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Compared with contact heating or environmental heating in high-temperature test, electric heating has the
advantage that it can realize in-situ high-temperature heating in SEM. Especially, it can simplify the heating
and loading equipment and clearly obtain surface microstructure information of small scale specimens.
However, due to the positive feedback characteristic of Joule thermal effect and other electro-induced ef-
fects in materials, such as the influence of electromigration and electric field on dislocation motion, etc. the
effectiveness of high temperature mechanical properties of materials obtained under electric heating needs
further study. In this paper, the tensile properties of nickel-based single crystal superalloy at room tem-
perature to 950 °C were conducted using by electric heating and contact heating modes. The results show
that when the heating temperature is below 600 °C, the fracture mode and dislocation evolution of nickel
base single crystal superalloy do not change significantly under two heating modes; When the heating
temperature exceeds 600 °C, the macroscopic mechanical properties change gradually, but the elastic
modulus has no obvious difference. Through the distribution of two-phase elements, it is found that the
relevant differences are mainly related to element migration. In addition to the thermal effect caused by
electric current, the athermal effect promotes dislocation movement and element migration, which leads to
the increasing difference of mechanical properties at high temperature under the two heating modes. These
results show that at the temperature exceeds 600 °C, the electric heating method is no longer suitable for
studying the high-temperature mechanical properties of nickel-based single crystal superalloy.

© 2023 Elsevier B.V. All rights reserved.
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1. Introduction recently, in-situ small-scale experimental technology was developed

to observe the microstructure evolution (voids, slip lines, and dis-

Increasing temperature at the inlet and outlet of a gas turbine can
improve its work efficiency, and corresponds to stringent require-
ments for the service temperature of blade materials. Nickel-based
single crystal (NBSC) superalloy is widely used for gas turbine blades
because of its excellent high-temperature (>800 °C) mechanical
properties [1]. Therefore, in order to better study its high-tempera-
ture mechanical properties, researchers have carried out a lot of
experimental studies, such as tensile [2,3], creep and fatigue [4-6].
However, it is difficult to establish a physical-based constitutive
model due to the lack of microstructure evolution information in
macroscopic high-temperature mechanical properties testing. More
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locations) in real time in the optical microscopy [7], scanning elec-
tron microscopy (SEM) [8,9] and transmission electron microscopy
(TEM]) [10]. However, in the microscopic environment, how to rea-
lize the small-scale heating and ensure that the microstructure
characteristics are clearly observed is still the bottleneck restricting
the in-situ high-temperature experimental test of NBSC superalloy.

For a long time, researchers have used macro-scale experiments
to evaluate the high-temperature mechanical properties of NSBC
superalloys, and obtained some consensus [11-15]: (1) the yield
stress does not substantially change with increasing temperature in
the low-temperature region (room temperature to 600 °C); (2) in the
medium-temperature region (600-800 °C), the yield stress increases
(which is the abnormal behavior) with increasing temperature; and
(3) in the high-temperature region (>800 °C), the yield stress de-
creases rapidly with increasing temperature. Meanwhile, the
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subsequent fractography analysis shows that a/2 < 110 > disloca-
tions cut into the y’ phase by adopting two modes: dislocation pair
coupling antiphase boundary (APB), and dislocation in the form of
stacking faults (SFs) that shear the y’ phase in the low- and medium-
temperature region [13,14]. In the medium- and high-temperature
regions, the deformation mechanism is mainly dislocation that by-
passes the y’ phase [15]. Obviously, these macro-scale experiments
cannot record the information of small crack propagation, plastic
slip, dislocation evolution and other processes, which leads to a lack
of in-depth and comprehensive understanding about the deforma-
tion failure prediction of NBSC superalloys. Although, the re-
searchers also carried out some in-situ small-scale studies on the
mechanical properties of NBSC superalloys at the low temperature
environment, and established small crack propagation models [16]
and constitutive models including plastic slip and dislocation evo-
lution based on the information of microstructure evolution [17].
However, whether these microstructure-related models are suitable
for high-temperature deformation and life prediction of NSBC su-
peralloys is lack of verification. The main reason is that in the mi-
croscopic environment, when the heating temperature exceeds
700°C [18], such as irradiation heating in SEM cavity, the micro-
scopic imaging will deteriorate. It has been pointed out that the
surface deformation information of NBSC superalloys can not be
obtained in high-temperature environment, because the tempera-
ture of irradiation heating source is much higher than the speci-
men'’s temperature, and its number of hot electrons are far more
than the secondary electrons on the specimen surface [19]. In order
to improve the imaging quality of high-temperature testing en-
vironment, electric heating is introduced into SEM to directly heat
small-scale specimens. In our previous research, we found that
electric heating can achieve an in-situ heating temperature up to
1400 °C in SEM, and obtain clear images of the specimen surface
[20]. Thus, it is suitable for heating small-scale specimens and will
be widely used in SEM and TEM [10,20]. However, the effectiveness
of electric heating for studying the high-temperature mechanical
properties of NBSC superalloys still needs further evaluation.

In fact, as a heating method of nickel-based superalloys, electric
heating has also attracted the attention of researchers. Liu et al. used
a Gleeble-1500 thermal simulation machine to study the mechanical
properties of a K403 nickel-based superalloy at 850-1000 °C [21].
With increasing temperature, the peak stress and yield stress de-
creased, whereas the elongation increased. They also found that the
fracture characteristics changed from quasi-brittle cleavage fracture
to inter-granular fracture with increasing temperature, and the dis-
location density decreased with increasing temperature. Zhang [22]
and Patrick [23] comparatively studied the electric-current-assisted
and pure thermal tensile behavior of nickel-based superalloys, and
pointed that its macro- and micro-behaviors were different for two
heating modes due to local Joule heating effect. Different initial
structures of the superalloy will also lead to different decreasing
proportions of the yield stress for the Inconel 718 alloy [24]. By
studying the microstructure evolution characteristics of cold-de-
formed nickel-based superalloys, Han et al. found that at a high
current density, some parallel dislocation morphologies were evi-
dent along the electric current direction [25]. The dislocation con-
figuration is consistent with the results observed by Zhang et al. [22].
They explained that the electric current reduced the activation en-
ergy of dislocation motion and facilitated its motion [22,25]. Ob-
viously, the high-temperature mechanical properties and dislocation
microstructure deformation behavior under electric heating are
different from those under pure thermal heating, such as contact
heating. It mainly gives rise to the athermal effect in materials [26],
which causes uncertainty in evaluating the high-temperature me-
chanical properties of NBSC superalloys. However, due to the irre-
placeable advantages of electric heating in small-scale high-
temperature mechanical testing, it is necessary to systematically
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understand the reliability of electric heating in studying the me-
chanical properties and micro-mechanism of NBSC superalloys at
different temperatures.

In this work, in-situ tensile tests of a NBSC superalloy were car-
ried out from room temperature to 950 °C by contact and electric
heating. First, we compared and analyzed the elastic modulus, yield
stress, fracture strength, fracture mode, and microstructure evolu-
tion of the NBSC superalloy at various temperatures. Second, By
analyzing the dislocation mechansisms, the dependence of yield
stress on the temperature under the two heating mode was quan-
titatively explained. Finally, to understand the difference between
the above two headting modes, we particularly analyzed the al-
thermal and local Joule heating effects on the mechanical properties
of a NBSC superalloy under electric heating, and gave the reliable
temperature range (the local high-temperature effect induced by
electrical heating and other degradation effects of electro-induced
mechanical properties were ignored) of the NBSC superalloy by
electric heating. This work provides an experimental basis for fur-
ther applications of electric heating to studies of dislocation move-
ment under in-situ TEM.

2. Experimental procedures
2.1. Material and composition characterization

The alloy material used in the experiments was a first-generation
NBSC superalloy which was mainly used for high-pressure turbine
blades of large gas turbines. Its nominal composition was summar-
ized in Table 1. The specimen was cut directly from the bulk mate-
rial. To clearly understand the typical microstructure characteristics
of the superalloy, its surface was corroded in a reagent of 4 g CuSO,
+20mL HCI +2 mLH,SO4 +20 mL H,0 for 30 s at room temperature.
Fig. 1(a) indicated that the ordered L1, structured gamma prime (y’)
phase was evenly embedded into the disordered face-centered cubic
gamma phase (y) and a small quantity of coarse eutectic (y’+y) was
also contained in the NBSC superalloy. The chemical compositions in
the y’ and y phase were analyzed by the Energy Disperse Spector-
scopy (EDS) in Fig. 1(b). Table 2 showes the original two-phase
elemental contents. The y’ phase was rich in Al, Ti, and Ta elements,
which participated in the precipitation strengthening of the NBSC
superalloy. The y phase contained more Cr, Co, and Mo elements, and
mainly participated in the solid solution strengthening [27].

2.2. Specimen preparation and experimental equipment

The test pieces were fabricated by electrical discharge machining
into a dog-bone shape (0.5 mm thickness; in the Fig. 2). The tensile
direction of the specimens was the [001] crystal orientation, and the
secondary direction was the [010] orientation. To reduce machining
burr and obtain clear surface images, the specimens were me-
chanically polished with coarse and fine SiC sandpaper until there
were no obvious scratches on their front and side surfaces under an
optical microscope. Finally, ultrasonic cleaning was carried out in an
alcoholic solution.

An in-situ SEM high-temperature platform (SS-550, Shimadzu,
Japan) was used, as shown in Fig. 3(a). To study the tensile me-
chanical properties of the NBSC superalloys over a wide temperature
range, a heating device previously reported by the authors was also
used [20], as shown in Fig. 3(b). Contact and electric heating were
used to carry out the tensile tests of the NBSC superalloy under SEM.

Table 1

The nominal composition of the material (wt%).
Element  Ni Al Ti Ta Cr Co Mo W C
Content Balance 3.6 41 50 122 90 19 38 007
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—— 500 nm

Fig. 1. (a) Microstructure of the y’ and y phase of the NBSC superalloy, (b) EDS mapping of various chemical compositions.

Table 2

Mass percent chemical compositions in the y” and y phases (wt%).
Element  Ni Al Ti Ta Cr Co Mo w
y phase 6933 599 654 631 2.94 569 051 2.66
yphase 5132 216 117 1.08  23.01 1257 378 4.89

The experiments were conducted at room temperature, 600 °C,
800°C, 950°C, respectively. The displacement loading rate was
0.001 mmy/s. Each specimen was stretched to break.

The temperature consistency of the test specimen by contact
heating had been evaluated elsewhere [19]. In addition, to illustrate
the temperature distribution in the measurement area of the spe-
cimen under electric heating, thermal-electric coupling finite-ele-
ment simulations were performed. A finite-element model was
established in accordance with the size of the specimen. The simu-
lation parameters were from the experimental data of a NBSC su-
peralloy as reported [28,29]. Fig. 3(c) shows the temperature
distribution in the intercepted section of the test specimen and the
error between the center and both ends was less than 5%, which
satisfies the experimental requirements.

2.3. Post-test characterization

To compare the tensile fracture characteristics of the NBSC su-
peralloy at various temperatures under the two heating modes, the
fracture morphology of each failed specimen was observed by field-
emission, high-resolution SEM (Quanta 450, FEI, America). The dis-
location structures of the failed specimens were characterized by
TEM. The preparation method of TEM thin foils has been described in
detail [30]. The dislocation structures under the two heating
methods were characterized by bright field imaging by JEM-2100 F
field-emission TEM. Because of the influence of elemental diffusion
under the two heating modes, TEM-EDS was used to analyze the
elemental distribution of the y and y’ phases before and after the
experiments. There were more than three test positions for each
phase to ensure the consistency of the test results.

[010]

3. Experimental results
3.1. Tensile mechanical properties under contact and electric heating

Fig. 4(a) shows the tensile engineering stress—strain curves ob-
tained under the two heating methods at various temperatures for
the NBSC superalloy. The solid and dash lines represent contact and
electric heating, respectively. First, for contact heating, when the
stress exceeded the yield point from room temperature to 800 °C,
the sample exhibited strain hardening until the final fracture of the
materials. When the temperature was more than 800 °C, the sample
mainly exhibited strain softening. However, for the stress—strain
curve at 600 °C under electric heating, the sample exhibited strain
hardening during the entire tensile process. The slope was slightly
less than that under contact heating, which indicated that there was
a gradual work hardening effect under electric heating. When the
temperature was more than 700 °C, strain hardening occurred first
and then strain softening occurred after the yield point. Subse-
quently, as the temperature increased from 700 °C to 950 °C, the
softening behavior was more pronounced and much lower than that
of this material at the same temperature by contact heating.

Fig. 4(b)-(d) show the elastic modulus, yield stress, and fracture
strength of the NBSC superalloy at various temperatures from the
engineering stress-strain curves. The elastic modulus gradually de-
creased with increasing temperature; the downtrend was more
substantial when the temperature was greater than 600 °C, as shown
in Fig. 4(b). Researchers have reported this phenomenon in DD11
and CMSX-4 superalloys and found that the main reason was from
partial dissolution of the y’ phase [31,32]. There were no obvious
differences in the experimental results of the elastic modulus under
the two heating modes. Thus, in the elastic stage, the effect of the
electric current on the mechanical properties was mainly attribu-
table to the Joule heat effect. Yield stress is one of the most pertinent
parameters in applications of nickel-based superalloys. Regarding
contact heating, the yield stress decreased slightly from room tem-
perature to 700 °C; but increased from 700°C to 800 °C, and de-
creased sharply when the temperature was greater than 800 °C, as

2 100
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Fig. 2. Geometry and crystallographic orientation of the tensile specimen (units: m
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Fig. 3. (a) In-situ SEM fatigue equipment, (b) custom-built heating platform by contact and electric current heating, (c) temperature distribution in the intercepted section of the

test specimen.

shown in Fig. 4(c). This abnormal phenomenon was similar to most
nickel-based superalloys [12], which corresponded to the L1, crystal
structure of the y’ phase (discussed in detail in Section 4.1). How-
ever, the yield stress under electric heating was similar with that
under contact heating from room temperature to 700 °C. When the
temperature was greater than 700 °C, the yield stress decreased
substantially with increasing temperature, and there was no ab-
normal behavior between 700 °C and 800 °C. In conclusion, when
the temperature was greater than 700 °C, the yield stress of the NBSC
superalloy depended on the heating method. Fig. 4(d) shows the
fracture strength curves with increasing temperature under the two
heating modes. For contact heating, the fracture strength hardly
changed with temperature from room temperature to 700 °C.
However, when the temperature was greater than 700 °C, the frac-
ture strength decreased substantially. For electric heating, the frac-
ture strength decreased continuously and rapidly with increasing
temperature, and the downward trend was much greater than that
of contact heating. Similarly to the dependence of the yield stress on
the heating method, the dependence of the fracture strength was
more significant.

3.2. Fracture analysis and characterization

The experimental results in Section 3.1 indicated that the heating
mode had little effect on the elastic modulus in the elastic stage, but
had an adverse effect on the yield stress and fracture strength in the
plastic stage. Here, the similarities and differences of the fracture

morphologies of the specimens were analyzed under the two
heating methods. A large number of studies had shown that the
fracture modes of NBSC superalloys usually included crystal-
lographic fracture and non-crystallographic fracture [16,19]. Crys-
tallographic fracture was usually along the octahedral slip plane at
low and medium temperatures, which was a type of cleavage frac-
ture. However, the path of non-crystallographic fracture did not
follow the crystallographic slip surface in the high-temperature
region.

Fig. 5 shows the fracture morphologies and specimen surface
near fracture under the two heating modes. The fracture surface was
along the different slip planes of octahedral slip system, and the slip
planes and their indices had been shown in the sketch of the
Fig. 5(a), (b), and (d). The high-resolution insets of fracture surface
indicated that the fracture surfaces were relatively plain, which was
a cleavage fracture along octahedral slip planes. In addition, there
were a large number of slip lines on the specimen surface. These slip
lines also meant that the potential cracking of NBSC superalloys was
along the octahedral slip surface. Therefore, the NBSC superalloys
showed crystallographic fracture mode when heated to 800 °C by
contact heating and 600 °C by electrical heating. However, Fig. 5(c)
displays that the fracture path of the NBSC superalloy was not along
the octahedral slip surface at the 950 °C under the contact heating.
The inset indicated that the fracture surface contained some shallow
dimples, and some microvoids were evident on the specimen surface
near the fracture path. Therefore, NBSC superalloys could be con-
firmed as non-crystallographic mode by fracture surface and path.
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Fig. 4. Comparison of tensile mechanical properties of NBSC superalloy under contact and electrical heating: (a) engineering stress-strain curves (soild line: contact heating, dash

line: electric heating); (b) elastic modulus; (c) yield stress; (d) fracture strength.

The fracture mode changed with temperature, which was consistent
with the literature [12].

Fig. 5(e)-(f) give fracture morphologies and specimen surface
near fracture under electric heating at 800 °C and 950 °C. Compared
with the fracture surfaces at 600 °C, the Fig. 5(e)-(f) do not show
cleavage cracking along the octahedral slip planes. It could be seen
that the fracture surfaces were like a rugged ridge, but the surfaces
were very smooth and exhibited a metallic luster. In addition, there
were a large number of microcracks and micropores on the spe-
cimen surface near the fracture path in the insets of Fig. 5(e)-(f). The
width of specimen surface near the fracture decreased, which could
prove that the NBSC superalloys had the significant necking phe-
nomenon at 800 °C and 950 °C. Holes, cracks and necking would
reduce the effective cross-sectional area of the specimen and in-
crease the current density on the cross-section. The high electric
current density caused the local temperature to rise and the strength
of materials to decrease. When the temperature reached the melting
point in local area, the NBSC superalloys would melt. Under the
action of external load, the specimens finally fractured. At this time,
the joule heat effect disappears. Because the electric heating was a
self-heating method, the deformation and fracture of the specimen
affected the heating effect. So, its morphology at high temperature
was different from that of contact heating at 950 °C.

3.3. Dislocation microstructure at various temperatures

Numerous studies had shown that the generation and evolution
of dislocations in NBSC superalloys differed at different tempera-
tures [2,33], resulting in different macroscopic high-temperature
mechanical properties, as shown in Fig. 4. In the present experi-
ments, the dislocation microstructures of the failed specimens at

various temperatures are shown in Fig. 6, using zone axis =[1,0,0].
Regarding contact heating, at the 600 °C, the specimen was mainly
manifested as two a/2 < 011 > dislocation pair coupling APB that cut
the y’ phase. Eq. (1) shows the dislocation reaction mechanism
[14,31]. There were also some dislocation entanglements that hin-
dered the continuous movement of dislocations in the y phase. At
the 800 °C, there was no dislocation pair coupling APB that cut the y’
phase and some dislocations moved and bowed out in the y channel
in Fig. 6(b). Moreover, the main manifestation in the y’ phase was
that the dislocations cut the y’ phase in the form of SFs. Eq. (2) shows
the dislocation reaction mechanism [14,31]. In addition, parallel
dislocations were evident in some of the y’ phase. When the tem-
perature reached 950 °C, the quantity of SFs in the y’ phase de-
creased, and dislocation loops and dislocation cross-slip phenomena
were also evident in Fig. 6(c). The dislocation climbing corresponds
to the relatively high temperature, which was also one of the main
means of dislocation movement in NBSC superalloy at this tem-
perature [2,3,11].

a2 <011 > +a/2 <011 > - a/2 <011 > + APB + a/2 < 011 >
in y (1)
al2 <011 >-a/3<121 > +al/6 < 112> + SF in y’ (2)

However, compared with the dislocation morphologies under
contact heating at the same temperature, the dislocation motion
characteristics under electrical heating were quite different [22,34].
Fig. 6(d)-(f) show the dislocation morphologies of the failed speci-
mens under a direct current power supply with feedback is used to
heat the specimens. At the 600 °C, the dislocation pair coupling APB
that cuts the y’ phase remains dominant in Fig. 6(d). There was
dislocation entanglement in the y channel, which was similar to the
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Fig. 5. Fracture morphologies and specimen surface near fracture at (a) 600 °C, (b) 800 °C, (c) 950 °C under contact heating; and (d) 600 °C, (e) 800 °C, (f) 950 °C under electric
heating.
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Fig. 6. Dislocation microstructure morphologies under contact heating at the following temperatures: (a) 600 °C, (b) 800 °C, (c) 950 °C; under electric heating at the following
temperatures: (d) 600 °C, (e) 800 °C, (f) 950 °C.
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deformation mechanism in Fig. 6(a). Moreover, the dislocation
density was slightly lower than that in the Fig. 6(a). At 800 °C,
compared with the morphology of y’ phase in the Fig. 6(b), the rapid
dissolution of the y’ phase led to its evolution from a cubic to
spherical shape, but the size did not decrease substantially. The
rounding phenomenon of solidified structure for nickel base super-
alloys under the direct current had been reported in other studies
[35]. The dislocations were mainly manifested as cross-slip move-
ment within the y channel and cut the y’ phase in the form of SFs,
but its density was much lower than that in Fig. 6(b). When the
temperature was further heated to 950 °C, the y’ phase dissolved
substantially and its shape was tens of nanometers and spherical or
ellipsoidal shape. Dislocation networks formed in the undissolved
parts of the y’ phases, which hindered further movement of the
dislocation lines.

By comparing the dislocation morphologies under the two
heating methods, one could conclude that the difference in the
dislocation evolution gradually increased with increasing tempera-
ture. Moreover, under electric heating, the dissolution rate of the y’
phase is substantially improved. The additional effect of the electric
current on the dislocation movement cannot be ignored at medium
and high temperatures for the NBSC superalloys, which will be
discussed in detail in Section 4.2.

3.4. Elemental analysis

In accordance with the changes in the elastic modulus in Section
3.1 and the morphology of the y’ phase in Section 3.3, one could
hypothesize that the y’ phase might have mostly dissolved at high
temperature. Particularly, the change of the y’ phase at 800 °C and
950 °C was more obvious under electric heating. The morphology
change of the y’ phase corresponded to the migration and diffusion
of the elements. For NBSC superalloy, rafting of the y’ phase often
occurred in the second stage of high-temperature creep, which was
mainly because of the directional diffusion of the elements [36]. The
applied stress and the lattice misfit between the two phases con-
trolled the directional diffusion [37]. The diffusion rate corresponded
to the absolute temperature T and the effective activation energy Q,
which could be characterized by

Q
D = Dgexp|—-—=
’ ( ’<T) 3)

where Dy is the pre-exponential coefficient. In general, as the tem-
perature increased, the diffusion rate of the element gradually in-
creased. The mole fraction of the composition in the failed specimen
depended on its diffusion rate and exposure time. However, because
of its short exposure time at high temperature for tensile testing, the
size change of the y’ phase was not obvious under contact heating.
The elemental maps in Fig. 7(a)-(c) indicate that the intensity of the
element content of the y’ phase was substantially reduced. In addi-
tion, the contents of Al, Ti, and Ta in the y and y’ phase are quanti-
tatively characterized by TEM-EDS [Fig. 7(d)-(f)]. Under contact
heating, the contents of Al, Ti and Ta element in the y phase in-
creased with increasing temperature. However, there was no ob-
vious reduction in the y’ phase. Under electric heating in the
Fig. 7(a)-(c)], the shape of y’ phase gradually changed from cubic to
spherical with increasing temperature, and finally became small-
diameter spheres or strips when the temperature reached 950 °C.
Thus, the elemental diffusion rate under electric heating was greater
than that under contact heating. The mole fractions of Al, Ti, and Ta
in the y phase under electric heating were much higher than those
under contact heating at 800 °C and 950 °C in Fig. 7(d)-~(f).

For the NBSC superalloy, Cr and Co were mainly concentrated in
the y phase and element distribution of specimen after failure was
characterized by TEM-EDS. Fig. 8 displays that the elemental
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contents in the two phases had barely changed from room tem-
perature to 600 °C. However, the content of Cr and Co in the y phase
decreased substantially at 800 °C and 950 °C, and their reduction
ratio under electric heating was far greater than that of contact
heating at the same temperature. Although the Cr and Co elements
diffused from the y phase into the y’ phase, it did not cause a sig-
nificant increase in the fraction of y’ phase, which was shown by the
blue line in the Fig. 8(d)-(e). The reason was that the volume fraction
of y' phase of NBSC superalloy was higher than that of y phase [38],
so the total amount of Cr and Co diffusion during high-temperature
tensile process was not enough to cause a significant increase of
fraction in y’ phase. For the Ni element in the two phases, it also
diffused from the y’ phase to the y phase under both heating modes.
This was mainly because the content of Ni element in the y’ phase
was higher than that in the y phase at initial state, as shown in
Table 2. It could be seen from Fig. 8(c) that the two-phase structure
could not be clearly distinguished by the EDS intensity distribution
of Ni element at the 950 °C under contact heating, and it could not
also be distinguished at both 800°C and 950°C under electric
heating. It could be inferred that in addition to the stress and
thermal effect, the athermal effect of electric current also played an
important role in the element diffusion rate.

4. Analysis and discussion
4.1. Dislocation mechanisms of yield behavior under two heating modes

From Fig. 4(c) in Section 3.1, it could be seen that with the in-
crease of temperature, the yield stress under the two heating modes
was significantly different. For contact heating, the yield stress in-
creased significantly at 800°C; However, for electric heating, the
yield stress continued to decrease, and the degree of decline was
greater than that of contact heating. Combined with the dislocation
morphology in Section 3.3, the deformation mechanism of yield
behavior under two heating modes would be discussed in detail in
this section.

The yield behavior of materials was closely related to the initial
movement behavior of dislocations. For the NBSC superalloys, the
minimum resolved shear stress, 7, could be used to characterize the
critical value of preferential dislocation movement. Based on the
dislocation movement types at different temperatures given in
Section 3.3, the variations curve between the 7 and temperatures
were calculated and plotted in Fig. 9. The detailed calculation pro-
cess is shown in Appendix A. In the low-temperature region, the
resolved shear stress zc, was the smallest, so dislocation pair cou-
pling APB that cut the y’ phase controlled the behavior of the yield
stress of the superalloy, which was consistent with the dominant
dislocation morphology. In the high-temperature region, zc, was
much lower than the other resolved shear stresses, and decreased
with increasing temperature. Thus, the yield stress in the high-
temperature region decreased substantially and continuously with
temperatures. In the medium-temperature region, =g was less than
7apg, Which caused that a large number of SFs were evident in
Fig. 6(b). Nevertheless, due to the L1, crystal structure of y’ phase,
some strengthening mechanisms appeared in the middle-tempera-
ture region, which resulted in an abnormal increase of yield stress.
Because of the formation of the KW lock, the cross-slip dislocation
did not readily move further [15,39]. As a result, the resolved shear
stress 7w increased with the temperature in the middle-tempera-
ture region which was shown in Fig. 9. In addition, another
strengthening mechanism also appeared in the present experiments,
which had been reported by the authors [2]. A dislocation reaction
occurred between the stacking faults I and II, as shown in Fig. 10. If
two slip planes {111} intersect, a dislocation reaction might occur at
the intersection line when two different a/3 < 121 > dislocations
meet at the line. A fixed plane-cross dislocation configuration
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formed, termed a quasi Lomer-Cottrell lock [Fig. 10(b)]. If two a/
3 < 121 > dislocations did not meet or glide on two parallel {111}
slip planes, the dislocations were not pertinent to strengthening
[Fig. 10(c)].

Under the electric heating, the NBSC superalloy did not exhibit
the abnormal behavior of the yield stress in the medium-tempera-
ture region. Obviously, this result was related to the heating mode of
electric current [22,25]. By comparing Figs. 6(b) and 6(e), the phe-
nomenon of an a/2 < 110 > dislocation that cuts the y’ phase in the
form of SFs was substantially reduced and the fixed plane-cross
dislocation configuration almost disappeared at 800 °C. The un-
locking stress of the KW lock also was reduced due to the athermal
effect of the electric current. Previous study had confirmed that an
electron wind force drives electrons in a manner that facilitates
collision with the dislocation, and in so doing reduce the unlocking
external stress of the KW lock [40]. All in all, the gradual fading of

two dislocation strengthening mechanisms led to the disappearance
of abnormal behavior yield of stress in the medium-temperature
region under electric heating.

Furthermore, with increasing temperature under electric heating
(also termed the current density), the yield stress and fracture
strength tended to decrease more substantially compared with the
same temperature under contact heating, as shown in Figs. 4(d) and
4(e). When one applied electric current to heat the specimen NBSC
superalloy, the electronic wind force would promote the dislocation
slip, which reduced the external force that was required for dis-
location activation and movement. Under the action of an electric
current, the external force that was required for dislocation move-
ment per unit length F/L is [40,41].

F _2Gb i
7= Texp(—Z;ra/Kb) — abPxjle
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where a is 0.33, K is a constant, a is the interatomic spacing, e is the
electron charge, and Pr is the Fermi momentum. Eq. (4) indicated
that the external force required for dislocation movement decreased
substantially with increasing current density j. When the specimen
was heated to the nominal high-temperature region by an electric
current, higher current density, j, would lead to dislocation climb
more easily, which was also closely related to the diffusion of ele-
ments (refer to Section 4.2.1 for details).

4.2. Electric effect analysis

4.2.1. Composition diffusion analysis

Section 3.4 revealed that the atomic diffusion increased gradually
with increasing the temperature. In the high-temperature region,
the diffusion rate under electric heating was higher than that under
contact heating. The essence of element diffusion is the migration
behavior of atoms. The driving forces of atomic migration in alloys
mainly include the gradients in the atomic concentration, stress,
temperature, and the electronic wind force [42]. For contact heating,

the temperature distribution of the specimen was uniform after a
period of heating, so the driving force for the atomic migration
mainly originated from the gradients in the atomic concentration
and stress. The atomic concentration mainly related to the different
mole fractions of the two-phase elements in initial state, as shown in
Table 2. The stress gradient mainly pertains to the difference in the
thermal expansion coefficient between the two phases, the inclusion
and matrix at high temperature, the lattice misfit of the y/y’ inter-
face, and the external force. Furthermore, the higher the tempera-
ture, the more intense the atomic vibration, which will lead to a
greater driving force for atomic migration. Therefore, the diffusion
behaviour was enhanced with increasing temperature.

However, besides the driving forces under contact heating, the
temperature gradient and electronic wind force are also essential
under electric heating. For electric heating, the generation of tem-
perature could be related to joule heating. Previous studies had
shown that material resistance was affected by the electron scat-
tering in defects. For the defect-free lattice, scattering coefficient
was equal to zero [43]. For the deformed NBSC superalloys, a large
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number of dislocation defects would produce in critical areas, so the
scattering coefficient would not be zero, resulting in large resistance
in local areas. When the deformation was further increased, the
NBSC superalloys would slide along slip planes and form a lot of slip
bands, which would increase the electrical resistance at the slip
zone. Zhang et al. confirmed that the local joule heating effect led to
higher temperature in the specimen due to the local non-uniform
deformation [22]. In addition, casting holes, nonmetallic inclusions,
and microcracks of the tested specimens are also pertinent to tem-
perature localization (discussed in detail in Section 4.2.2). Therefore,
the temperature gradient in the specimen came from the generation
of local high temperature. The electron wind force is also one of the
reasons for facilitated atomic migration [44], which mainly origi-
nates from the momentum exchange between the nucleus and
electrons, and the influence of the Coulomb force. With the increase
of the current density, the electronic wind force increases, which
promotes the ability of elemental diffusion. On the whole, the dif-
fusion rate of electric heating was greater than that of contact
heating. And this trend increased with the increase of temperature.

The morphology of the y’ phase was affected by the elastic strain
energy and y'[y interface energy. The elastic strain energy mainly
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pertains to the lattice misfit between the two phases [45]. The lattice
misfit, &, is defined as:

5=2x [u]

a, +a, (5)
where a, and a,. are the lattice constants of the y and y’ phases,
respectively. In accordance with Vegard's law [1], the lattice con-
stants of the two phases can be expressed as a, = al + ¥, V/C/ and
a, =a) + ¥, V/'C/. V! andV}" are Vegard coefficients [46]. Thus, the
lattice parameters are pertinent to the mole fractions of the added
solutes. Combined with the mole fractions of the elements in the
failed specimen in Section 3.4, we could calculate the lattice misfit 8,
plotted in accordance with the temperature in Fig. 11. The lattice
misfit decreased gradually from 600 °C to 950 °C. The decreasing
trend was more substantial under electric heating, which indicates
that there was less elastic strain energy between the two phases in
the tensile process. When the size of the y’ phase was small and the
elastic strain energy was low, the morphology of the y’ phase would
be mainly controlled by the interfacial energy. In the process of
elemental diffusion, when the shape of the y’ phase remains sphe-
rical, this phase had the lowest interface energy [47,48]. Therefore, in
the process of electric heating, the y’ phase shape of the failed
specimen became spherical with increasing temperature.

Fig. 10. (a) Dislocation morphology at 800 °C. Schematics of the following: (b) dislocation gliding on two intersecting {111} planes, (c) dislocation slip on two parallel {111} planes.
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4.2.2. Effect of holes or nonmetallic inclusions on electric heating
Regarding contact heating, the size of the heat source was much
larger than the width of the specimen. Thus, the temperature of the
tested zone of the specimen was uniform. However, under electric
heating, the specimen undergone self-heating through the Joule
heating effect. The nonuniformity of materials in the casting process
might further cause a nonuniformity in the temperature distribution
and electric current density. Generally, the microstructure defects in
NBSC superalloy mainly include pores and nonmetallic inclusions
|Fig. 12(a)]. Because these two types of defects were nonconductive,
an electrical current did not pass through them. To characterize the
influence of defects on electric heating, finite-element analysis was
carried out by adopting a thermal-electric coupling model. The si-
mulation parameters were the same as those in Section 2.2. Gen-
erally, the size of the pores and nonmetallic inclusions ranged from a
few micronmeters to tens of micronmeters. Fig. 12(b) showed the
established finite-element model. The boundary condition was to
apply the voltage difference at both ends of the specimen, and the
element was DC3D8E-type. Fig. 12(c) shows the simulation results.
The electric current density on both sides of the defect along the
current direction was low, whereas it increased on both sides per-
pendicular to the current direction [Fig. 12(c)]. Fig. 12(d) showed the
current density variation along the direction of the vertical path. As
the distance from the defect increased in the vertical direction, the
electric current density gradually tended to the nominal current
density. In accordance with Joule theory [22,49], one can express the
temperature increase AT as AT = j2pV At/(mc), where p is the elec-
trical resistivity, V and m are the volume and mass of the conductive

1

part, and c is the specific heat capacity, respectively. Thus, the
temperature in this region was higher than in the nominal tem-
perature of the specimen. Therefore, under electric heating, the lo-
cally high temperature caused by Joule heating (induced by pores or
nonmetallic inclusions) was another factor that contributed to the
deterioration in the mechanical properties of the NBSC superalloy.

5. Conclusions

Combined with the self-designed contact and electric heating
methods, tensile experiments of a NBSC superalloy from room
temperature to 950 °C were conducted by an in-situ SEM high-
temperature platform. We demonstrated that the similarities and
differences of mechanical properties of NBSC superalloys under two
heating modes are closely related to its temperature. Based on the
present experimental results and theoretical analysis, the main
conclusions are as follows:

e The mechanical properties exhibit little difference under the
contact heating and the electric heating with temperature below
600 °C, while for temperature above 600 °C, the tensile mechan-
ical properties of the NBSC superalloy (such as the yield stress
and fracture strength) decrease more rapidly under the electric
heating. The fracture morphology, dislocation microstructure,
and composition distribution also support this finding.

e Under contact heating, the yield stress increases with increasing
temperature in the low- to high-temperature range, whereas the
abnormal behavior is found in the medium-temperature range,
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mainly controls by the KW lock and quasi-Lomer-Cottrell lock.
Based on the dominant dislocation deformation mechanism, a
correlation between the dislocation deformation and the critical
shear stress is characterized under different temperature.

Under electric heating, when the temperature exceeds 600 °C, the
tensile mechanical properties of the NBSC superalloy (such as the
yield stress and fracture strength) decreased rapidly, which is
mainly corresponds to the local Joule heat effect and athermal
effect of the current. The electric current acts on the dislocation
line, causing the dislocation to glide more easily.

With increasing temperature, the diffusion rate of the NBSC su-
peralloy increased gradually. In contact heating, the driving force
mainly originates from the gradients in the atomic concentration
and stress. In electric heating, the effects of temperature gradient
and electronic wind force are also included. The temperature
gradient mainly originates from the local Joule heat effect, mainly
caused by defects such as dislocations, holes, and nonmetallic
inclusions. Therefore, a relatively large driving force leads to its
strong diffusion in contrast to that of contact heating. In addition,
the y’ phase changes from cubic to spherical shape because of the
large diffusion rate under electric heating, which is mainly af-
fected by the lattice misfit.
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Appendix A. the minimum critical shear stress of five dislocation deformation mechanisms

Based on the experimental results of Section 3.3, the types of dislocation movement in the NBSC superalloy mainly included: dislocation
pair coupling APB that cut the y’ phase, dislocation cutting y’ phase in the form of SFs, dislocation bypassed the y’ phase in the form of bowing
and climbing. In addition, when dislocations moved in cross slip in the middle-temperature region, the formation of KW lock would hinder the
further movement of dislocations, so KW lock was also an important dislocation mechanism [39]. The minimum critical shear stress, 7 of five
dislocation deformation mechanisms were calculated:

The shear phenomenon of dislocation that cuts the y’ phase was given by [13].

Gbw 0.5 CfO.S ﬂdyAPB
=1.02 1 -1
e wd ( 2 ) wGh? (A1)

G2 -v) nb 2y
=J3|—-— 7" )
5 J_(lz(l ~)2d T 3D

The shear stress, 7, for dislocation bypass mechanism could express the Orowan stress [50] and dislocation climbing stress [51] by Eqs. (A3)
and (A4), respectively

(20
R =43 (A3)

oL = f1570p/2125 (A4)

where tpg, 5F, Tor, and 7¢; represented the minimal resolved shear stress required for the four dislocation mechanisms to occur, respectively. G
=51.7-75.3 GPa is the shear modulus of NBSC superalloy in the {111} direction, v = 0.32 is the Poisson's ratio, f = 80% is the volume fraction of
the y’ phase [38], d =340.12 nm is the average diameter of the y’ phase, h =52.00 nm is the average width of the y channel, b =0.25 nm is the
Burgers vector of the a/2 < 011 > dislocation. w and C are constants, usually w =2.8 and C =1 [52]. y,p5 and y; are the APB and SF energies,
respectively, which are measured experimentally. Ru et al. [53] had confirmed that the APB energy, y,p5, and the mole fraction of element i in
the y’ phase, C7 ", were linearly correlated, and given by

Yaps = 7oog + 137.6C, + 239.6CY, + 269.0CY;, + 270.5CY, + 235.3CY + 276.8C}, (A5)
where 33,5 = 182 mJ/m? is the APB energy of NisAl Kim et al. [54] estimated the SF energy by
Yo = 1"Ni(T)[1 +) Ciy'él})

(A6)

where I'y; (T) is the SF energy of Ni, and €/ is the mole fraction of element i in the y’ phase. 8I; are different constants for the different
elements and the specific values could be found in the lirerature [54]. Under contact heating, the Mole fraction of the y’ phase at various
temperatures was measured by TEM-EDS in Section 3.4.
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In addition, in the medium-temperature region, the resolved shear stress that is required for the unlocking of the KW lock are determined
by [55].

_gosl
ww = 8255 + 50 (A7)

where [ is the formation height of the KW lock. The height corresponded to the temperature [56]. At a specific temperature, one can de-
termine the average height I. by

lc=d. exp(_k—‘glc)

where d. =80b, W, =1.52x 1072 ], and k= 1.368 x 10723 J/K is the Boltzmann constant.

(A8)
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