic steel base metal
(BM), there would be stress concentration and serious
carbon migration during long term high temperature
exposure, which were caused by large difference of coef-
ficient of thermal expansion (CTE) on both sides of the
interface and huge chemical potential gradient respec-
tively [7]. It should be noted that ferritic steel side in the
DMW was weak due to its relatively poor mechanical
properties, in which BM, heat-affected zone (HAZ), and
the interface between HAZ and WM were three possi-
ble failure locations [17]. When the failure locaiton was
in the ferritic BM, the fracture behavior of DMW was
controlled by plastic deformation and was a result of
growth and coalescence of dimples. However, when the
failure occurred in the ferritic HAZ or along the WM/
ferritic HAZ interface, the creep strength and life of the
DMW was be much lower than that of the ferritic BM,
and there was no obvious plastic deformation before the
failure, which was difficult to predict the failure time [17].
Type IV crack led to the ferritic HAZ failure of DMW
[18], which was related with matrix softening, precipi-
tate coarsening and lack of precipitate pinning at grain
boundaries [18-23]. Type IV crack in HAZ could be
effectively suppressed by adding B element to the steel or
adopting suitable post-weld heat treatment (PWHT) [8,
24, 25]. However, there is still no effective way to avoid
WM/HAZ interface failure. Meanwhile, the creep life of
DMW failed along the WM/HAZ interface was further
lower than that failed in HAZ under same creep condi-
tion [17].

In the process of engineering application and scien-
tific research, it was found that premature failure of the
above DMWs always occurs along the WM/ferritic HAZ
interface [7, 9, 26, 27]. The interface premature failure in
DMWs would lead to forced plant outages, which costs a
power company up to $850000/day in lost revenue [28].
Failure has always been a focus of concern in the field of
weld [29-33]. Recently, the filler metal made of nickel-
based alloy has been widely used to manufacture the
DMWs. The service life and performance of the DMW
with nickel-based WM are obviously better than that of
the DMW with austenitic WM [16, 34, 35], which is due
to reducing the interface stress and carbon migration.
However, the interface premature failure in DMWs still
existed after the nickel-based filler metal was adopted,
because the difference of CTE between WM and BM
and the chemical potential gradient near the WM/BM
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interface still existed. Thus, avoiding interface failure and
extending life of DMWs will always be a concern for the
reliability of power plants.

Understanding the failure mechanism is the prerequi-
site of putting forward a reasonable scheme of prolong-
ing life of DMW. Earlier researches suggested that the
interface failure in the DMW was related to interfacial
stress concentration [7, 36, 37], oxide notch [7, 26, 38],
microstructure degradation [39, 40], creep voids around
interfacial carbides [7, 41, 42] and creep strength gra-
dient [12]. In summary, interface failure is the result of
the coupling effect of three factors, namely interfacial
stress, interfacial microstructure and high tempera-
ture oxidation. Interfacial stress and microstructure was
determined by the different chemical compositions and
properties of the dissimilar materials. High temperature
oxidation was inevitable for the DMWs used in power
plants. Thus, it is not realistic to prolong the DMW life
by completely avoiding any of above three factors. Zhang
et al. [43] compared creep behaviors of the DMW fab-
ricated by Inconel 617 filler metal and the DMW fabri-
cated by Inconel 82 filler metal, and they found that the
latter had a longer creep life, which was due to its lower
creep strength gradient across the WM/ferritic HAZ
interface. Hu et al. [44] investigated the effects of weld
angle on the creep life of DMW by finite element analysis
(FEA), and they noted that the DMW had longer life after
adopting weld angles smaller than 45° than that of stand-
ard 90° welded components, however, the influences of
microstructure and oxidation were not considered dur-
ing the study. Wang et al. [45] added a CrN coating by the
physical vapor deposition technique at the nickel-based
WM/matensitic steel interface to inhibit the occurrence
of surface cracks, but many cracks were still formed on
subsurface. Recently, graded transition joint (GT]) were
developed to obtain the interface with absence steep
chemical composition gradient, and it was expected to
avoid interface failure and to prolong creep life [46]. In
the process of preparing GTJ, ferritic HAZ repeatedly
suffered welding thermal cycle, and the carbides in the
HAZ were thus coarsened [47]. In addition, the Ni-rich
martensite was still inevitably formed near the WM/
ferritic HAZ interface [48], which was conducive to the
occurrence of interface failure. Thus, the GTJ] was not
an effective scheme for creep life extension [47, 48]. The
feasible solution for life extension of DMW is limitedly
reported. Therefore, it is urgent to propose a reasonable
life extension scheme based on failure mechanism analy-
sis and it is necessary to demonstrate and verify the valid-
ity of the scheme.

In this study, we innovatively proposed a scheme for
prolonging the DMW creep life by optimizing the inter-
face form, and a new nickel-based WM/ferritic HAZ
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interface form for DMW, namely double Y-type interface,
was designed. Firstly, FEA method was used to investi-
gate the stress and strain in novel double Y-type inter-
face joint and conventional I-type interface joint, and
we quantitatively compared the evolution of mechanical
states and the creep life of DMW during long term high
temperature exposure. Furthermore, the DMWs with the
above two kinds of interfaces were fabricated by welding,
and the creep tests were carried out respectively. After
creep tests, the broken samples were analyzed by optical
microscopy (OM), scanning electron microscopy (SEM),
electron backscatter diffraction (EBSD) and energy dis-
persive X-ray (EDX) to clarify the effects of microstruc-
ture and oxidation on failure. Meanwhile, the hardness
profile in the DMWs before and after creep was charac-
terized to analyze its effect on creep behavior. Finally, the
effects of interface form on creep failure and life of the
DMWs were discussed by considering the mechanical
state, microstructure and oxidation.

2 Materials and Methods

The main material used in this study was martensitic heat
resistant steel containing ~ 9%Cr (hereinafter referred
to 9Cr steel), which was as ferritic BM for DMW fabri-
cation. The chemical composition (wt. %) of 9Cr steel is
9.85Cr, 0.11 C, 0.45 Mn, 1.04 Mo, 1.00 W, 0.18 V, 0.06 Si,
0.73 Ni, 0.05 Nb, 0.004 Al, 0.05 N and Fe balanced. The
BM on the other side of the DMW was nickel-based alloy.
The chemical composition (wt. %) of nickel-based alloy is
22.38 Cr, 0.05 C, 9.02 Mo, 12.05 Co, 0.01 Mn, 0.03 Nb,
0.04 Si, 1.02 Al, 0.004 N, 0.005 Cu, 0.44 Ti, 0.33 Fe and Ni
balance. Tungsten inert gas (TIG) welding was used for
manufacturing the DMW between 9Cr steel and nickel-
based alloy. Filler metal was Inconel 82 nickel-based wire.
The chemical composition (wt. %) of Inconel 82 is 20 Cr,
0.01 C, 3.0 Fe, 3.2 Mn, 2.48 Nb, 0.37 Ti, 0.01 Cu, 0.03 Co,
0.05 Si and Ni balance. The arc voltage, welding current
and welding speed were 12 V, 200 A and 90 mm/min
respectively. After welding, the DMWs were subjected to
PWHT at 690 °C for 10 h to relieve residual stress.

The DMW including I-type interface between WM
and 9Cr BM and the DMW including double Y-type
interface between WM and 9Cr BM were subjected
for creep test at 600 ‘C/140 MPa, until they were com-
pletely broken. The axis of cylindrical creep sample was
perpendicular to the welding direction, which con-
tained WM, HAZ and BMs. The length of cylindrical
creep sample was 120 mm and the diameter of gauge
section was 8 mm. After creep tests, the microstructure
and chemical composition on the failure path were ana-
lyzed by OM, SEM and EDX. The fracture appearance
of the broken sample was observed by SEM. The sample
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for failure path observation was grinded to 5000 grit,
mechanically polished to a 2.5 pm surface and chemi-
cally etched. The solution used for etching was Villela’s
reagent (100 mL ethanol + 5 mL HCI + 1 g picric acid),
and only the ferritic steel side in the DMW was chemi-
cally etched. To further investigate creep damage and
creep strain, EBSD was performed for the crept sam-
ple. The sample for EBSD observation was mechanically
polished and ion beam polished. Ion beam polish-
ing was carried out using an ion beam milling system
at 2-6 kV voltages and 1.3-2.5 mA gun currents. In
addition, hardness tests were carried out in the DMWs
before and after creep test by means of a Vickers hard-
ness tester (FM 800) with a load of 200 g and a holding
time of 10 s.

In order to obtain the evolution of stress and strain
in the DMWs during creep and to preliminarily analyze
whether changing the interface form was conducive to
improving the DMW life, FEA method was used to sim-
ulate the creep process of different DMWSs containing
I-type interface and double Y-type interface. Axisym-
metric FEA model in accordance with the creep sam-
ple dimension was built using Abaqus 2020 software.
The FEA model contained WM, HAZ and BM, and
the axis of it was perpendicular to the welding direc-
tion. The HAZ was simplified into coarse-grained heat-
affected zone (CGHAZ) and inter-critical heat-affected
zone (ICHAZ), and it is assumed that the transition of
properties of BM, WM and different HAZ zones was
abrupt. The model was built by setting WM part with
material parameters of Inconel 82 and BM part with
material parameters of 9Cr steel. The FEA process
contained three steps: (1) Loading temperature from
room temperature to 600 ‘C; (2) Increasing creep load
from 0 MPa to 80 MPa; (3) Creep process (up to sam-
ple failure). In the process of load holding, one end of
the sample was fixed and the other end was subjected
to uniform tensile stress.

3 Results and Discussion

The DMW containing 9Cr steel cannot be immune to
the Type crack in HAZ and the interfacial crack, which
determines that the DMW life was closely related to the
crack mode. It could be inferred that there would be the
competition of creep damage in the HAZ and near the
interface. The pervious literatures indicated that the
failure mode and creep life of DMW were related to
service temperature and stress level [17, 27, 41], and in
this study we noted that the effects of WM/HAZ inter-
face form on creep failure and life of DMW. Especially,
the correlation between interface form and failure
mechanism was clarified.
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3.1 Effect of Interface Form on Creep Life and Failure
by Means of FEA Models and Simulation

In this section, the creep sample of welded joint con-
taining I-type interface and the creep sample of welded
joint containing double Y-type interface were modeled
in ABAQUS, and FEA on the creep damage and fail-
ure process was conducted. The influences of different
interface forms on the creep life were analyzed, which
provided theoretical support for further creep experi-
ment verification.

Two kinds of interface forms were designed for com-
parative study: (1) The interface between WM and 9Cr
steel was perpendicular to the external load direc-
tion, namely I-type interface; (2) Form of the interface
between WM and 9Cr steel was similar to double Y,
namely double Y-type interface. The design purpose of
interface form (1) was to make the interface perpendic-
ular to the loading and the it was most prone to type
I fracture [49], which was the most dangerous form
of failure in practical engineering. The double Y-type
interface was a novel interface form, which could be
practically realized by cap welding along the interface
between WM and 9Cr steel.
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3.1.1 FEA Models of the Creep Sample Containing I-type
Interface and the Creep Sample Containing Double
Y-type Interface

As shown in Figure 1, the FEA models containing I-type

interface (see Figure 1(a)) and double Y-type interface

(see Figure 1(b)) were built in accordance with the sam-

ple shape and dimension for subsequent creep tests, and

the similar ideal model was used by Zhang et al. [43]. The
above FEA models were mainly used to analyze the effect
of forms of interface between nickel-based WM and 9Cr
steel on the creep life and failure, and thus the BMs on
both sides were setting as 9Cr steel. The FEA models
consisted of BM, CGHAZ, ICHAZ and WM. The width
of CGHAZ and ICHAZ was set as 1.5 mm. The statistical
data for stress and strain analyses were extracted along
sample surface (path 1 in Figures 1(c) and 1(d)) and sam-
ple middle (path 2 in Figure 1(c) and (d)). The previous
studies [17, 50] indicated that oxide notch formed at the
interface would promote interface failure. After the oxide
notch was formed, the oxide in the notch would fall off

[17], and thus oxide notch was simplified as a notch in

the FEA model. After the creep time of 1000 h, the speci-

fied elements at the WM/HAZ interface were removed

WM

Figure 1 FEA models for creep samples containing different interface forms: (a) I-type interface sample, (b) Double Y-type interface sample, (c)
Mesh of the I-type interface sample and paths for extracting data, (d) Mesh of the double Y-type interface sample and paths for extracting data
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to form the interface notch. The creep load was set at
80 MPa and the temperature was set at 600 “C. The mate-
rial parameters were from the literatures [36, 51, 52]. The
creep strain rate of CGHAZ was set as equal to 9Cr steel
and the creep strain rate of ICHAZ was set as equal to an
order of magnitude higher than 9Cr steel [53]. The sub-
routine was written in Fortran to realize the creep dam-
age initialization and evolution in FEA.

3.1.2 Stress and Strain Analyses during Creep Processes

Figure 2 shows equivalent creep strain and Mises stress
contours for the samples containing I-type interface and
double Y-type interface after creep for 1000 h. At this
time, the interface notch had not been considered. For
the joint containing I-type interface, the creep strain at
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WM/HAZ interface was high near the sample surface,
while that at WM/HAZ interface was low near the sam-
ple middle, as shown in Figure 2(a). Meanwile, Mises
stress at WM/HAZ interface near the sample surface was
also high, as marked by the black circles in Figure 2(b)
with a maximum value of 281 MPa. For the joint con-
taining double Y-type interface, the creep strain mainly
concentrated in the ICHAZ, but not at the WM/HAZ
interface, as shown in Figure 2(c). Meanwhile, the hight-
est Mises stress was 255 MPa in the whole double Y-type
interface joint. Hence, the double Y-type interface joint
could effectively redeuce the creep strain concentration
and stress concentration at the WM/HAZ interface.
Figure 3 shows equivalent creep strain and Mises
stress contours for the samples containing I-type
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Figure 2 Equivalent creep strain and Mises stress distributions for samples containing different interface forms after creep for 1000 h
at 600 °C/80 MPa: (a) Equivalent creep strain contour for I-type interface sample, (b) Mises stress contour for I-type interface sample, (c) Equivalent
creep strain contour for double Y-type interface sample, (d) Mises stress contour for double Y-type interface sample
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Figure 3 Equivalent creep strain and Mises stress distributions for samples containing different interface forms after creep for 10000 h
at 600 “C/80 MPa: (a) Equivalent creep strain contour for I-type interface sample, (b) Mises stress contour for I-type interface sample, (c) Equivalent
creep strain contour for double Y-type interface sample, (d) Mises stress contour for double Y-type interface sample

interface and double Y-type interface after creep for
10000 h, at which time the interface notch had existed
for 9000 h. For the joint containing I-type interface,
obvious creep deformation occurred at the tip of
interface notch, as shown in Figure 3(a). Meanwhile,
stress concentration also existed at the interface notch
tip, as shown in Figure 3(b). It could be inferred that
stress concentration at the interface notch tip would
accelerate the creep strain concentration at this posi-
tion. For the joint containing double Y-type interface,
creep strain mainly concentrated near ICHAZ/BM, as
shown in Figure 3(c), and WM bore some deformation.
Meanwhile, no obvious stress concentration occurred
at the WM/HAZ interface and in the HAZ, as shown
in Figure 3(d). It indicated that the WM/HAZ inter-
face region of double Y-type interface joint was not

subjected to stress and strain concentrations at the
same time.

3.1.3 Creep Life of Samples Containing Different Interface
Forms

The I-type interface sample completely broke and
failed after 23087 h, and the double Y-type interface
sample completely broke and failed after 40088 h. The
creep life of double Y-type interface sample was 1.7
times that of I-type interface sample. Figure 4 shows
creep strain and stress contours before final failure.
Figure 4(a) and (b) show the equivalent creep strain
and Mises stress distributions in the I-type interface
sample. The creep strain concentration near WM/
HAZ interface and in ICHAZ was serious in the
I-type interface joint, and the failure mainly occurred
in the above positions. Figure 4(c) and (d) show the
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Figure 4 Equivalent creep strain and Mises stress distributions for samples before complete failure: (a) Equivalent creep strain contour for I-type
interface sample after creep for 23085 h, (b) Mises stress contour for I-type interface sample after creep for 23085 h, (c) Equivalent creep strain
contour for double Y-type interface sample after creep for 40086 h, (d) Mises stress strain contour for double Y-type interface sample after creep

for 40086 h

equivalent creep strain and Mises stress distributions
in the double Y-type interface sample. The creep strain
in ICHAZ and its nearby BM was large in the double
Y-type interface joint, and the failure mainly occurred
at above positions. Crack in the sample middle prop-
agated into the BM, as shown in Figure 4(c). More
specially, the nickel-based WM had plastic deforma-
tion, as shown in Figure 4(c). The stress concentration
was not obvious at the WM/HAZ interface in double
Y-type interface joint, as shown in Figure 4(d).
Compared with the I-type interface, the double
Y-type interface could lead the creep failure posi-
tion of the joint from the WM/HAZ interface to the
HAZ or even the BM, and it prolonged the creep life.
Meanwhile, the double Y-type interface could suppress
the promoting effect of interface notch on interface
failure. In addition, the double Y-type interface joint
exhibited large plastic deformation before failure.

3.1.4 Quantitative Analysis of Evolutions of Stress and Strain

Near the WM/HAZ Interface during Creep
In order to quantitatively analyze the mechanical state
evolutions in joints with different interface forms during
creep process, equivalent creep strain and Mises stress
data were extracted along paths of sample surface (path 1
in Figure 1(c) and (d)) and sample middle (path 2 in Fig-
ure 1(c) and (d)), and the results are shown in Figures 5
and 6.

Figure 5(a) shows the change in equivalent creep strain
near sample surface from 5000 h to 20000 h in the I-type
interface joint. The creep strain mainly concentrated at
the WM/HAZ interface, and the interface creep strain
concentration became more and more serious with the
extension of creep time, as shown in Figure 5(a). The
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Figure 5 Equivalent creep strain and Mises stress profiles across I-type interface after different creep time: (a) and (b) Along path 1 in Figure 1(c), (c)

and (d) Along path 2 in Figure 1(c)

equivalent creep strain in the nickel-based WM was min-
imal due to its good creep resistance. Because the CTE of
WM was much higher than that of 9Cr steel, Mises stress
in WM was higher than that in 9Cr steel, as shown Fig-
ure 5(b). Meanwhile, the Mises stress at the WM/HAZ
interface was highest in the 9Cr steel part consisting of
HAZ and BM, as shown Figure 5(b). Under the combina-
tion of equivalent creep strain and Mises stress concen-
trations, it could be inferred that the nickel-based WM/
HAZ interface was the most dangerous in the I-type
interface joint, easily resulting in cracking. Figure 5(c)
shows the change in equivalent creep strain in sample
middle from 5000 h to 20000 h in the I-type interface
joint. The equivalent creep strain concentration occurred
near the interface between HAZ and BM, as shown Fig-
ure 5(c), and the strain concentration at this position
became more and more serious with the extension of

creep time. The stress concentration near the HAZ/BM
interface was obvious, as shown in Figure 5(d). Under the
combination of equivalent creep strain and Mises stress
concentrations, Type IV crack might occur around the
HAZ/BM interface in the middle of I-type interface joint.
It should be noted that the absolute value of stress and
strain in the middle of the sample was lower than that
near the surface of the sample.

Figure 6(a) and (b) shows the change in equivalent
creep strain and Mises stress near sample surface from
5000 h to 37000 h in the double Y-type interface joint.
When the creep time was less than 20000 h, the creep
strain mainly concentrated near the WM/HAZ inter-
face, and when the creep time was extended to 37000 h,
the creep strain concentration position had changed
from the WM/HAZ interface to the HAZ/BM interface,
as shown in Figure 6(a). Similarly, the position of Mises



Li et al. Chinese Journal of Mechanical Engineering (2024) 37:18
2)0.30
( ) = 5000h HAZ
0.25} 10000 h X
£ A 20000 h \ 9Cr BM
£020F v 37000h vy v
Q. A / v
) ‘
o
o
c
k)
© v
>
@©
S
o
LU

Distance (mm)

()

0.16 = 5000 h

e 10000h ™%,
L b

g ¥ 0000n ¥ W Y
F 0121 v 37000h \
S HAZ
g 0107 i 0 9Cr BM
(&)
£ 008} iy
Q@ A M
g 0.06 ",vy; “,
© v
3 0.04 frrvere ™4
] 002;‘““““‘” P Smmesnan,,, .

0.00 mma— e

0

2 4 6 8 10
Distance (mm)

Page 9 of 21
(b) 260 = 5000 h
240 TRERATIE:.., —— 10000 h
220 F 420000 h
5200 | —v— 37000 h
s
1801 wm HAZ 9Cr BM
8 160t
§ 140 + |
® 120+ N wy v
100 [ i et = AR
80 _I 1 1 Iv_w 1
0 2 4 6 8
Distance (mm)
(d)
260 —=— 5000 h
240 o™ e 10000 h
220} —4— 20000 h
& oool v 37000 h
180
2 WM HAZ 9Cr BM
2160
(2]
8 140 -
(2]
= 120+ WYYy
= il ., ]
100 il
80 —I 1 1 1 1 1

0 2 4 6 8 10
Distance (mm)

Figure 6 Equivalent creep strain and Mises stress profiles across double Y-type interface after different creep time: (a) and (b) Along path 1

in Figure 1(d), (c) and (d) Along path 2 in Figure 1(d)

stress concentration also changed from near the WM/
HAZ interface to near the HAZ/BM interface with the
extension of creep time, as shown in Figure 6(b). In the
middle of double Y-type interface sample, the positions
of creep strain concentration appeared near the HAZ/
BM interface and in its nearby BM, as shown in Fig-
ure 6(c), and the maximum equivalent creep strain in the
joint was ~ 15% after 37000 h. When the I-type inter-
face joint was crept for 20000 h, the maximum equiva-
lent creep strain in the middle of the sample had reached
24% (see Figure 5(c)). Thus, the creep strain distribution
in the middle of the double Y-type interface sample was
more uniform that of the I-type interface sample, which
was beneficial to the creep life of the whole joint. In the
middle of the double Y-type interface sample, the posi-
tion of creep strain concentration (see Figure 6(c)) did
not coincide with the position of stress concentration

(see Figure 6(d)), which was also beneficial to the service
safety of the joint. From the perspective of creep strain
and stress concentrations, the most vulnerable to failure
in the double Y-type interface joint had been changed to
the HAZ/BM interface and its nearby BM.

3.2 Micro-Mechanism Analysis of Failure of DMWs

with Different Interface Forms by the Combination

of Creep Test and Microstructure Characterization
The simulation results in Section 3.1 show that adopting
double Y-type interface could shift the creep failure loca-
tion from the WM/HAZ interface to the HAZ and even
the BM. Double Y-type interface prolonged the failure
time of the joint and made the joint show a large plastic
deformation before failure, which was beneficial to the
improvement of the service life of the joint and the fail-
ure prediction. In Section 3.2, the DMWs with different
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interface forms were fabricated by welding, and the creep
tests were carried out to investigate the effect of inter-
face form on the creep behaviors. After creep tests, the
microstructures of the crept DMWs were characterized
to analyse the micro-mechanism of failure. Meanwhile,
the influence of oxidation on the failure of the DMWs
was considered by observing the broken sample after
creep test. The BMs were 9Cr steel and nickel-based
alloy respectively, and the filler metal was Inconel 82
nickel-based wire. Nickel-based alloy was used as one
side BM of DMW mainly to avoid the influence caused
by the CTE difference between it and WM, and then the
research could be focused on the ferritic steel side. TIG
welding was used with multilayer technique. The two
kinds of WM/ferritic HAZ interface forms were realized
by different welding strategies, which were as follows:
(1) Butt welding was applied to the BMs without groove,
resulting in the approximately I-type interface between
WM and 9Cr steel. (2) Butt welding was applied to the
BMs without groove, and then a round bar was taken
perpendicular to the welding direction. Subsequently,
the cap welding was performed along the WM/ferri-
tic HAZ interface on the round bar surface. Finally, the
weld reinforcement due to cap welding was removed and
the cylindrical creep sample was obtained, which was
approximately double Y-type interface between WM and
9Cr steel.

3.2.1 Creep Test Results

The DMW containing I-type interface completely broke
and failed after creep for 12744 h, and the DMW contain-
ing double Y-type interface completely broke and failed
after creep for 13821 h. The failure locations of the above
two DMWs were in the ferritic steel side. The creep life of
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the double Y-type interface DMW was higher 8.5% than
that of the I-type interface DMW. In order to analyze the
mechanism for the increase of the creep life after apply-
ing double Y-type interface, the failure paths of creep
samples of DMWs with different interface forms were
investigated.

The creep sample containing I-type interface DMW
roughly fractured along the nickel-based WM/ferritic
HAZ interface. The cross sectional image of the ruptured
sample was obtained by OM, and Figure 7 shows the
crack path profile of it. The fracture location was mainly
at the WM/HAZ interface and in its nearby HAZ. When
the crack propagated along the WM/HAZ interface, no
obvious macroscopic plastic deformation occurred on
both sides. The plastic deformation was large at posi-
tion (e) in Figure 7(a), meaning that this position suf-
fered the instant tensile fracturing and was final fractured
site of the whole sample. Therefore, the failure mode of
the I-type interface DMW should be cracking along the
WM/HAZ interface and occasionally in the HAZ, and
then the crack propagated into the HAZ until complete
failure. The failure process was indicated by the white
arrows in Figure 7.

Figure 8(a) shows the cross sectional image of the
ruptured double Y-type interface DMW by OM, and
Figure 8(b) shows the enlarged image near the failure
location. The failure of the double Y-type interface DMW
mainly occurred in the HAZ, not along the WM/HAZ
interface. Interface failure is the most dangerous prema-
ture failure mode. Under the same creep testing condi-
tions, the DMW by applying cap welding (approximately
double Y-type WM/ferritic HAZ interface) transferred
the failure position into the ferritic HAZ. The increase
in the creep life of double Y-type interface DMW than

200 ym J

Figure 7 Cross sectional images of the creep sample of ruptured DMW containing I-type interface: (a) Overall OM image, (b)-(e) Detailed OM

images
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Figure 8 Cross sectional images of the creep sample of ruptured
DMW containing double Y-type interface: (a) Overall OM image, (b)
Detailed OM image

that of I-type interface DMW could be attributed to the
change of failure mode. Meanwhile, the plastic deforma-
tion of the DMW with double Y-type WM/HAZ inter-
face was large after creep, which was also beneficial to
the failure monitoring. The result of creep tests that dou-
ble Y-type interface DM'W had longer life and the failure
location of it was in ferritic HAZ was consistent with that
of the FEA simulation in Section 3.1.

3.2.2 The Failure Mechanism of DMW Containing I-type
Nickel-Based WM/Ferritic HAZ Interface

To reveal micro-mechanism of failure, microstruc-
ture and chemical composition of the ruptured sample
were characterized after creep. Figure 9 shows micro-
structures and O element distribution at the position
(d) in Figure 7(a). Oxide notch was formed along the
nickel-based WM/ferritic HAZ interface, as shown in
Figure 9(a). Figure 9(b) shows the O elemental map cor-
responding to Figure 9(a), in which O-rich area was the
oxide notch. Oxide notch was the precursor of interface
failure of DMW and promoted interface cracking [50].
Meanwhile, it is worth noting that there had been inter-
facial oxidation in front of the tip of oxide notch, as
marked by the white circle in Figure 9(b). During long
term high temperature exposure, a band of ultra-fine
ferrite grain would form along the interface between
nickel-based WM and ferritic HAZ, and the grain
boundaries of ultra-fine ferrite could act as oxygen
diffusion channels to make oxidation occur along the
interface [40]. As expected, there was ultra-fine ferrite
grain formed along the nickel-based WM/ferritic HAZ
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interface in this study, as indicated by the yellow arrows
in Figure 9(d). The hardness of ultra-fine ferrite at the
interface was significantly lower than that of the micro-
structures on both sides [39], and thus the interfacial
ultra-fine ferrite was inclined to be deformed. Some
researches [54, 55] have pointed out that the uncoordi-
nated deformation on both sides of the interface would
lead to the shear stress and thus the interfacial stress
concentration. It could be inferred that there should
be serious shear stress and stress concentration near
the WM/HAZ interface due to the formation of inter-
facial ultra-fine ferrite (see the microstructure marked
by yellow arrows in Figure 9(d)), leading to creep crack-
ing along the WM/HAZ interface, as indicated by the
red arrows in Figure 9(c). Hence, interface failure of the
DMW containing I-type interface was the combined
result of interface oxidation and interface cracking.

The failure path of the crept DMW containing I-type
interface occasionally entered the HAZ near the inter-
face, as shown in Figure 7(b) and (c). Further observation
by SEM shows that these locations were in CGHAZ and
fine-grained heat-affected zone (FGHAZ), as shown in
Figure 10. A large number of creep voids were observed
in CGHAZ near the failure path, as shown in Fig-
ure 10(a), (b). Lots of creep voids were also observed in
the FGHAZ near the failure path, as shown in Figure 10c.
Therefore, the cracking in the HAZ was related to the for-
mation of creep voids. It was further that the creep voids
and micro-cracks in the FGHAZ were mainly generated
at the fine grain boundaries, as shown in Figure 10(d).

The microstructure near the failure path of the rup-
tured DMW containing I-type interface was observed
by EBSD, and the results are shown in Figure 11. Inverse
pole figure (IPF) + image quality (IQ) map clearly shows
the creep voids formed along the coarse grain boundaries
and fine grain boundaries in the HAZ, as indicated by the
white arrows in Figure 11, and the trace of the creep voids
connecting to form main crack could be seen on the fail-
ure path. Researchers obtained crystal misorientation
data by EBSD and found that some characteristic param-
eters reflected deformation and damage, in which Grain
Reference Orientation Debiation (GROD) could repre-
sent the deformation ability of grains. Kobayashi et al.
[56] and Rui et al. [57] pointed out that GROD has a good
linear relationship with creep deformation. GROD + IQ
map in Figure 11 indicates that there was obvious creep
deformation in the entire HAZ, and thus creep voids and
cracking preferentially formed around the grain bound-
aries in the HAZ. According to the above experimental
observation and analysis, the failure of crept DMW con-
taining I-type interface was related to the cracking of the
interfacial ultra-fine ferrite and the creep voids formed
around the grain boundaries in CGHAZ and FGHAZ.



Li et al. Chinese Journal of Mechanical Engineering (2024) 37:18

Page 12 of 21

MPa creep test: (@) SEM image of interface oxide notch, (b) O elemental map, corresponded to (a), (c) Interface crack, (d) Ultra-fine ferrite band
along the interface

Based on the above experimental results, the creep fail-
ure micro-mechanism of the DMW containing I-type
interface was clarified. The interfacial oxide notch trig-
gered the fracture along the WM/ferritic HAZ interface.
The interfacial ultra-fine ferrite formed during creep was
inclined to be cracking, resulting in crack propagation
along the WM/ferritic HAZ interface. Meanwhile, a large
number of creep voids were formed around the grain
boundaries in the CGHAZ and FGHAZ, and crack could
also propagate into the CGHAZ and FGHAZ.

3.2.3 The Failure Mechanism of DMW Containing Double
Y-type Nickel-Based WM/Ferritic HAZ Interface

The result of creep tests shows that the failure location of
the DMW containing double Y-type interface was mainly
in ferritic HAZ, as shown in Figure 8. The microstruc-
tures on the failure path were observed by SEM to obtain
more failure information. Figure 12 shows SEM images
of the failure path in the HAZ, and the microstructure

indicated that this area was ICHAZ. A large number of
creep voids were observed near the crack, as indicated
by the black arrows in Figure 12(a), (b). EBSD was per-
formed to further analyze the microstructure of the fail-
ure path, and the results are shown in Figure 13, which
directly shows that the failure occurred in the ICHAZ
composed of fine grains. Figure 12(c) shows the connec-
tion of creep voids, and similar results could be found in
Figure 13(b). In addition, a large number of micro-cracks
and voids were observed on the fine-grain boundary
without precipitated phase in the ICHAZ, as shown in
Figure 12(d). The above experimental evidence directly
indicated that the failure process began with the forma-
tion of a large number of creep voids and micro-cracks
in ICHAZ, and then creep voids and micro-cracks con-
tinued to grow and connect with each other, eventually
leading to cracking. Thus, the failure of the DMW con-
taining double Y-type interface was related with the Type
IV fracture in HAZ. Type IV fracture in ferritic HAZ
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Figure 10 SEM images near the fracture path of the I-type interface DMW after 600 “C/140 MPa creep test: (@) and (b) CGHAZ near the interface, (c)

and (d) FGHAZ near the interface

was a typical creep failure mode of the joints containing
9%—12%Cr martensitic heat-resistant steels. The com-
mon causes of Type IV fracture were matrix softening,
precipitate coarsening and lack of precipitate pinning at
grain boundaries [18—23]. The failure mechanism of the
DMW containing double Y-type interface will be investi-
gated below.

In order to determine the micro-mechanism of Type
IV fracture in ICHAZ of the DMW containing dou-
ble Y-type interface, the characteristics of hardness and
microstructure of HAZ should be clarified first. Fig-
ure 14 shows hardness profiles across the nickel-based
WM/ferritic HAZ interface of DMW before and after
creep test. Before the creep test, the hardness of HAZ
was higher than that of WM and BM. Furthermore, the
hardness decreased in the HAZ with increasing distance
from WM/HAZ interface. The microstructures in the
HAZ would undergo different phase transformations
during welding heating and subsequent cooling, so the

HAZ could be further divided into CGHAZ, FGHAZ
and ICHAZ as increasing distance from WM/HAZ inter-
face. The CGHAZ adjacent to the interface had the high-
est hardness, as shown in Figure 14. The microstructure
in FGHAZ was completely austenitized during welding
heating and fine martensite was formed after cooling,
and the hardness of FGHAZ was high due to the presence
of a large number of fine grain boundaries. Only part of
the microstructure in ICHAZ was austenitized during
welding heating, and the ICHAZ after cooling contained
both the newly formed quenched martensite and the
prior martensite. Thus, the hardness of ICHAG was low
than that of FGHAZ, and there was a hardness valley in
the HAZ before creep test, as shown in Figure 14. After
the creep test, the hardness of WM increased and the
hardness of the HAZ decreased. In addition, the hard-
ness of ICHAZ was still the lowest after the creep test. It
has been reported that the hardness of martensite steel
would decrease due to the microstructure degradation
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Figure 13 EBSD images near the fracture path of the double Y-type interface DMW after 600 ‘C/140 MPa creep test: (a) Detected zone, (b) IPF +1Q
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Figure 14 Hardness profiles of the 9Cr steel side in DMW
before and after creep test at 600 C/140 MPa

and the recovery softening during creep process [26, 27],
and in this study the softening behavior also occurred
in the HAZ of 9Cr steel. Laha et al. [27] found that the
hardness of nickel-based WM increased during the creep
process, and they believed that it was related to the pre-
cipitation hardening behavior in WM. Zhang et al. [43]
provided direct experimental evidence for the above
viewpoint. Zhang et al. [43] noted that the precipitates
in the nickel-based WM were mainly distributed at the
solidified sub-grain boundaries with a small amount
of them in interior of grains before creep, while a large
number of dispersed precipitates appeared in interior of

grains in the WM after creep, which strengthened the
WM and increased the hardness of the WM after long
term creep. It explained the increase in WM hardness
after creep in this study.

In the ICHAZ, the formation of a large number of fine-
grain boundaries without precipitated phase pinning was
related to the microstructure evolution during welding
thermal cycle. Figure 15(a) shows the matrix microstruc-
tures of the 9Cr steel BM. There were lots of precipitated
phases on the prior austenite grain boundaries and mar-
tensitic lath boundaries, as shown in Figure 15(a). During
the welding heating process, the peak temperature in the
ICHAZ was higher than A, and lower than A_;, which
caused part of the matrix microstructure to be re-aus-
tenitized. The welding heating process was extremely fast
and thus the newly formed austenite cannot grow, and
a large number of fine grains were formed after cooling.
Meanwhile, the precipitated phases in the ICHAZ were
only partially dissolved during welding heating and the
alloying elements were not much dissolved back into the
matrix, which meant that there would not be lots of pre-
cipitated phases formed on the newly formed fine-grain
boundaries in the ICHAZ due to lack of sufficient alloy-
ing elements. As a result, a large number of fine-grain
boundaries without precipitated phase pinning were
formed in the ICHAZ, as shown in Figure 15(b).

The results in Figure 14 show that ICHAZ was a
low hardness region in the HAZ, and the softening
behavior of matrix in ICHAZ was also the most seri-
ous in the creep process. Meanwhile, the simulation
results in Section 3.1 show that there would be the
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Figure 15 SEM images of microstructures of 9Cr steel BM and its ICHAZ

creep strain concentration in the ICHAZ of the double
Y-type interface DMW in the creep process. On the
one hand, it would lead to the uncoordinated defor-
mation between the matrix and precipitated phase in
ICHAZ, which aggravated the stress concentration
at the boundary between the matrix and the precipi-
tated phase, promoting the formation of creep void
around the precipitated phase. The SEM image in Fig-
ure 12(b) shows that the creep voids formed around
the precipitated phases, which indicated the critical
role of matrix softening in the formation of the creep
void in the ICHAZ. On other hand, creep deforma-
tion of the fine grains in ICHAZ (see GROD result in
Figure 13(c)) was high, and the fine-grain boundaries
without precipitated phase pinning would slip during
creep, resulting in the micro-cracks on the fine-grain
boundaries (see Figure 12(d)). In this study, precipi-
tated phases in the ICHAZ did not grow significantly
during creep process, and the creep voids in Fig-
ure 12(b) did not all initiate around the precipitates
with larger size, so precipitate coarsening was not the
main reason for Type IV fracture in the DMW con-
taining double Y-type interface.

In addition, the oxidation along the WM/ferritic
HAZ interface in the double Y-type interface DMW
was observed by SEM, which corresponded to the
position indicated by red arrow in Figure 8(a), and the
results are shown in Figure 16. Although there was
oxide notch and crack along the WM/ferritic HAZ
interface on the sample surface, interface failure was
not triggered, which proved that the double Y-type
interface form could suppress the promoting effect of
oxide notch on interface failure.
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after 600 “C/140 MPa creep test, corresponed to the position marked
by red arrow in Figure 8(a)

3.3 Creep Damage and Life Analyses of DMWs
with Different Interface Forms

In order to further analyse the creep life of I-type inter-
face DMW (butt welding without groove) and double
Y-type interface DMW (application the cap welding
at the interface), the creep damage of the two kinds of
DMWs was quantitatively compared. GROD has the
linear relationship with creep deformation [56, 57],
which was used as an indicator of creep damage in this
study. GROD near the creep failure path of two kinds of
DMWs was obtained by EBSD. Starting from the fail-
ure location, EBSD was performed at a certain distance
to obtain a serious of GROD maps perpendicular to the
failure path. The detected zone of EBSD was 150 pm X
150 pum and the step size of it was 0.4 um. 140625 pixels
were obtained in each detected zone. The GROD data
corresponding to each pixel was extracted. The GROD
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Flgure 17 IPF maps and corresponding GROD maps in the ruptured I-type interface DMW after 600 ‘C/140 MPa creep test (Positions 1-5 were

illustrated in Figure 7(a))

was calculated for each EBSD detected zone as the fol-
lowing equation:

375 375

1
140625 2 2 GROD (m.m). )

m—1m—1

GROD =

Figure 17 shows the IPF maps and corresponding
GROD maps in the ruptured DMW without groove after
600 ‘C/140 MPa creep test. Five positions were detected
zones, which were marked by the green dots and num-
bered by 1-5, as shown in Figure 7(a). According to the
grain size characteristic in IPF map in Figure 17, position
1 was in the CGHAZ. Fine grains appeared at position 2,
which meant that position 2 began to enter the FCHAZ.
It gradually entered ICHAZ from position 3 to position 4.
Position 5 was the boundary between the HAZ and BM.
GROD in position 1 to position 5 first increased and then

decreased. The GROD of above five positions was calcu-
lated respectively, which was plotted in Figure 18 with
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Figure 18 GROD profile near the failure path of the ruptured I-type
interface DMW after 600 °C/140 MPa creep test
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the distance as the horizontal coordinate. The variation
trend of creep damage from WM/HAZ interface (also
the failure location) to BM was obtained. There were
creep voids with a large size in the HAZ near WM/HAZ
interface (position 1 in Figure 17). However, the GROD
of position 1 was not high (see Figure 18) and the fail-
ure occurred along the WM/HAZ interface instead of at
the position 1, which meant that the interfacial ultra-fine
ferrite was more prone to cracking and was more dan-
gerous degraded microstructure. In addition, there were
creep voids around the grain boundaries at position 1
(see Figure 17) and the GROD in the HAZ near the WM/
HAZ interface was high (see Figure 18), which was also
consistent with the result that crack occasionally entered
HAZ (see Figure 10). The above results show that the
WM/HAZ interface and the CGHAZ/FGHAZ near the
interface were the weak positions of the I-type interface
DMW.

Figure 19 shows the IPF maps and corresponding
GROD maps in the ruptured DMW with cap welding
after 600 ‘C/140 MPa creep test. Four positions were
detected zones, which were marked by the green dots
and numbered by 1-4 in Figure 8(a). Position 1 in Fig-
ure 19 was in the CGHAZ with few creep voids. There
was a gradual transition to the FGHAZ from position 2 to
position 3. Position 4 was in the ICHAZ with a significant
increase in the number of creep voids, which was consist-
ent with the occurrence of Type IV crack in ICHAZ of

the double Y-type interface DMW. The GROD of above
four positions was calculated respectively, which was
plotted in Figure 20 with the distance as the horizontal
coordinate. The creep damage variation trend from the
WM/HAZ interface to the ICHAZ in the double Y-type
DMW was obtained (see Figure 20), which was basically
consistent with that in the I-type DMW (see Figure 18),
but the failure locations of two kinds of DMWs were dif-
ferent, which was related to the change of interface form.
On the one hand, the angle between the nickel-based
WM/ferritic HAZ interface and the external load was
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Figure 20 GROD profile near the failure path of the ruptured double
Y-type interface DMW after 600 C/140 MPa creep test
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about 30° in the DMW with cap welding, which made the
stress component of the external load of 140 MPa at the
vertical interface only 70 MPa. Therefore, the interfacial
ultra-fine ferrite was not cracking during the creep pro-
cess, which prevented the interface failure. On the other
hand, according to the simulation results in Section 3.1,
even if there was interfacial oxide notch, the double
Y-type interface form could avoid a large range of stress
concentration near the WM/HAZ interface to a certain
extent, which was also one of the reasons why application
of cap welding could lead the failure location from the
WM/HAZ interface to the ICHAZ and even BM.

According to the simulation results in Section 3.1,
changing the interface form from I-type to double Y-type
could shift the stress and strain distributions and trans-
fer the creep strain concentration from the WM/ferritic
HAZ interface into the ferritic HAZ and even to the fer-
ritic BM, which was from the mechanical view to prolong
creep life of the DMW. The comparison experiment in
Section 3.2 took into account the evolution of micro-
structure and the existence of oxidation. In this case,
there were both the interfacial ultra-fine ferrite band that
was prone to crack and the interfacial oxide notch, which
was a coupling effect of microstructure degradation and
oxidation damage along the WM/HAZ interface. Based
on the results in Sections 3.1 and 3.2, it is known that
creep strain concentration could be separated from the
WM/ferritic HAZ interface after application of double
Y-type interface form, and thus it was decoupled from
the interfacial microstructure degradation and the inter-
facial oxidation, which was beneficial to avoid interface
cracking and prolong life of the DMW.

4 Conclusions

In this study, the creep behaviors of the DMWs involving
different forms of interface between nickel-based WM
and ferritic heat resistant steel BM were investigated by
means of numerical simulation and experimental meth-
ods. The effects of conventional I-type interface form
and novel double Y-type interface form on creep failure
mechanism and life of DMW were clarified. The main
conclusions are as follows:

(1) For the DMW containing I-type interface between
WM and BM, creep failure would occur near the
WM/HAZ interface. While changing the WM/
HAZ interface form from I-type to double Y-type,
the creep failure occurred in the HAZ or even in
the BM. The creep life of the double Y-type inter-
face DMW was longer than that of the I-type inter-
face DMW, which was related to the shift of failure
position and thus the avoidance of interface prema-
ture failure.
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(2) For the I-type interface DM W, there was strain con-
centration and ultra-fine ferrite band at the inter-
face during long term creep, as well as interfacial
oxide notch, inducing the failure around WM/HAZ
interface. Oxide notch triggered cracking along the
interface. Strain concentration and ultra-fine ferrite
band led to the uncoordinated deformation at the
interface, inducing interfacial stress concentration,
and then the creep voids were formed along the
interface and in the CGHAZ/FGHAZ near it. The
interface premature failure was the result of strain/
stress concentration, microstructure degradation
and oxidation coupling acting on the interface.

(3) In the double Y-type interface DMW, creep strain
concentrated near the HAZ/BM interface, instead
of near the WM/HAZ interface. The triggering
effect of oxide notch on interface failure also failed
for the double Y-type interface DMW. By applying
double Y-type interface form in DMW, strain/stress
concentration, microstructure degradation and oxi-
dation had been decoupled from the WM/HAZ
interface. The creep failure of the double Y-type
interface DMW was caused by Type IV crack in the
ICHAZ, originating from creep voids and micro-
cracks on fine-grain boundaries, which was related
to the matrix softening and the lack of precipitate
pinning at fine-grain boundaries in the ICHAZ.

(4) The results of this study suggest the effect of inter-
face form on failure mechanism should be consid-
ered to prolong creep life of DMW.
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