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Abstract: As an important mechanical property, tensile behavior has been regarded as an indicator for
the creep and thermal mechanical fatigue properties of Ni-based superalloys. The tensile property of
Ni-based superalloys is closely related to the amount, size, and distribution of /-phase and carbides.
To further clarify the tensile deformation mechanism of the CM247LC alloy, this study investigated
its solidification characteristics and directionally-solidified and heat-treated microstructure. The
dependence of tensile properties on the varied temperature ranging between 650 and 950 °C is
discussed in detail. It was found that the deformation mechanism at 650 °C is dominated by the
shearing of dislocations into the 7/-precipitates to form the superlattice stacking faults. At 800 °C, the
K-W lock leads to the anomalous yield effects. At 950 °C, the deformation mechanism is dominated by
the dislocations bypassing the «/-precipiates. The results provide a comprehensive understanding of
the CM247LC alloy and are beneficial for the development of corrosion-resistant Ni-based superalloys.

Keywords: Ni-based superalloy; solidification characteristic; segregation; tensile properties

1. Introduction

CM247LC (low carbon) is derived from the conventional casting Mar-M 247 superal-
loy [1-4], which has been used in manufacturing the directionally solidified (DS) turbine
blades for power generation applications. By reducing the contents of Zr and Ti combined
with the control of Si and S in Mar-M247 alloy (Table 1), the grain boundary cracking during
directional solidification was effectively suppressed [1]. Additionally, the carbide stabil-
ity and intermediate temperature ductility were apparently improved for the CM247L.C
alloy [3]. According to the application condition of the DS turbine blades, the creep and
thermal mechanical fatigue (TMF) properties of the CM247LC alloy have been extensively
investigated in the past decades. However, it is worth noting that the tensile property is
also an important mechanical property of Ni-based superalloys, which can be used as an
indicator for the creep and TMF properties [5,6].

As is well known, the exceptional high-temperature mechanical properties of Ni-based
superalloys mainly derive from the strengthening effect of L1,-structured y’-precipitates
embedded in the y-matrix and the pinning effect of carbides on the grain boundaries [7-12].
It has been proven that the size, volume fraction, morphology, and distribution of y’-
precipitates and carbide has a strong influence on the tensile properties of Ni-based su-
peralloys [13-15]. For example, the extensive cracking of carbide was detected during a
tensile test of the DS CM247LC alloy at a lower temperature [16]. Zhang et al. [17] pointed
out that the anomalous yield strength with temperature was attributed to the shearing
of dislocation into y'-precipitates to form anti-phase boundary (APB). The microscopic
deformation mechanism, derived from the interactions between the gliding dislocations
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and y’-precipitates, depends on the temperature and heat-treated microstructural charac-
teristics. Consequently, a comprehensive understanding of the tensile behavior and the
internal deformation mechanism of the CM247LC alloy is still needed.

Table 1. Chemical compositions of the CM247LC and Mar-M247 alloys (wt.%) [1].

Alloys Cr Co Mo W Al Ti Ta  Hf C B Zr Ni

CM247LC 81 92 05 95 56 07 32 14 0.07 0015 0.015 Bal
Mar-M247 84 100 07 100 55 10 30 15 015 0015 005 Bal

In this study, the CM247LC alloy was directionally solidified in the Bridgman furnace.
The solidification characteristics, directionally-solidified and heat-treated microstructures,
and the tensile properties at varied temperatures were investigated. The aim of this work
was to reveal the microstructural characteristics of the CM247LC alloy and investigate
the dependence of tensile performance on temperature. Additionally, the deformation
mechanism with regard to the interaction between dislocation and y’-precipitate was
discussed in detail.

2. Experimental Procedures

The chemical compositions of the CM247LC and Mar-M247 alloys are listed in Table 1.
The master alloy of CM247LC was prepared by the vacuum induction furnace, and then
directionally solidified in a Bridgeman furnace described elsewhere [18]. The master
alloy rod, 14 mm in diameter and 80 mm in length, was cast with a withdrawal rate of
3 mm/min and an approximate thermal gradient of 50 °C/cm. Then, the directionally-
solidified samples were subjected to the following heat treatments: (1) 1232 °C/2 h +1257
°C/2 h, A.C. (air cooling) solution heat treatments; (2) 1080 °C/4 h, A.C. first aging
treatment; (3) 870 °C/20 h, A.C., secondary aging treatment. The characteristic phase
transformation temperature was measured by the differential scanning calorimetry (DSC,
NETZSCH STA 449F3) with the heating/cooling rate of 10 °C/min in a flowing stream of
Ar. Standard metallographic technique was applied for microstructural observation. The
polished specimen was etched with a solution consisting of HNO3, HF, and C3HgO3 (1:2:3),
and observed by optical microscopy (OM, OLYMPUS GX71/50), and scanning electron
microscopy (SEM, TESCAN-MIRA3). In addition, the constituent phases were characterized
using an X-Ray diffractometer (XRD, SHIMADZU XRD-7000) with the scanning rate of
3°/min.

The tensile specimens with the gauge section of 3 x 3 x 17 mm® were cut from the
directionally solidified specimen by electro-discharge machining (EDM), followed by heat
treatment. Tensile tests were conducted on a SUNS CMT 5105 mechanical testing machine
with the strain rate of 1 x 1073 s~1 at 650, 800, and 950 °C. Three samples were selected
for tensile testing to guarantee the reliability of testing results. To clarify the deformation
mechanism, the interrupted tensile test was carried out with the approximate engineering
plastic strain of 2~5%. The deformed specimen was observed by transmission electron
microscopy (TEM, FEI TECNAI G2 F20). A thin TEM foil perpendicular to the tensile
direction was prepared by twin-jet electropolishing in a solution of 10% (volume fraction)
HCIOy4 and 95% C,HsOH at —40 °C.

3

3. Results and Discussion
3.1. Solidification Characteristics and As-Cast Microstructure

The variation of the equilibrium volume fraction of the constituent phases with tem-
perature was calculated by the software JMatPro (Figure 1a). The y-phase firstly solidifies
from the melt as the primary phase, followed with the MC carbide at 1356 °C. With the
decreasing temperature, the strengthening y/-precipitate occurs at 1216 °C. Figure 1b shows
the DSC heating and cooling curves of the as-cast specimen. Three endothermic peaks
can be clearly observed on the DSC heating curve. The endothermic peaks at 1213, 1347,
and 1371 °C on the DSC heating curve should be related to the solution temperature of
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the 7/-precipitate, melting temperature of the MC carbide, and liquidus, respectively. The
freezing range, defined as the temperature range between the solidus and liquidus on
the DSC cooling curve, is approximately 67 °C, which has the good consistency with the
thermodynamic calculation results.
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Figure 1. Equilibrium phase diagram and DSC result of CM247LC alloy. (a) ]-MatPro calculation;
(b) DSC result.

Figure 2 exhibits the cross-sectional microstructure of the CM247LC alloy after direc-
tional solidification. The representative dendritic microstructure with the mean primary
dendrite arm spacing of ~165 um was obtained under the thermal gradient of ~50 °C/cm
and withdrawal rate of 50 um/s (Figure 2a). The dendritic core is composed of the L1;-
structured 7/-particles with near-cubic shape embedded in the disordered-FCC y-matrix
(Figure 2b). Meanwhile, the blocky carbides have a strong tendency to distribute in the
interdendritic region, and they are preliminarily judged as the MC carbides (Figure 2c).
The coarse '/ eutectics also distribute in the interdendritic region with lamellar shape
(Figure 2d). Moreover, the solute segregation in the as-cast microstructure was analyzed by
the segregation ratio (k), as expressed by:

k= Cpc/Cip 1)

where Cpc and Cip denote the chemical compositions of the dendritic core and interden-
dritic region, respectively. According to the definition of k, values of k greater or lesser than
unity indicate the segregation tendency of constituent elements to the dendritic core or to
the interdendritic region, respectively. As shown in Table 2, the 7/-forming elements, Ti,
Al, Ta, Hf, etc., partition to the interdendric region (k < 1), while W and Co preferentially
segregate to the dendrite core (k > 1). Due to the segregation of the /-forming elements
during solidification, the size of 7/-precipitates in the interdendritic region (Figure 2¢,d) is
apparently larger than that in the dendritic core (Figure 2b).

Figure 3 presents the TEM-EDS mapping and the selected electron diffraction (SAED)
pattern of the carbide. The SAED patterns definitely indicates that the blocky particle is
the MC carbide. Meanwhile, TEM-EDS mapping confirms that the MC carbide is enriched
in Ta, Hf, Zr, and Ti, and depleted in Ni, Cr, and B. The solidification temperature of
the MC carbide is about 15 °C lower than the liquidus. During directional solidification,
Ta, Hf, Ti, etc., segregate to the remaining liquid in the mushy zone, thus promoting the
formation of MC carbides. Due to the restriction of the primary dendric arms and the
complicated thermosolutal convection in the mushy zone, the MC carbide exhibits an
irregular morphology.
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Figure 2. SEM image of the directionally solidified microstructure. (a) Cross-sectional microstructure;
(b) '-precipitates in the dendritic core; (c) carbide; (d) eutectic in the interdendritic region.

Table 2. Chemical compositions at the dendritic core and interdendritic regions (wt.%), and the
corresponding segregation ratios.

Al Ti Cr Co Ni Mo Hf Ta w

Denderite core 324 042 9.84 1158 5691 0.40 0.29 149 104
Inter-dendrite 340 046 1032 10.60  59.36 0.54 0.83 1.55 846
Segregation ratios 095 091 0.95 1.09 0.96 0.74 0.35 09 123

3.2. Heat-Treated Microstructure

Figure 4 shows the carbide and dendritic core of the CM247LC alloy after solution and
two steps aging heat treatment. As shown in Figure 4a, the carbides still locate in the inter-
dendritic region but with the more homogeneous distribution and refined size, compared
with the counterpart in the as-cast specimen (Figure 2a). Table 3 shows the chemical com-
position of the carbide in directionally solidified and heat-treated specimens. According to
the SEM-EDS results, the carbide enriched with Ta and Hf is identified as an MC carbide.
Figure 4b—d exhibit the «/-precipitates in the dendritic core after solution and aging heat
treatments. In this investigation, a step-wise solution heat treatment up to 1257 °C was
applied to dissolve the coarse 7’/ eutectic and reduce the degree of dendritic segregation.
As shown in Figure 4a, the small /-particles (0.159 pm) with near-spherical morphology
distribute in the dendritic core, which can be attributed to the high nucleation driving force
of the supersaturated y-matrix and the limited growth time during air cooling after solution
treatment. Then, the two-steps aging treatments (1080 °C/4 h, A.C. + 870 °C/20 h, A.C.)
are used to promote the reprecipitation of the y/-phase. As shown in Figure 4b—d, the -size
significantly increased from 0.159 pym (solution heat treatment) to 0.295 um (1st aging treat-
ment), and finally to 0.312 um (2nd aging treatments). After stepwise aging heat treatments,
the 7/-volume fraction increased from 40.6% (first aging treatment) to 50.8% (second aging
treatments). Meanwhile, the morphology of the y/-precipitate changed from near-spherical
to a cubic shape after aging heat treatments. The cubicity of the '-precipitates depends on
the competition between the interfacial energy and strain energy [18]. When the 7'-size is
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small, the interface energy is the dominated factor to determine the near-spherical shape
of 7/-precipitates. With the increasing '-size, the strain energy derived from the coherent
misfit between v/ and vy gradually plays a major role, resulting in the cubic morphology of
the 7/-phase.

10 1/nm MC carbide Z=[01-1]

Figure 3. TEM-EDS map and SAED pattern of the carbide in the DS specimen. (a) TEM-image;
(b) SAED pattern of MC carbide; (c-1) EDS mapping results.

Table 3. Chemical compositions of carbide in as-cast (1232 °C/2 h + 1257 °C/2 h, A.C. solutioning,
1080 °C/4 h A.C. Ist aging and 870 °C/20 h A.C. 2nd aging) and heat-treated specimen (wt.%).

Al Ti Cr Co Ni Mo Hf Ta \4Y

As-cast 0.00 1.64 0.00 0.84 1.93 0.00 47.58  36.96 0.61
Heat-treated 0.06 1.95 0.39 2.16 3.49 0.66 4527  35.51 0.00

3.3. Tensile Property and Deformation Mechanism

Figure 5 demonstrates the engineering strain—stress curves and the corresponding
tensile properties of the CM247LC alloy at different temperatures. As shown in Figure 5a,
the o—e curves exhibit different characteristics with the increasing temperature. In the
temperature range between RT and 650 °C, a significant strain-hardening phenomenon
occurs after yield, and lasts to the final fracture. Particularly, the o — ¢ curve at 650 °C
illustrates the strongest strain-hardening ability, while the flow stress at 800 and 950 °C
rapidly rises to the ultimate tensile strength (oyrs), and then gradually declines until
fracture. Figure 5b shows the yield strength (cy), ultimate tensile strength and the fracture
strain (g¢) at different temperatures. From RT to 500 °C, oy, oyrs, and &; decrease slightly.
By contrast, oy and oyrs respectively increase from 764 and 898 MPa at 500 °C to 1021 and
1126 MPa at 800 °C, and then drop to 538 and 693 MPa at 950 °C. An obvious anomalous
yield behavior is observed for the CM247LC alloy. Generally, the different between oy and
ourts, (ouTts — 0y), can be used to characterize the strain-hardening ability. As shown in
Figure 5a, 0 — ¢ curve demonstrates the highest value of (cyts — oy) at 650 °C, indicating
the strongest strain-hardening ability. In addition, the fracture strain decreases first from
RT to 500 °C, and then increases continuously from 500 to 950 °C.
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Figure 4. SEM images of carbides and +/-precipitates after varied heat treatment. (a) Carbides after
solution and aging treatment; (b) '-precipitates after solution treatment; (c) /-precipitates after the
1st aging treatment; (d) /-precipitates after the 2nd aging treatment.

Engineering stress (MPa)

1400

1200

1000

200

800 m('

s

400 -

650 C
800 C

Yield / tensile strength (MPa)

1400

1200 -

e §

1000

800

600

(b)

T T T T

950 C 400
B
\ —m—Yield strength -]
200 ® —m—Tensile strength
—m— Fracture strain
L L L L L olu . L L L
5 10 15 20 25 0 200 400 600 800

Engineering plastic strain (%)

Tensile temperature (°C)

0
1000

25

- n
o (=)

=
Fracture strain (%)

Figure 5. Engineering stress—strain curves and the corresponding tensile properties of CM247LC
alloy at varied temperatures: (a) o — ¢ curves; (b) oy, oyTs, and ;.

Figure 6 demonstrates the fracture surface and deformed microstructure after tensile
tests at 650, 800, and 950 °C. At 650 °C, the fracture surface inclines about 45° with
respect to the stress axis without apparent necking being observed (Figure 6(al)). Plenty
of cleavage steps and river patterns can be clearly seen on the enlarged SEM image of the
fracture surface (Figure 6(a2)), indicating that the fracture models to a cleavage fracture.
Furthermore, as shown in Figure 7, the crack of the MC carbide is observed near the fracture
surface at the tensile temperature of 650 °C. The crack propagation is observed along the
interface between carbide and matrix, indicating the detrimental effects of blocky MC
carbide on the tensile properties of the CM247LC alloy at 650 °C.
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Figure 6. Microstructure characterization of the fracture surface at varied tensile temperatures.
(a1-a3) 650 °C; (b1-b3) 800 °C; (c1-¢3) 950 °C.

Figure 7. MC carbide near the fracture surface after tensile test at 650 °C.

At 800 °C, the inclined angle between the macroscopical fracture surface and tensile
stress axis increases apparently (Figure 6(b1)). Both cleavage steps and dimples can be
observed on the fracture surface, demonstrating the mixed facture characteristics at 800 °C
(Figure 6(b2)). At 950 °C, the fracture surface is perpendicular to the stress axis with an
apparent necking phenomenon near the surface (Figure 6(c1)). Coarse dimples and small
oxide particles are observed on the fracture surface, indicating a larger deformation before
the fracture at 950 °C (Figure 6(c2)). Figure 6(a3-c3) exhibit the deformed microstructure
near the fracture surface. No evident change in the morphology of the /-precipitates can
be observed at 650 °C. However, the 7/-precipitates were gradually distorted along the
tensile direction at the higher temperatures from 800 to 950 °C, which is mainly attributed
to the high stress and the increased thermal activation at high temperatures.

For Ni-based superalloys, the fracture mechanism is closely related to the microstruc-
tural characteristics and tensile temperatures. Particularly, the size, distribution, and
morphology of carbides have a strong influence on the fracture behavior. As an obstacle for
dislocation motion, the MC carbide initially provides strengthening effects during tensile
deformation. However, the pile-up of dislocations near the large blocky carbide will result
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in a local stress concentration, thus leading to the initiation and quick propagation of
micro-cracks near the interface between carbide and matrix. Therefore, a low fracture strain
was observed when the temperature was below 650 °C (Figure 5a). By contrast, as the
temperature increases to 950 °C, more slip systems can be activated. Furthermore, when
the local stress concentration exceeds the critical value, the partial dislocations can bypass
or shear the /-precipitates (as shown in the following section) to release the local stress
concentration. Therefore, the tensile specimens exhibit a higher fracture strain and plastic
deformation with the increasing temperature.

Figure 8 shows the TEM images of the deformed microstructure after interrupted
tensile tests with 2-5% plastic strain. At 650 °C, the dislocation tangles in the y-matrix
accompanied with isolated superlattice stacking faults (SSF) in the /-precipitates are clearly
observed (Figure 8a). The isolated SSFs distribute along the <110> orientations, which can
be attributed to the cutting of partial dislocations from the y-matrix into the /-precipitates.
When the temperature increases to 800 °C, the dislocation density increases significantly
in y-matrix channels (Figure 8b,c). The dislocations severely tangle in the y-channels,
accompanied with the increased density of SSFs in the «/-precipitates. It is worth noting
that there are some local serrated dislocations along the <010> direction (as marked by the
red arrow in Figure 8b), which is generally named the Kear-Wilsdorf (K-W) lock [12]. It has
been proven that the cross-slip of dislocations from the {111} to the {100} planes leads to the
formation of the K-W lock [12,19], thus resulting in the anomalous yield behavior at 800 °C.
With the increasing tensile temperature of 950 °C, the SSFs observed in the interrupted
tensile specimens at the lower temperature totally disappeared, while a high density of
dislocations presents in the 7y channels. According to the TEM observations (Figure 8d), It
can be deduced that the tensile behavior of the CM247LC alloy at 950 °C is determined by
the cross-slip of dislocations in the y-matrix with thermal activation.

Figure 8. TEM bright image of the deformed specimen at varied tensile temperatures. (a) 650 °C;
(b,c) 800 °C; (d) 950 °C.

The '-phase is the main strengthening phase for the CM247LC alloy. The interactions
between +/-precipitates and gliding dislocations play a critical role in the deformation of
the CM247LC alloy at varied temperatures. The Burgers vector of full dislocation in the
L1,-structured 7/-phase (< 110 >) is twice in magnitude that in the disordered y-matrix

(% <110 >), which is named as the super-dislocation. The < 110 > super-dislocation
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tends to dissociate into partial dislocations due to its prohibitively high energy. According
to proceeding publications [12,20], the cutting of a partial dislocation into /-precipitates
will lead to planar defects, including anti-phase boundary (APB) and superlattice stacking

faults (SSFs). For example, a 3 < 110 > partial dislocation cut into the 7/-phase will
lead to the formation of APB; a % < 112 > partial dislocation cut into the 7/-precipitates
will result in a complex stacking fault (CSF); a 4 < 112 > partial dislocation cut into the
7'-precipitates will lead to a superlattice intrinsic stacking fault (SISF). Generally, the barrier
for partial dislocation cutting into the 9/-phase follows the order of CSF > APB > SISF [12].
In this work, the isolated SISFs were clearly observed in the deformed specimen at 650 °C,
indicating the cutting of a % < 112 > partial dislocation into the 9/-phase. One typical
dislocation reaction model has been proposed as [20]:

17~ 17 = 177 177
2{101] +2{011] — 3[112} +6[112] 2)
The reaction of two % < 110 > full dislocations in the y-matrix results in a dislocation
pair consisting of a % < 112 > leading dislocation and a % < 112 > trailing dislocation.
At 650 °C, the dislocation glides first in the soft y-matrix channels. With the accumulated
dislocation density at the 7'/ interface, the local stress concentration will activate a
slip of partial dislocations from different slip systems, thus leading to the intersection of
SSFs within the «/-precipitates. Consequently, the CM247LC alloy exhibits a high work
hardening ability at 650 °C. This is according to the Considere criterion [21], as expressed by:
% <or 3)
where o denotes true stress and et true strain. The necking instability will occur when the
strain-hardening rate drops to the value of the true stress. In other words, a higher strain-
hardening ability renders a higher tensile ductility. Therefore, as shown in Figure 5, the
highest strain-hardening capability at 650 °C leads to a high uniform strain until fracture.
At 800 °C, the CM247LC alloy exhibits the highest yield and tensile strength, which
can be attributed to the following reason. On the one hand, a K-W lock is formed in the
7'-precipitates at 800 °C, which is attributed to the cross-slip of dislocation with the help of
thermal activations. The anomalous yield strengthening effect makes the cutting of partial
dislocations into the 7/-precipitates much harder. On the other hand, the lattice misfit
between 7’ and the y-phase, 6, is defined as:

l?l,y/ — 117

§=2x 4)

IZ,Y/ —|— 117

where a.; and a, are the lattice parameters of the 9" and y-phases, respectively. It has
been proven that the expansion coefficient of < is considerably higher than that of the
7'-phase [12,22]. Although the exact value of § for the CM247LC alloy was not obtained
by an experimental method in this work, the tendency § versus temperature is similar
for most Ni-based superalloys. For example, Harada et al. [23] demonstrated that the
value of § becomes more negative with the increasing temperature for single-crystal Ni-
based superalloys, including TMS63, TMS12, and CMSX-4. The J-MatPro calculation result
illustrates that 2., = 0.3615 nm and a, = 0.3611 nm at 650 °C, which yields a positive &
of ~0.116% for the CM247LC alloy, while, a,,=0.3638 nm and a,= 0.3643 nm at 950 °C,
which yields a more negative § of —0.125%. J becomes more negative with the increasing
temperature, thus leading to a higher coherency strain as the obstacle for dislocations
motion. Therefore, the cutting of partial dislocations from the y-matrix channel into the
7'-precipitate becomes more difficult. The accumulated dislocations near the ' /7y interface,
SSFs, and K-W lock lead to the strain-hardening effects. However, at the same time, the
local stress concentration near the ' /7y interface can be relieved by the cross-slip and climb
of dislocations with the help of thermal activation, which is termed as the softening effect.
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The feature of stress—strain curves depends on the competition between strain-hardening
and softening effects. Initially, the strain-hardening effect plays the dominant role, thus
leading to the quickly increased flow stress up to the ultimate tensile strength. Then, the
flow stress decreases with the increasing strain due to the softening effects caused by
thermal activation.

At 950 °C, the gliding dislocations were mainly constricted to the soft y-matrix channel
during tensile deformation. The tensile deformation at 950 °C is dominated by the climb
and cross-slip of dislocations under the significant thermal activations in the y-matrix to
bypass over the 7/-precipiates. Therefore, the stress—strain curve illustrates an obvious
softening phenomenon at 950 °C.

4. Conclusions

The CM247LC alloy was prepared with the directional solidification technique. The
solidification characteristics, solution, heat-treated microstructure, and tensile properties of
the CM247LC alloy are investigated. The following conclusions are listed as follows:

(1) The directionally-solidified specimen exhibited a representative dendritic microstruc-
ture. The y-phase first solidified from the melt as the primary phase, followed with
the solidification of MC carbide at 1347 °C. MC carbides enriched with Ta, Hf, and Ti
mainly distributed in the interdendritic region. Due to the solute segregation of Ta, Ti,
Al etc., a 7'/ eutectic with lamellar structure was found in the interdenritic region.

(2) After 1232 °C/2 h +1257 °C/2 h, A.C solutioning and 1080 °C/4 h, A.C,
+870 °C/20 h, A.C., aging treatments, a homogenous distribution of /-precipitates
embedded in the y-matrix was obtained, along with the y/-size of 0.31 um and 7/~
volume fraction of ~50.8%.

(3) At650°C, the tensile deformation was dominated by the shearing of partial dislocation
into y/-precipitates to form SSFs. At 800 °C, the K-W lock resulted in anomalous yield
effects. The tensile specimen showed the highest oy of 1021 MPa and oy7s of 1126 MPa
at 800 °C. The tensile deformation was controlled by the dislocations bypassing the
7'-precipiates at 950 °C.
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