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ABSTRACT
We investigate the tensile deformation behavior and mechanism of nickel-based superalloy
CM247LC, which has been subjected to various ageing treatment schemes, but possesses almost the
same γ ′ particle size, at 600°C. It is found that the transition in the deformation mode from particle
shearing plus microtwinning to particle shearing accounts for the decrease in the work-hardening
rate and tensile strength with ageing temperature. Our study provides a new strategy to design
the heat treatment schedule to achieve a good compromise between the strength and plasticity
for superalloys by tunning the operative deformation and fracture mechanisms.
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1. Introduction

As the key high-temperature structural materials, direc-
tionally solidified (DS)/single-crystal (SC) nickel-based
superalloys, hardened by a high volume fraction of finely
dispersed γ ′ precipitates (Ni3(Al, Ti, Ta), L12-ordered
structure), have a wide application in industrial gas tur-
bines ascribed to their superior mechanical properties
and corrosion resistance at high temperatures [1–5].
Whereas, during the casting process, a coarse, less homo-
geneous precipitation of γ ′ precipitates as well as large
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clusters of γ /γ ′ eutectics usually formed, thereby confer-
ring the relatively lower strength to these alloys [1,2,5].
Thus, in order to exploit the maximum potential of these
alloys to adopt the increasingly severe service conditions,
establishing the optimum relationship between the heat
treatment scheme, microstructural features andmechan-
ical properties becomes an indispensable task for a given
superalloy.

Great efforts have been paid to clarify the impact of the
ageing treatment on the microstructures and mechanical
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properties of [001]-orientated SC nickel-based superal-
loys [6–15]. These studies disclosed that the heat treat-
ments, which gave rise to a homogeneous distribution of
cuboidal γ ′ particles of 300–500 nm, imparted the opti-
mum high-temperature mechanical properties to these
alloys with the absolute value of the γ /γ ′ lattice misfit,
0.1–0.5%, since the microstructure facilitated the glide
of perfect dislocations in the matrix channels and then
contributed to the rapid and uniform strain harden-
ing or the formation of regular perfect γ /γ ′ lamellar
in the initial stage of creep [6,8,12–15]. Whereas, it is
worthmentioning that, apart from the particle size, other
microstructural features also vary significantly in accom-
pany with changing the heat treatments. For this reason,
it is difficult to ascertain unambiguously which factor
dictates the mechanical response. On the other hand,
although considerable experimental results are available,
systematic research of the effect of the ageing temperature
on the tensile properties and deformation mechanisms
of nickel-based superalloys has hitherto been relatively
scarce. It was therefore decided to investigate the tensile
behavior and corresponding deformation mode of the
DSnickel-based superalloyCM247LCwhich has suffered
various ageing treatments, but possesses almost the same
γ ′ particle size.

2. Materials andmethods

The superalloy CM247LC studied in this work has the
following chemical composition (wt.%): 9.4W, 0.5Mo,
3.2Ta, 0.015B, 9.2Co, 5.6Al, 1.4Hf, 0.07C, 8.0Cr, 0.7Ti,
0.017Zr with balanced Ni. Master ingots of the alloy
were remelted and then directionally solidified into slabs
of dimensions 21 cm by 6 cm by 2.4 cm with colum-
nar grains along the <001 > direction at a constant
withdrawal rate of 42 mm h−1 using an ALD Vac-
uumTechnologies furnace. Typical dendriticmicrostruc-
tures are visible in the as-cast specimens (see Supple-
mentary Figure S-1(a) and (b)). Whereas, after a three-
step high-temperature solution heat treatment, 1232°C/2
h+ 1243°C/2 h+ 1252°C/6 h/air cooling (AC), the γ /γ ′
eutectic pools are rarely observed, and the γ ′ precipi-
tates display a unimodal distribution (see Supplementary
Figure S1(c,d)). Subsequently, these bars are subjected

to four different heat treatments, which are named as
HT1–HT4, respectively (see Table 1).

Rodswere sectioned from the slabs along the direction
parallel to the growth direction using a wire-cut electric
discharge machine. After the heat treatments, threaded
tensile specimens, 4mm in diameter and 20mm in gauge
length were prepared. Tensile tests were carried out in air
and at an engineering strain rate of 3.0× 10−4 s−1 on
a Zwick Z1200 testing machine at 600°C. At least three
specimens were tested for each ageing condition. Most
of these specimens were stretched to fracture, but a few
tests were interrupted at around 1.0% plastic strain to
unveil the deformation mode at the initial stage of plas-
tic deformation using transmission electron microscope
(TEM). These specimens were forced air cooled from
the test temperature to room temperature to preserve the
dislocation structures.

Thin slices were sectioned from the middle regions of
the slightly deformed samples at around 25° with respect
to the loading axis. Whereas, in regard to the fracture
specimens, slices were cut from the gauge section at a
minimum distance of 5 mm away from the fracture sur-
face. After mechanically thinned to around 70 μm, discs
were electrolytically polished in an electrolyte of 440 ml
ethanol, 50 ml perchloric acid and 10 ml ethylene gly-
col at around −30∼−25°C and 35∼40 V. The thin foils
were examined in a JEM-2100Plus TEM equipped with a
double-tilt goniometer operated at 200 kV.

3. Results and discussion

Figure 1(a–d) shows the typical γ /γ ′ microstructures
in CM247LC after the heat treatments HT1–HT4. Evi-
dently, the γ ′ precipitates show a unimodal distribution
of γ ′ precipitates in the alloy subjected to HT2 and
HT3, whereas a bimodal distribution of γ ′ precipitates
is obtained for the other two heat treatments. The for-
mation of the tertiary γ ′ precipitates in the latter two
heat treatments is associated with the supersaturation
of the γ ′-forming elements in the matrix [16–18]. After
thermal ageing at 1080 °C for 4 h, there still exists a
large supersaturation of the γ ′-forming elements in the
matrix. Thus, tertiary γ ′ particles precipitate within the
matrix channels during air cooling or low-temperature

Table 1. Heat treatment schedules investigated in this study for the experimental
alloy CM247LC.

Heat treatment Solution heat treatment Ageing treatment

HT1 1232°C/2 h+ 1243°C/2h+ 1255°C/6 h/AC 1080°C/4 h/AC (air cooling)
HT2 1232°C/2 h+ 1243°C/2h+ 1255°C/6 h/AC 980 °C/33 h/AC
HT3 1232°C/2 h+ 1243°C/2h+ 1255°C/6 h/AC 1080 °C/2 h/AC+ 930 °C/30 h/AC
HT4 1232°C/2 h+ 1243°C/2h+ 1255°C/6 h/AC 1080°C/4h/AC+ 870°C/20 h/AC
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Figure 1. The γ /γ ′ microstructures (a–d) in CM247LC and corresponding tensile properties at 600°C (e,) after various heat treatments;
(a) HT1; (b) HT2; (c) HT3; (d) HT4; (e) engineering stress-strain curves; (f ) work-hardening rate plotted vs true strain.

thermal ageing. Using a line intersect method, the aver-
age sizes of coarse γ ′ precipitates in these specimens are
determined to 256± 72, 317± 62, 283± 62 and 303± 72
nm, respectively (see Supplementary Figures S-2 and S-
3). The equilibrium phase diagram of CM247LC is cal-
culated using the software Thermo-Calc, together with
TCNI 11 database.We found that the equilibriumvolume
fractions of γ ′ precipitates in CM247LC are 0.437, 0.584,
0.640 and 0.687 at 1080, 980, 930 and 870°C, respec-
tively. On the other hand, the carbides in these specimens
were also observed. As shown in Supplementary Figures
S-4-S-6, no significant differences can be found in the
microstructural features of these carbides, and the vol-
ume fractions of the carbides in all these specimens are
around 1.0%. Thus, the carbides would not have a promi-
nent influence on the tensile deformation behavior and
mechanisms and are therefore not discussed in detail in
the following sections.

Figure 1(e) displays the engineering stress–strain
curves of CM247LC with various heat treatments at
600°C. Evidently, the alloy subjected to HT3 has the
largest yield strength and the second best plasticity. With
respect toHT4, the yield strength of the alloy is compara-
ble to that of the specimen with HT3, but the elongation
to fracture is the minimum among the four heat treat-
ments. Whereas, for HT1 and HT2, the intermediate
values are obtained in terms of strength and plasticity.

These results are in strong contrast to those reported
in Refs. [14,19–21], which showed that the alloy own-
ing a bimodal distribution of γ ′ precipitates exhibited a
better tensile plasticity at low and intermediate tempera-
tures. These differences are ascribed to the operation of
different deformation mechanisms in the experimental
alloy, and subsequently this will be discussed detailly. It
is also apparent from this figure that the tensile stress of
the specimen subjected to HT4 increases more rapidly
with proceeding plastic deformation, and the curves dis-
play a slightly sharper bend than those in the other three
specimens, so that the work-hardening rates for these
specimens are in order: HT1 < HT2 < HT3 < HT4, up
to strain of around 1.5%. Beyond this strain, the work-
hardening rates of the former three samples approach
to each other, although the work-hardening rate of the
specimen subjected to HT4 is still larger, as illustrated in
Figure 1(f).

Figure 2(a) and (b) show the typical dislocation struc-
tures in the experimental alloy after HT1 and HT2 as
well as around 1.0% plastic strain. Although the ini-
tial heat treatments are different, the same predominant
deformationmode operates. Numerous dislocation pairs,
which are separated by anti-phase boundary (APB), are
produced, suggesting that APB shearing controls the
plastic deformation of the experimental alloy with HT1
and HT2. This result is similar to those found in other
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Figure 2. Deformed patterns in CM247LC after HT1 and HT2 as
well as around 1.0% plastic strain and fracture at 600°C: (a,b) HT1;
(c,d) HT2; (a) and (c) 1.0% plastic strain; (b) and (d) fracture.

nickel-based superalloys after plastic deformation at low
temperatures [22–27], but is different from that found
in the same alloy with HT4 after compressive deforma-
tion at 600°C [24], which showed that particle shearing

was frequently achieved by the <112>111 slip sys-
tems. Generally, tensile/compressive plastic deformation
of nickel-based superalloys was inhomogeneous at low
temperatures [7,26,28,29], and the deformation mecha-
nisms in nickel-based superalloys could evolve with pro-
ceeding plastic deformation [30–33]. Whereas, as shown
in Figure 2(c) and (d), the main deformation mode
does not change obviously with plastic strain, and the
main deformation patterns in the fracture specimens are
still constricted a/2 < 011 > dislocation pairs coupled
by APB, hence precluding the above contention.

It is argued that the operative deformation mecha-
nisms in nickel-based superalloys were sensitive to the
sign of the applied stress, and shearing of γ ′ precipitates
by partial dislocations causing the production of stacking
faults and microtwins (MTs) was easier to occur during
compressive deformation [33–35]. Then, after 1.0% plas-
tic strain and fracture, the deformation microstructures
in the specimens with HT4 are examined. As illustrated
in Figure 3, it is interesting to note that APB-coupled dis-
location pairs, isolated superlattice stacking faults (SSFs),
extended stacking faults (ESFs) and MTs are frequently
observed in the slightly deformed and fracture speci-
mens, in accordance with the results found in CM247LC
after compressive deformation [24]. These results suggest
that for the experimental alloy, the operative deformation

Figure 3. Deformed patterns in CM247LC after HT4 as well as around 1.0% plastic strain and fracture at 600°C: (a–c) 1.0% plastic strain;
(d–f) fracture; (a) and (d) dislocation pairs and isolated SSFs; (b) and (e) isolated SSFs and ESFs; (c) and (f ) MTs, the arrowheads indicate
the spots of MTs.
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mechanisms might not be associated with the sign of the
applied stress, but be sensitive to the ageing tempera-
ture. With respect to the formation mechanisms of these
planar faults, these have been discussed detailly in Refs.
[24,36], and will be described only briefly herein. That is,
the Shockley partial dislocations, which were dissociated
from single matrix a/2 < 110 > dislocations, glided on
single as well as neighboring 111 planes, finally resulting
in the formation of these planar faults.

On the other hand, we also investigate themicrostruc-
tures in the experimental alloy subjected to HT3 as well
as tensile deformation. After around 1.0% plastic strain
and fracture, the three typical deformation patternsmen-
tioned above are also visible, analogous to those found
in the experimental alloy subjected to HT4. However,
comparing with the deformation microstructures in the
experimental alloy suffered to HT4 (see Figures 3 and 4),
one can get that the densities of stacking faults and MTs
are much lower, although the experimental alloy with
HT3 has a larger fracture strain and therefore has suffered
a severer plastic deformation. Someone might argue that
these planar faults have been created in the experimental
alloy after HT3 and HT4. However, as shown in Figure 1
and Figure S-7 in the Supplementary Materials, these
planar faults are invisible in these specimens, hence pre-
cluding the statement. Meanwhile, these results further

demonstrate that the operative deformation mechanisms
in CM247LC can be tailored by adjusting the ageing tem-
perature. On the other hand, given these results together
with those stated above, one can also obtain that the
present results are in strong contrast to those reported for
other SC nickel-based superalloys during plastic defor-
mation at intermediate temperatures in Refs. [10,37,38],
where reported that the cooperative precipitate shear-
ing involved the formation of stacking faults and MTs
was easier to occur in the specimens with the smaller
irregularly shaped γ ′ particles.

A question has arisen as towhy the deformationmech-
anism inCM247LC changeswith the ageing temperature.
It is well-known that whether particle shearing is accom-
plished by APB-coupled dislocation pairs or partial dis-
locations is associated with the size and distribution of
γ ′ precipitates [38–40]. For example, Sinharoy et al. [38]
reported that as the precipitate size increased, the dom-
inant deformation mechanism changed from stacking
fault shearing to APB shearing in the nickel-based super-
alloy KM4, and the fine, tertiary γ ′ precipitates located
between the large ones could facilitate the formation of
SFs. This proposal has some consent in the commu-
nity [14,41–44]. Whereas, as shown in Figure 2, SFs and
MTs are invisible in the specimens subjected to HT1
and tensile deformation, and the coarse γ ′ precipitates

Figure 4. Deformed patterns in CM247LC after HT3 as well as around 1.0% plastic strain and fracture at 600°C: (a–c) 1.0% plastic strain;
(d–f) fracture; (a) and (d) dislocation pairs; (b) and (e) isolated SSFs; (c) and (f ) MTs, the arrowheads indicate the spots of MTs.
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in the specimens with HT2–HT4 are approached to each
other. This suggests that the γ ′ particle size and precip-
itation of fine tertiary γ ′ particles do not play a vital
role in determining the initiation of the shearing pro-
cess for CM247LC. It is also widely reported that which
shearing process dominated the plastic deformation was
intimately connected with the APB energy (APBE) and
intrinsic stacking fault energy (ISFE) of the γ ′ phase, and
a larger ratio between the APBE and the ISFE promoted
the activation of stacking fault shearing and microtwin-
ning [45–47]. So, variations of the APBE with the ageing
temperature are calculated using the software Thermo-
Calc. It reveals that the APBE decreases with raising
the ageing temperature (see Supplementary Figure S-
8(a)). At 870°C, the APBE of the γ ′ phase is 0.219 J/m2.
Whereas, this value is only about 0.179 J/m2 at 1080°C.
With respect to the changes in the ISFE of the γ ′ phase
with temperature, it is unclear up to now. Whereas, the
ISFE of the γ ′ phase is dependent on its chemical compo-
sitions. So, changes in the chemical composition of the γ ′
phase with temperature are calculated (see Supplemen-
tary Figure S-8(c)). It is found that the content of Co
element increases with decreasing temperature, whereas
the other elements remain almost unchanged with tem-
perature, thus resulting in reducing the ISFE according
to previous results [18,48–51]. On the other hand, the
chemical compositions of the γ phase at various tem-
peratures were also obtained (see Supplementary Figure
S-8(b)). We found the amounts of Cr and Co elements
also increase with decreasing temperature. This would
cause a decrease in the stacking fault energy and there-
fore trigger the formation of SFs and MTs [18,47,49,51].
Thus, it can be concluded that the increase in the stacking
fault energies of the γ and γ ′ phases and the decrease in
the APBE with increasing the ageing temperature mainly
account for the transition in the deformationmechanism
with temperature. These results also provide new expla-
nations for variations in the tensile/compressive defor-
mationmechanismswith the tested temperature. It is also
argued that the operation of deformation mechanisms in
nickel-based superalloys were intimately associated with
the γ /γ ′ latticemisfit [30,48].Whereas, previous research
revealed that the γ /γ ′ lattice misfit of CM247LC fell
into the range of 0.04–0.06% between 600°C and 1000°C
[52]. Thus, it is believed that the changes in the lattice
misfit with temperature are not one of the main factors
causing the transition in the deformation modes for the
experimental alloy.

As shown in Figure 1(e), the experimental alloy sub-
jected to HT4 has the second largest yield strength,
but the largest ultimate tensile strength, although the
γ ′ volume fraction is the largest. The phenomenon can
be rationalized in terms of the operative deformation

mechanisms. Generally, as the initiation of stacking fault
shearing and microtwinning needs a smaller shear stress
as compared to APB shearing, the frequent operation
of stacking fault shearing and microtwinning would
decrease the yield strength at the very beginning stage
of plastic deformation [53–55]. Whereas, as the plastic
deformation proceeds, multiple slip operates simultane-
ously (see Figures 2–4). So, SSFs and MTs created after
slight plastic deformation can act as obstacles to the glide
of moving dislocations from other slip systems, thereby
resulting in a higher work-hardening rate as compared
to that due to interactions between dislocations on dif-
ferent slip systems [40,56,57]. Consequently, the fastest
increase in the flow stress with increasing plastic strain
can be expected for HT4 with proceeding plastic defor-
mation. With respect to the tensile plasticity, the min-
imum elongation to fracture for the experimental alloy
after HT4 can also be understood in light of the operative
deformationmechanisms. As shown in Figure 3, stacking
fault shearing andmicrotwinning occur frequently in the
experimental alloy with HT4. The extended character-
istic of the fault configurations, which prevents disloca-
tions from leaving their slip planes by cross-slip or climb,
easily promotes the planar slip and then leads to het-
erogeneous deformation [10,58]. If the localized plastic
deformation operates frequently, the glide plane decohe-
sionwould operate frequently (see Supplementary Figure
S-9), finally causing the premature fracture at a low stress
level [10,27,59,60]. Thus, only limited plastic strain can
only be obtained.

4. Conclusion

In summary, this study explicitly discloses that the tensile
properties and deformation mechanism of the nickel-
based superalloy CM247LC at 600°C can be tailored by
adjusting the ageing temperature, but keeping the γ ′ pre-
cipitate size almost the same. As the ageing temperature
increases, the predominant deformation mode changes
from APB shearing plus stacking faulting shearing and
microtwinning toAPB shearing due to the decrease in the
APBE of the γ ′ phase as well as the increases in the SFE of
the γ and γ ′ phases with temperature. The transition in
the deformation mechanism accounts for the decrease in
the work-hardening rate and increase in the tensile plas-
ticity with ageing temperature. The relatively low yield
strength and high ultimate tensile strength arise from the
activation of <112>111 slip systems.
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