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Introduction

The y'-strengthened Co-based superalloy has been
widely concerned by many researchers since the
discovery of the L1, structural Cos;(Al, W) compound
[1]. Due to its higher melting temperature, oxidation,
and wear resistance, it has the potential to become the
next generation of superalloy [2-4]. However, limited
welding researches have been carried out for the
alloy, which is also a critical process performance
concerned by many researchers. Therefore, conduct-
ing welding research is necessary and can accelerate
the alloy to be put into use.

For the superalloys, which contain a higher amount
of the Al, W, etc.,, adopting the fusion welding
method is easy to form cracks due to their poor
weldability [5]. The brazing method is often used in
the superalloy components [6]. However, low-melt-
ing-point eutectics are easy to for in the brazing
process, which makes the temperature-bearing
capacity of the joint is insufficient. Therefore, the
brazing method is usually used in the superalloy
components, which do not need to withstand harsh
temperatures [6, 7].

By contrast, the TLP bonding process has been
proved to be an ideal joining method for superalloy,
which has overcome the limitations of conventional
fusion welding and brazing [8]. A typical TLP joint
contains an isothermal solidification zone (ISZ) and a
diffusion affect zone (DAZ) based on the
microstructure [9-12]. Generally, the ISZ is free from
the eutectics due to the isothermal solidification,
while the DAZ contains many second phases due to
the diffusion of melting point depressants (MPD)
[13-15]. So far, for the Ni-based superalloy,
researchers have carried out a large number of
investigations on the microstructures of the TLP joint
and found a lot of precipitates [16, 17]. The
microstructure characteristics of a TLP joint is now
well defined.

However, the mechanical property of the TLP joint
is always the most concerning problem by research-
ers, which is also an important index to evaluate the
success or failure of a TLP joint. The mechanical
properties of a TLP joint are directly related to the
microstructure, which can be directly affected by the
bonding process. For this, researchers have carried
out lots of investigations on the effect of the bonding
parameters on the microstructure and mechanical
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properties. Farzam. et al. [18] investigated the effect
of bonding time on mechanical properties of a TLP
bonded IN-939 joint. He found that increasing the
bonding time can decrease the brittle centerline
eutectics and raise the content of the solid solution
strengthening elements in the center of the joint,
which makes the shear strength increase signifi-
cantly. Alireza et al. [19] studied the effect of the
bonding temperature and found that increasing the
temperature would lead to a more uniform joint and
improve the mechanical properties. Danesh et al. [20]
found similar results. However, they also pointed out
increasing the temperature to a certain point would
make the eutectics in the joint reappear and lower the
corresponding shear strength. Such results have also
been reported by other researchers [11]. It can be seen
that researchers have reached a broad consensus on
the relationship between the bonding parameters and
joint performance.

Nevertheless, only understanding the relationship
between the bonding parameters and the joint per-
formance is not enough to further improve joining
quality. The deformation mechanism and fracture
behavior of the TLP bonded joint need to be investi-
gated. More importantly, a TLP joint contains dif-
ferent zones (ISZ, DAZ, and BM), and the
deformation mechanism between each zone could be
different. So far, the relevant studies about this are
very limited. As is known, during the loading pro-
cess, as the weakest point of a joint determines the
strength, investigating the deformation behavior of
each zone helps to determine the crack-initiation site
and understand the failure mechanism of the joint.
Therefore, it is significant to carry out the relevant
research. Besides, most of the current studies focus
on the fracture behavior of the TLP joint at one
loading condition (room or high temperature). Few
researchers comprehensively consider the fracture
behavior of the joint at different deformation tem-
peratures, which can more fully evaluate the perfor-
mance of the TLP joint.

For the y'-strengthened cobalt-based single-crystal
superalloy, as there are not any commercial filler
alloys for TLP bonding, we designed a Ni-based filler
alloy (Ni-Cr-W-B) based on the thought of high-
matched joint of the fusion welding [21] to improve
the high-temperature mechanical properties. Our
previous research has proved that the TLP joint’s
bonding area can precipitate the y* (NizAl) phases
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[22], but the mechanical behavior is still not entirely
clear.

Accordingly, this paper aims to determine the
fracture mechanisms of different zones in the TLP
joint at different loading temperatures and the cor-
responding fracture behaviors. Our studies will pro-
vide the theoretical basis and a reference value for the
TLP bonding and repairing of the y'-strengthened
Co-based single-crystal superalloy in the future.

Experiments

The y'-strengthened Co-based single-crystal superal-
loy [23], developed by Institute of Metal Research,
Chinese Academy of Sciences, was utilized as the
base metal (BM). The filler alloy powder (Ni-Cr—W-
B) was prepared by powder metallurgy technology.
The compositions of the BM and filler alloy are listed
in Table 1.

As the main stress direction of the single-crystal
superalloy parts is [001] in the practical engineering
applications, we choose this as the bonding direction,
and the as-cast Co-based single-crystal BM rod with a
diameter of ~ 15 mm was directionally solidified
along [001], and the deviation of the rods from [001]
direction was controlled by less than 10 degrees. The
phase constitution of the as-cast BM is y/y" and some
compounds, which are rich in W and Ta and dis-
tribute in the interdendritic area (Fig. la~b), and
these compounds are inferred to be the CosTa
according to their chemical composition (Fig. 1a).
Before bonding, the BM was subjected to a solid
solution heat treatment (according to Ref [24]). After
the heat treatment (1280 °C/5 h), the BM become
more uniform and the CosTa are removed, and the
BM only contains the y and ¢y phases (Fig. lc~d).
The heat-treated BM was cut into two parts (vertical
to [001]), which were then in situ bonded to exclude
the influence of orientation on the deformation
behavior of the joint. A sandwich-like specimen was
assembled (see the schematic of “Bonding sample” in
Fig. 2), and the specimen was heated to 1220 °C at the
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5 x 10~ Pa, and held for 4 h. Finally, the specimen
was cooled down to room temperature in the furnace.
The gap size was controlled by a nickel wire (®100
pum). After bonding, the sample was subjected to a
double-aging treatment (1000 °C/36 h + 750 °C/
24 h).

Tensile tests were performed on an AG 250 elec-
tronic tensile testing machine at 20 °C, 600 °C, 800 °C,
900 °C, and 1000 °C, respectively, at a constant
crosshead separation rate of 0.1 mm/min. The spec-
imen configuration for the tensile test is shown in
Fig. 2. For every deformation temperature, two ten-
sile conditions were performed: one was stretching
the specimen to fracture to analyze the tensile prop-
erties of the sample (yield strength, ultimate strength,
and elongation), and the other was stretching the
specimen at the point which is just before the fracture
(this is based on the previous stretching to fracture
test). The schematic of the tensile test is illustrated in
Fig. 2. The COMSOL Multiphysics software was used
to simulate the stress field of the TLP joint under the
tensile stress. We selected the solid mechanics mod-
ule and built a two-dimension model (Fig. 19)
according to the cross section of the TLP joint
(Fig. 3a). We built a 1300 pum x 500 um two-dimen-
sion model according to the TLP joint, and the
“Superfine mesh” is selected. The wide of ISZ is
100 pm and the DAZ (the length of the boride) is
200 um. We make the following assumption: the BM
and the ISZ are a single-phase solid and the matrix of
the DAZ is same as the BM; the shape and size of all
the borides are the same, which is assumed to be a
antiparallelogram, and the vertices are chamfered to
avoid non-convergence; the boride induced crack
(BIC) is assumed to be a ellipse (2 =5 pum,
b = 18 pm); the parameters of the ISZ, DAZ, and BM
are listed in Table 2.

Microstructures of the TLP joint and the fracture
were analyzed by a Cambridge-5360 scanning elec-
tron  microscope (SEM). The  deformation
microstructure was analyzed by a JEOL 2100F
transmission electron microscope (TEM). The SEM
samples were polished and etched with a solution of

rising rate of 20°C/min under a vacuum of CuSO,/HCI/C,H,OH. The interrupted tensile
Table 1 Compositions of the - -
base metal and Ni-Cr—W-B Material Ni W Al Ta Co B
0,
powder (wi%) Base metal 13-15 13-15 46 7-9 Bal <01
Filler alloy Bal 13-15 6-8 < 0.1 < 0.1 < 0.1 3-5
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Solid solution.

Figure 1 Microstructure of the as-cast BM a—b and solid solution treated BM c—d.

Figure 2 Schematic diagram

Specimen for tensile test

showing the tensile specimen

preparation method.

12mm

R2

Bond line

3mm

, TEM sample
14mm 5
¢ Deformation
28mm H .
i / mecahnism
‘L Interrupted tensile test
172}
8 ¢ Fracture
@ behavior

Destructive tensile test

Bonding Sample

samples were mechanically ground to less than
50 pm. Then, the samples were punched into a ®3
mm thin slice. A Leica multifunctional ion etching
instrument was used to etch the ISZ, DAZ, and BM of
the samples to ensure that the thin-region fell in the
desired positions.

Strain
Tensile test

Results
Microstructure of the joint

Figure 3 shows the microstructure of the TLP joint.
The ISZ is composed of the y'/vy phases, and there are
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Figure 3 SEM images showing the microstructure of different areas of the TLP joint after bonding and heat treatment. a Overview of the

TLP joint; b—c ISZ; d—e DAZ; f BM.

many secondary-y’ precipitated in the Yy channel
(Fig. 3b~c¢). In addition to the y'/y phases, the DAZ
contains many borides (Fig. 3a and d), which makes
the DAZ has the higher harness than that of the BM and
ISZ[22]. The ¥’ phases (refer to primary-y’ phasesin the
following discussion) exhibit chamfered cuboidal and
cuboidal morphology in ISZ and BM, respectively. The
morphology of vy phases in the DAZ (between the
borides) is more complex compared with that of the
ISZ-y" and BM-y" (Fig. 3f), and rafting Yy’ phases and
irregular ¥’ phases can be observed (Fig. 3d ~e).
Figure 5 illustrates the mathematical statistic
results of the y' phases. The size distributions of the '
phases in different areas are close to the Gaussian
distribution (Fig. 5a~c). The DAZ-y" phases have a
wider equivalent size range and higher standard
deviation (Fig. 5e), which are discussed in Ref. [22].
The average sizes of the ¥’ in the three areas are close
to each other (~ 200 nm). However, the volume
fractions of the y' in ISZ and DAZ are lower than that
of the BM (Fig. 5f), which is due to the lower content
of ¥' forming elements Al in these areas (see Fig. 4).

@ Springer

Tensile properties

Figure 6a shows the engineering stress—strain curves.
The joints exhibit different tensile behavior in various
temperatures. From the room temperature (20 °C, RT)
to 600 °C, a relatively weak work-hardening phe-
nomenon can be observed. From 800 °C to 900 °C, the
work-hardening phenomenon becomes stronger. At
1000 °C, no strain-hardening effect occurred.

Figure 6b shows the yield strength and elongation.
The yield strengths of the TLP joint are closer to that
of the BM at different temperatures. Like the BM, the
TLP joint exhibits a three-stage temperature depen-
dence of stress. In the low-temperature range
(RT ~ 600 °C), the yield strength decreases with
temperature. From 600 °C to 800 °C, abnormal yield
behavior can be found. When the deformation tem-
perature is above 800 °C, the yield strength decreases
rapidly with increase in the temperature. In addition
to the RT elongation, which is closer to that of the
BM, the elongation of the joint is much lower than
that of the BM. Besides, the elongation of the TLP
joint decreases with the increase in deformation
temperature. However, it enjoys a slight increase
when the deformation is above 900 °C.
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Table 2 The material properties parameters used in the finite element analysis

Temperature material property Low temperature

Young modulus (GPa)

High temperature

Low temperature High temperature

Poisson’s ratio

ISZ 88.3
DAZ/BM 80.5
Boride 441

69.6 0.356 0.356
75.6 0.38 0.38
441 0.26 0.26

(C) CrKal (d) g Wlal
m_
» 2500
b U m-:
1500-; *%‘waTﬁMAlldt* " ‘%.M,W,wa Ay
pm pm
(e) CoKal (f) Al Kal

Figure 4 EDS line scan across the bond region to show the elements distribution. a SEM image; b B; ¢ Cr; d W; e Co; f Al; g Ni; h Ta.

Deformation substructures
Low temperature (20 °C ~600 °C)

Figure 7 shows interrupted deformation substructure
at RT. In the ISZ (Fig. 7a~b), a long straight slip line
can be observed at some points (Fig. 7b), which

shears both the y and Y’ phases, and the direction of
the slip line is along < 110 > of the matrix. Few dis-
locations can be observed between the slip line, and
the substructure resembles the as-received material
(Fig. 7a). The slip in the dislocation plane domains
the deformation at ISZ at RT. In the DAZ (Fig. 7c~d),
few dislocations can be observed near the boride
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Figure 5 Mathematical statistics results of the y' precipitate after double-aging treatment. Relative frequency of the equivalent size of
precipitate in a ISZ, b DAZ, ¢ BM; d Average size; e Standard deviation; f Volume fraction of y' phases (area fraction measured in the 2D

SEM image).
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Figure 6 Tensile behavior of the TLP joint at different deformation temperatures. a True strain—stress curves; b Temperature dependence
of the 0.2% yield strength and elongation. The black dot line represents the yield strength of the base metal (BM).

(Fig. 7¢), and a/2 <011> dislocation pairs shearing
the v’ phases can be observed at the position where it
is relatively far away from the boride (see the inserted
image in Fig. 7c). There are also exceptions, in some
areas of the DAZ, more dislocations and long slip
lines can be found near a boride, and the long slip

@ Springer

lines are originated from the boride (Fig. 7d). In the
BM, dislocations shearing the Yy’ phase is the main
deformation mode. Some stacking fault (SF) loops
can be observed in Y’ phases (Fig. 7f), which is often
observed in the Ni-based superalloy deformed at low
temperature and is believed to be the result of local
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Figure 7 TEM images
showing the deformation
microstructures of the ISZ,
DAZ, and BM of the TLP joint
tested at room temperature.
a~b ISZ; c~d DAZ;

e~f BM; e The area near the
joint (NJ); f1~£2 The area
away from the joint (AFJ).

alloy elements segregation [25]. Fewer dislocations
can be observed in the area near the joint than the
area away from the joint, which coincides with the
bamboo-like morphology of the joint (see Fig. 12 in
Sect. 3.4). This proves the uneven deformation
between the bonding area and the BM.

Figure 8 shows the 600 °C deformation substruc-
tures. The substructures are similar to that of the RT.
Long slip lines shearing the ¥ and y substrate can
also be observed in the ISZ (Fig. 8a). The deformation
of the position swept by the slip line is large, and
some Y’ phases are broken by the slip of dislocations.
Between the slip lines, there are few dislocations. In
the y channel, the a/2 <011> dislocations shearing
the secondary Y’ phases (S-y') can be observed
(Fig. 8b). In the DAZ, the dislocation density is still
very low near the boride (Fig.8c), and the
a/2 <011> dislocation pairs shearing the y' phases
can also be observed between the borides (Fig. 8d). In
the BM, there are also many slip lines, which are
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more than that of the ISZ. The dislocation density
away from the joint is higher than that near the joint
(Fig. 8e~1).

Intermediate temperature (800 °C ~ 900 °C)

Figures 9 and 10 illustrate the deformation sub-
structures of the joint tested at 800 °C and 900 °C,
respectively. At 800 °C, the S-y' phase in the y chan-
nel shows a partially dissolved morphology, and
dislocations bowing in the y channel of the ISZ can be
observed (see the black arrow in Fig. 9a). Dislocations
pile-up around a y’ phase can also be observed (see
the triangular symbol in Fig. 9a). In some v’ phases, a
sharp planar fault can be observed, and the propa-
gation direction of the faults in the two-dimension
image is <011> (Fig. 9a, marked with a white arrow).
When tilting the specimen, the fault gradually pre-
sents the typical stack fault morphology (see the
inserted image in Fig. 9a). This means the a/
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Figure 8 Deformation
substructures of the TLP joint
tested at 600 °C. a~b ISZ;
c~d DAZ; e~f BM; e The
area near the joint (NJ); f The
area away from the joint
(AF).

2 <011> dislocations in the y channel could decom-
pose and form the leading a/3 <112> partial dislo-
cations [25] in the Y’ phases. Besides, there are also a
few dislocation pairs in the vy’ phases (Fig. 9b). In the
DAZ, dislocations cross-slip can often be observed in
the y channel (Fig. 9c and d). In some parts of the y
channel, some dislocations tangle together. It has
been reported that this kind of dislocation is a 60°
mixed dislocation that crosses slip from (111) plane to
(111) plane [26]. Also, the dislocation pairs and SF
loops can be observed in the ¥’ phase (Fig. 8d). In the
BM, partial dislocations shearing the y' phases and
leaving the SFs in them is the main deformation
mechanism (Fig. 9e and f).

At 900 °C, the S-y' phases in the y channel are
totally dissolved, many curved dislocations can be
observed both in the y channel and v’ phases, and
dislocation pairs shearing the ¥’ phases is the general
features of the ISZ (Fig. 10a). This alludes to the
deformation mechanism of a/2 <011> dislocations
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Dislocatic

bypassing and a <011> superdislocations shearing
the y' phases in the ISZ. Besides, it is interesting to
find many wavy dislocations leaving on the margin
of ¥ phases (Fig. 10b). Such configuration has been
demonstrated to be the result of dislocation gliding
and climbing the y' phase [27]. In the DAZ, disloca-
tions bypassing the Yy’ phases are prevalent even
beside a perfect boride (Fig. 10c). However, SFs can
be observed at the position closer to the BM. In fact,
in our observation process, such deformation
behavior also exists in the 800 °C-deformed
substructure.

This is easy to understand because the closer the
BM in the DAZ, the more similar the microstructure
is to the BM [24]. Therefore, the deformation behavior
should be similar. In the BM, many SFs can be
observed in the y phases. Meanwhile, dislocation
bowing in the y channel can also be observed, but this
phenomenon is not prevalent. This indicates that the
deformation mechanism of BM is mainly caused by
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Figure 9 TEM images
showing the deformation
substructure of the TLP joint
tested at 800 °C. a~b ISZ;
c~d DAZ; e~f BM.
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Cross slip

the partial dislocation shearing the y' phase. In gen-
eral, the dislocation density of the BM near the joint
at the intermediate temperature range is significantly
higher than that at low temperatures.

High temperature (1000 °C)

Figures 11 illustrates the 1000 °C deformation sub-
structure. Many curved dislocations can be observed
in the ISZ (Fig. 11a, b, and d), indicating the Orowan
bypassing deformation mechanism. Some irregular
dislocation nets can be observed at the y/y' boundary
(Fig. 11a). Meanwhile, many arc-shaped dislocations
can be found in the y" phases. Their morphology is
not a/3 <211> partial dislocation, usually straight
and short. Some of the dislocations are in pairs, and
others are single. The arc-shaped dislocations are
identified according to the ¢-R = 0 invisibility crite-
rion. It can be seen that the dislocations are visible
when ¢ = 002 and invisible when g = 020 (Fig. 11b
and d), so the dislocation pair is

a <101> superdislocation and the single dislocation
is a/2 <101> superdislocation partial leaving an APB
in the ¥ phase. The schematic of the dislocations is
illustrated in Fig. 11c.

Figure 11e ~h illustrate the deformation substruc-
tures of the DAZ and BM. The deformation mecha-

nism of the DAZ and BM is similar to that of the ISZ,
and the dislocations bypassing and shearing the ¥/
phases domains the deformation. The dislocation
density in different areas of the TLP joint is closer,
indicating a more uniform deformation than the low-
temperature. In addition, tangled or blocked dislo-
cations are rarely observed at this deformation tem-
perature, which makes it easier for the dislocations to
move. Therefore, there is no work hardening phe-
nomenon at 1000 °C (Fig. 6).

Fracture behavior

Figure 12 shows the SEM images of the TLP joint
after fracture at RT. The fracture occurs at the BM,
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Figure 10 TEM images
showing the deformation
substructure of the TLP joint
tested at 900 °C. a~b ISZ;
c~d DAZ; e~f BM.

J Mater Sci (2022) 57:12012-12033

Boride

away from the TLP joint. The bonding area looks like
a bamboo-joint (see the enlarged image in Fig. 12a),
which means a larger deformation has occurred in
the BM than in the TLP joint. Slip lines can be
observed in the area away from the joint, which
almost cross the two edges of the BM (Fig. 12a).
Boride-induced cracks (BICs) can be seen in DAZ, but
they do not lead to the failure of the joint. In some
parts of the ISZ, slip lines can also be observed.
However, these slip lines do not go through the entire
bonding area, which end up at the interface of ISZ/
DAZ, which means dislocations are harder to slip
across the DAZ. The slip lines are consistent with the
substructures illustrated in Fig. 7.

Figure 13 shows the fracture paths of the speci-
mens tested at 600 °C ~900 °C. All the tested samples
fail at the DAZ and many BICs can be found beside
the paths (Fig. 13d ~f). However, it is interesting to
find the fracture paths located at different DAZ

@ Springer

positions with different temperatures. To quantify
the position, we measured the length between the
fracture path and the interface of DAZ/ISZ on each
specimen. A relative position of the fracture path is
defined as L/D, where L represents the length
between the fracture path and the interface of DAZ/
ISZ, and D represents the thickness of DAZ.

Figure 14 illustrates statistical results. The relative
position first increases slightly, then decreases dra-
matically, and reaches a peak at 800 °C (Fig. 14a).
Such a result is not accidental, and it can be observed
by repeated experiments. Besides, we also measured
the opening displacement of BICs beside the fracture
path and found the variation trend of crack opening
displacement (COD) with temperature is opposite to
the relative position (Fig. 14b), and there is a certain
correlation between the two physical quantities
(Fig. 14¢).
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Figure 11 TEM images
showing the deformation
substructure of TLP joint
tested at 1000 °C. a, b, d ISZ;
¢ Schematic of the dislocations
in the ISZ-y' phase;

e~f DAZ; g Near joint zone
of the BM; h Away from the
joint zone of BM.

a/2[101]

i

.71 B [100)

Boride

At 1000 °C, fracture occurs at ISZ (Fig. 15a). The
BIC can also be found in the DAZ (Fig. 15d) and the
COD is obviously larger than that of the
600 °C~900 °C, but they do not lead to the failure of
the joint. The necking phenomenon can be observed
at the margin of the specimen (Fig. 15b). In the ISZ,
cracks prefer to locate at the sub-grain boundaries (SB
in Fig. 15e), which are the TLP bonding defects. Most
sub-grain boundaries are vertical to the loading
direction (Fig. 15¢ and f).

Figure 16 shows fracture surfaces of the TLP joints
tested at 600 °C~900 °C. The surfaces are relatively
flat and the morphologies show a brittleness charac-
ter. Many acicular-like pits induced by the DAZ
borides can be observed in all the samples. An
obvious crack propagation surface can be observed at
the edge of each boride pit. Figure 17 shows the
fracture surface tested at 1000 °C. The fracture sur-
face is cavernous. Two morphologies can be
observed, which are divided by a yellow dotted line
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Figure 12 SEM images
showing the macrostructure
and microstructure of the TLP
joint after fracture at room
temperature. a Macrostructure
of the tensile test specimen
showing the rupture location
and morphology of the
bonding area;

b Microstructure of the joint

showing the b DAZ and ¢ ISZ.

J Mater Sci (2022) 57:12012-12033

Bamboo-joint like

«—
Bonding area

Slip lines

"T:[Fréctui'e ii) BM W s

Figure 13 SEM images showing the fracture path of the specimens tested at the temperature range of 600 °C~900 °C. a, d 600 °C; b,

e 800 °C; ¢, £ 900 °C.

(areas A and B in Fig. 17a). Area A has some rela-  edge of each crack propagation plane (Fig. 17c). In
tively small holes (hole A), where it shows the ductile some areas of area B, the intergranular fracture
fracture morphology. Area B has some bigger holes morphology can be observed, corresponding to the
(hole B), and the surface is relatively smooth. An  sub-grain boundary cracks described in Fig. 15e.
obvious flat crack propagation plane can be found

around hole B. A torn edge can be observed at the

@ Springer



J Mater Sci (2022) 57:12012-12033

(@) (d)

12025

=
=)
T

=N
=]
T

1200F

[%3
=)
T

1000

800+

w
=
T

600

[N]
=]
T

400r

RP of'the fracture path (%)

=)
T

200+

Crack opening displacement (%)

%
%/\

1200+

1000

800+

600

400}

Crack opening displacement (%)

200+ -

Deformation temperature(°C)

1 1 1 1 1 1 1 L L
600 650 700 750 800 850 900 600 700

Deformation temperature(°C)

800 900 0 10 20 30 40 50 60 70

Relative position (%)

Figure 14 a The relative position (RP) of the fracture path in DAZ; b Average crack opening Displacement; ¢ Scatter chart showing the
relationship of the relative position and the average COD.

Figure 15 Microstructure of the longitudinal-section after tensile
to fracture test at 1000 °C and EBSD surface-scanning test results
of the ISZ. a Morphology of the fracture path; b Morphology of

Discussion

Temperature dependence of deformation
mechanisms

Based on the experimental results, it can be found
that from RT to 1000 °C, the variation trend of the
deformation mechanism is basically the same,
namely from the dislocation shearing to bypassing
the v/ phase. However, at a certain temperature, the
deformation mechanism of different joint areas may

© | 4 :
[SZ
PL ak Se_ S0pm
o B i
PN BN

the margin of the fracture; ¢, f EBSD result; d Enlarged image of
the DAZ; e Crack in the ISZ.

be different. In the face-centered cubic crystal, the a/
2 <110> dislocation is the most stable, and the close-
packed plane is (111), so the movement of the a/
2 <110> dislocations on the (111) plane in the Yy
channel is favorable [28]. We found three types of
interactions between the a/2 <110> dislocation and
the ¥ phase, namely the a/2 <011> dislocation pairs
shearing the Yy phases, which can prevent the
increase of APB energy of the system; the a/
3 <112> partial dislocations shearing the y' phases,
which would leave some SFs in the Y’ phases;
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Figure 16 SEM images of the
fracture surfaces of the TLP
joints tested at a 600 °C,

b 800 °C, and c 900 °C.

Figure 17 SEM images of the
fracture surface tested at

1000 °C. a Macro morphology
of the fracture surface;

b Microstructure of area A;

¢ Microstructure of area B;

d Partial enlarged image
showing the morphology of
Hole A.
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bypassing the y' phase. For the first condition, the
required critical shear stress (CSS) could be calcu-
lated using the following equation [29]

o Gb w12 (7d -y \ C-f1/2
te-ars = 1.02=——7 (w Gr) T2
(1)
For the second condition [29]:
B G2—-v) nb 2ySF
feosk = \/§<12(1 —v) 24" 3b ) @

For the bypassing of dislocation, the required stress
could be expressed as follows [28]:
G-b

Te-BP = ] 3)

For the <001> applied stress, the critical resolved
shear stress (CRSS) could be calculated using the
following equation [30]:

(4)

In the above equations, the 1..app and 1. App are the
CSSs required for a/2 <011> dislocation pairs shear-
ing and a/3 <112> partial dislocations shearing,
respectively; t.pp is the required stress for dislocation
bypassing; Teyp is the CRSS; G is the shear modulus,
which can be acquired by the stress—strain curve
(88.3 ~69.6 GPa); vis the Poisson ratio (v =0.356 [31]); b
is the Burgers vector (b = 0.25 nm); w is a dimension-
less constant, which represents the degree of elastic
repulsion between the strongly coupled dislocation
pairs (w = 2.8 [32]); f is the volume fraction of ¥’ phase
(according to Ref [22]); 1 is the distance between the v/
phases; c is a constant (c = 1 [32]); o,pp is the applied
stress (yielding strength); m is the Schmid factor

Texp = nm - Oapp

Figure 18 Variations of the

()
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(m = 0.408 [28]); y apg and y sk are the APB and SF
energies, respectively. As for the APB energy, it is
widely accepted that it decreases with temperature.
The decreasing rate increases significantly when the
temperature is close to the solid solution temperature
of the ¥ phase [33]. At the same time, the composition
of the ISZ is closer to a NiCo-based alloy [30], and the
APB energy increases as the Y’ composition transfers
toward Co-based alloys. Therefore, the APB energy of
ISZ is assumed to be 86 ~ 134 mJm 2, and that of BM
is135~175 mJm 2 [34]. The SF energy shows a mono-
tonic increase from the Ni-based to Co-based alloys
[30]. According to Refs [30, 35], the SF energy of ISZ is
assumed to be 10~35 mJm 2, and that of BM is
assumed to be 35~50 mJm™>. Thus, based on
Egs. (1) ~ (4), the required critical stresses for different
types of interactions between the a/2 <110> disloca-
tion and the Y’ phase are illustrated in Fig. 18.

In the temperature range of RT ~ 600 °C, the
CRSS of the ISZ is higher than all the required
stresses, so the simultaneous occurrence of the three
interactions should be expected. However, the CSS of
APB is relatively lower (Fig. 18a), so the coupled
dislocation pairs shearing the y' phases in the ISZ is
preferred to occur in the loading process. The
shearing of the first dislocation pair can reduce the
effective diameter of the y' phase, which makes it
easier for the second dislocation pair to move on the
same plane [36]. Therefore, the strongly coupled a/
2 <011> dislocations shearing the y' phases should
be the dominant deformation mechanism in the ISZ,
and the localized deformation mode is favored. In the
same way, the CSS of SF is relatively lower (Fig. 17b),
and the a/3 <112> partial dislocations shearing the '
phases should be the dominant deformation mecha-
nism in the BM. The extremely heterogeneous slip

(b)

critical resolved shear stress
(CRSS), critical shear stress
(CSS), and the required stress
for dislocation bypassing the

250 F

v' phase with temperature.
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Te-pB
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lines observed in the ISZ and BM (see Fig. 12) should
further prove this view. Thus, one deformation
mechanism should dominate the deformation in the
low-temperature range. Besides, the deformation of
the ISZ is relatively small compared with that of the
BM. The reason is related to the large amount of S-y/
phases in the y channel. Our previous results have
proved a higher proportion of the S-y' phases can
greatly strengthen the ISZ and make the ISZ has a
higher microhardness [22]. At 600 °C, according to
the morphology of the S-y' phases and their internal
dislocation configuration (Fig. 8b), the dislocations
can still shear the S-y phases. This indicates that the
S-y" phases did not dissolve at this temperature.
Therefore, they can still play a role in strengthening
the ISZ and making the ISZ has a higher strength.
Based on this analysis, we simulated the stress field
of the joint in the low-temperature range by finite
element analysis (Fig. 19a and c); the result shows
more deformation has occurred in the BM than in the
ISZ and the macro-morphology of the joint is con-
sistent with the fact (see Figs. 19c and 12a), which can
further prove our inference.

At 800 °C~900 °C, the S-y' phases in the ISZ begin
to dissolve, and the dislocation bypassing resistance
decreases, and the Orowan bypassing mechanism
begins to work, which makes it difficult for a second
dislocation to follow on the same glide plane. Thus,
the deformation mode should become less localized.
Meanwhile, the CRSS of the ISZ is still higher than all
the required stresses (Fig. 18a), and a mixed defor-
mation mechanism of dislocations shearing and
bypassing the vy’ phases could be expected. Besides,
more SFs can be observed at 800 °C (Fig. 9a~b),
which should attribute to the decrease of SF energy
[37]. At 900 °C, the SFs can rarely be observed
(Fig. 10a~Db). This indicates that the SF energy
increases when the temperature is over 800 °C. Dif-
ferent from the ISZ, the required stress for dislocation
bypassing the y' phase in the BM is still relatively
larger and the CSS for SF is lower at this temperature
range (Fig. 18b), so a/3 <112> partial dislocations
shearing the Y’ phases still dominates the deforma-
tion. However, an abnormal yield behavior occurred
at 800 °C (Fig. 6b). Such behavior is generally
believed to be caused by the formation of Kear—
Wilsdorf block (K-W block) [24], which can also
make the deformation less localized and the work-
hardening become severe (Fig. 6a).
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At 1000 °C, no SFs can be observed in the y' phases
of ISZ and BM, which indicates that the decomposi-
tion of a/2 <101> total dislocations is not the opti-
mum deformation mechanism. Instead, the partially
dissolved y’ phases in the ISZ and BM make a wider y
channel and give rise to the dislocation bypassing
deformation. Meanwhile, the APB energy could
decrease dramatically, which leads to some
a/2 <110> dislocations cut into ¥ phases directly,
and leaves the APBs in the ¥’ phases (Fig. 11). As the
S-y" phases in the ISZ are totally dissolved, the ISZ
should become soft, and more deformation would
occur. The simulated results can prove this view
(Fig. 19e~h), which are consistent with the fact
(Fig. 15b). Besides, some dislocation nets can be
observed at the y/y interface, which is easy to form
during the high-temperature and low-stress creep
process [38]. The formation time usually takes at least
several hours. However, the tensile process lasted
only a few minutes. According to Ref. [39], in addi-
tion to temperature, stress can also affect the forma-
tion rate of the dislocation net. The flow stress used in
this test is much higher than the commonly used
creep stress. Therefore, the higher flow stress could
accelerate the formation process. Besides, as the
loading time is short, it is almost impossible to form
the regular dislocation nets (Fig. 11a). The dislocation
net is conducive to preventing subsequent dislocation
from shearing the y' phase, which is beneficial for
strengthening the alloy. However, dislocations plug
at high temperature may lead to dislocations climb-
ing and form vacancy defects. The high-frequency
appearance of the wavy dislocations (Fig. 11a) can
further prove this view.

The deformation mechanism of the DAZ is rela-
tively complex because it contains many borides and
the v’ phase is not uniformly distributed. The com-
position of the y/v" in DAZ is closer to that in BM, so
the deformation mechanism should be similar to that
of the BM at different temperature ranges. According
to Fig. 19, the stress distribution is extremely uneven
in the DAZ, and the stress around the borides is
relatively lower, which can explain why the disloca-
tion density there is always lower. However, when
the borides break, the stress around the BIC increases
instantaneously, which is higher than that of the BM
(Fig. 19b and d). Therefore, the three types of inter-
action between the dislocation and ¥’ could happen
simultaneously at medium and low temperatures
(Figs. 7, 8, 9 and 10). However, at high temperature,
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<«Figure 19 Finite element analysis of the stress field of the TLP
joint under tensile stress. a~d Low temperature; a~d High
temperature; a, ¢, e, and f illustrate the perfect joints; b, d, f, and
h illustrate the joints with the BICs; ¢, d, g, and h are the partial
enlarged images of a, b, e, and f, respectively.

the stress distribution becomes more uniform
(Fig. 19f and h), so the deformation mechanism
should be much closer to the BM.

Temperature dependence of fracture
mechanism and fracture path

This study presents a temperature dependence of the
fracture mechanism. At RT, the fracture occurs at the
BM, so we only discuss the fracture mechanism at
600 °C~1000 °C. As the results indicate the fracture
occurs at DAZ from 600 °C to 900 °C, and many BICs
can be observed (Fig. 13), together with the fracture
morphologies (Fig. 16), it can be judged the coales-
cence of the BICs leads to the fracture of the joint at
this temperature range. At 1000 °C, more deforma-
tion has occurred in the DAZ, the movement of dis-
locations at the sub-grain boundaries and the 7y
phases would be hindered, which leads to the cracks
at the sub-grain boundaries. Simultaneously, the
hindered dislocations can also move by climbing,
leaving some vacancy defects on the boundary. The
accumulation of some vacancies forms the micro-
hole. Therefore, the fracture mechanism belongs to
the coalescence of the micro-holes and the SB-in-
duced cracks.

This study also presents a temperature dependence
of the location of the fracture path, which shifts from
BM to ISZ as the deformation temperature increases
(Figs. 13 and 15). In the tensile tests of welding
specimens, fracture at the BM in the low-temperature
regime is not an unusual phenomenon, simply
because of utilizing the filler metal with higher
strength. This proves the prepared TLP joint can get a
higher strength than the BM at RT.

In the temperature range of 600 °C~900 °C, we
found a regular temperature dependence of the
fracture location (see Fig. 14a). Such behavior should
be determined by the uneven internal structure of the
DAZ. According to Fig. 18, the stress on the boride is
much higher than the matrix, and the stress is higher
near the DAZ/BM interface. Therefore, the borides
near the interface are preferred to break, which is
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consistent with the in situ observation of the BIC [40].
According to Ref. [40], the BICs diffuse to the ISZ
direction in the loading process, where the content of
boride is higher. Thus, the diffusion can increase the
coalescence possibility of the BICs because the bor-
ides become closer to each other in the diffusion
direction. As the crack propagation is related to the
toughness of the matrix, the lower the toughness of
the matrix, the easier the cracks are connected.
Therefore, when the toughness of the matrix is low, it
does not need a large crack-extension distance for the
BICs to connect, which means the fracture would
occur at the position where the content of boride is
relatively larger and vice versa. As the abnormal
yield behavior happens at 800 °C, the toughness of
the matrix at this temperature should be lower. The
statistic result of the CODs (Fig. 13b) can further
prove this view, which is an indicator of the tough-
ness [28]. Thus, it is easier to understand that the
relative position of the fracture path first increases
and then decreases from 600 °C~900 °C (Fig. 13a).

At 1000 °C, the strength of the matrix decreases
again, the propagation of BICs requires higher
energy, which is why the tips of the BICs become
blunt (Fig. 14d). Therefore, although the loading
induces many BICs, they do not lead to the fracture of
the joint. By contrast, most sub-grain boundaries are
vertical to the loading direction, inducing some large-
scale cracks. Thus, it can be speculated that the cracks
growth rate in ISZ exceeds that in DAZ, making the
fracture path locates at ISZ.

The present study indicates that the DAZ precipi-
tates can lead to the low-medium temperature brittle-
ness of the TLP joint, which can affect the tensile
property at a relatively large temperature range. To
further improve the mechanical property, application
of a proper PBHT to dissolve the boride phases in DAZ
is necessary, and some reverent studies successfully
achieved an ideal joint by using the PBHT [41-43],

Conclusion

1. Atlow temperature, the deformation of the TLP joint
is heterogeneous. The deformation mechanism is
mainly dislocation shearing the y'. As deformation
temperature increases, the deformation is gradually
transferred from the BM to the joint, and the defor-
mation becomes uniform. The deformation mecha-
nism gradually transfers to Orowan bypassing
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mechanism. The difference of deformation mecha-
nism in each region of the joint is the competition
result of various energies.

2. The DAZ boride can strengthen the joint at low
temperature, but it induces cracks at medium
temperature, which leads to the brittle fracture.
The fracture position changes from BM to DAZ,
and finally to ISZ with the increase in deforma-
tion temperature.

3. Dissolving the secondary-y' in the bonding area is
the essence of being a weaker TLP joint at high
temperature. More y'-forming elements are sug-
gested to add to the filler alloy to increase the
volume fraction of the joint, which can increase
its intrinsic strength. Besides, sub-grains in the
TLP joint should be reduced as low as possible,
which can greatly reduce the high-temperature
properties of a TLP joint.
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