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Abstract: The deformation microstructures of two Ni-based superalloys with different Co contents after creep tests at 650 °C/630
MPa, 725 °C/630 MPa and 760 °C/630 MPa were investigated by transmission electron microscopy (TEM), in order to study the
influence of temperature and stacking fault energy (SFE) on the creep deformation mechanisms. The results show that the

improvement in temperature enhances the creep mechanism transition from stacking faults to micro-twinning for the experimental

single crystal alloys, suggesting that the formation of micro-twins is dependent on temperature. Moreover, increasing Co content as

well as lowering SFE allow stacking faults or micro-twins to extend through the y matrix and y' precipitates, which improve the creep

resistance and prolong the creep life of the alloys.
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Ni-based superalloys have been extensively used as turbine
blades and discs in aircraft engines and industrial gas engines
for their excellent high temperature mechanical properties,
such as good tensile properties, low cyclic fatigue and creep
properties! .
resistance of the disc superalloys at elevated temperatures has

In modern advanced engines, the creep

become a major concern for the researchers and engineers. In
Ni-based disk superalloys, the interaction between 7y’
precipitates and mobile dislocations plays an important role in
maintaining high temperature creep properties™®. Dislocation
bypassing y’ precipitates via Orowan loop, cooperative
climbing, and dislocation shearing y’ precipitates are consi-
dered as three main processes during creep deformation
depending on microstructure, temperature and loading stress'.
In the service temperature ranging from 600~800 °C for some
new disk superalloys, stacking faults and deformation micro-
twins due to dislocation shearing may occur®. However, the
influence of temperature on the creep deformation for Ni-
based disc superalloys is still unclear. Recently, Yuan et al®”
found that creep life of TMW-4M3 alloy maintains about
six times larger than that of commercial U720Li alloy at 725 °C/
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630 MPa. Furthermore, it was suggested that the TMW-4M3
alloy exhibits low SFE due to the high Co content, facilitating
the deformed micro-twinning process, which improves the
creep resistance compared to U720Li alloy under the same
creep condition. Tian et al® also found that the lower SFE due
to Co addition can promote the main creep mode transition
from isolated stacking fault to extended fault, and then to
micro-twinning in Ni-based superalloys at 725 °C/630 MPa.
However, the influence of SFE on creep deformation
mechanisms of Ni-based superalloys was mainly focused on
the case under the condiftion of 725 °C and 630 MPa in
previous studies. Understanding the deformation behavior
affected by SFE in a wide temperature range will be helpful
for designing new disk alloys. Therefore, two Ni-based
superalloys with different Co contents were evaluated by
creep tests at temperatures of 650~760 °C under a stress of
630 MPa in order to systematically study the effects of
temperature and SFE on creep deformation mechanisms.

1 Experiment

The nominal composition of two Ni-based disc superalloys
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for creep tests is listed in Table 1. The alloys are named as Ul
and U2. For the test alloys, 20 kg ingots were cast using the
vacuum induction melting (VIM) method. These ingots were
then hot extruded into bars with a diameter of 19 mm at about
1160 °C. The extrusion bars were heat treated under 1170 °C/4 h/
air cooling (AC)+1080 °C/4 h/AC followed by aging under
845 °C/24 h/AC+760 °C/16 h/AC. The specimens for creep
tests with a gauge length of 25 mm and a diameter of 5 mm
were cut from the heat treated bars. Constant-load tensile
creep tests were operated at various temperatures and loading
stresses. The temperatures are listed as follows: 650 °C (7)) <
725 °C (T,) <760 °C (T}), and the loading stress is 630 MPa
(0). For microstructure characterization, the samples for
optical microscopy (OM) observation were etched in a
solution of Kalling reagent. The samples for scanning electron
microscopy (SEM) observation were electronically etched in a
solution of 17 mL H,O +1 mL glacial acetic acid+2 mL nitric
acid at 1.5 V for ~30 s. Transmission electron microscopy
(TEM) discs with a thickness of ~300 um were cut from the
samples perpendicular to the stress axis. Subsequently, the
discs were manually ground down to 50 um and thinned by a
twin-jet electro-polisher in a solution of 10% perchloric acid
and 90% ethanol at about 16 V and -20 °C. TEM observations
were performed on a JEOL 2100 TEM operated at 200 kV.

Table 1 Nominal chemical composition of two Ni-based super-
alloys (wt%)

Alloy Co Al Ti Mo Cr C Fe Zr Ni
ul 134 21 45 41 160 0.04 0.27 0.063 Bal.
U2 205 19 57 37 146 0.03 0.26 0.051 Bal

2 Results and Discussion

2.1 Initial microstructure

The microstructures of the two alloys after heat treatment
are shown in Fig. 1. The grain size of the two alloys is
estimated to be around 200+25 pum, as shown in Fig.la and
1b. At a high magnification, a bimodal size distribution of y’
precipitates can be observed in the two alloys, as shown in
Fig.1c and 1d. The sizes of y' precipitates in the two alloys are
in the range of 200~500 nm for the large ones and of 20~100
nm for the small ones.

2.2 Creep properties

The creep rupture life for the two experimental alloys is
listed as follows: 406 h (7/0), 221 h (T,/o) and 17 h (T}/o) for
Ul, 647 h (T /o), 266 h (T,/o) and 32 h (T,/o) for U2. It is
illustrated that the rupture life for both two alloys decreases
with increasing the temperature and the creep life of U2 is
longer than Ul under the same condition. Fig.2 demonstrates
four creep curves of two alloys at 7,/o and T,/o. Another two
creep curves for the experimental alloys at 7)/o are not well
tracked.

2.3 Deformation microstructure

For TEM observations, the foils were cut from the
deformed area of 5~10 mm away from the fracture surface
under each condition. Fig. 3 shows the creep deformation
microstructures for the two alloys at 7}/o. For Ul, it is clearly
observed that the discontinuous stacking faults extend along
the same direction in large and small y’ precipitates at 7,/o, as
shown in Fig.3a. At a higher magnification in Fig.3b, many
matrix dislocations are found in the y channel. For U2 alloy,

Fig.l Microstructures for Ul (a, c) and U2 (b, d) alloys after heat-treatment: (a, b) OM images depicting the grain size and (c, d) SEM images

depicting y’ precipitates distribution
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Fig.2 Creep curves for the two experimental alloys at 7,/ and T./o

however, the continuous stacking faults operated on different
slip planes traverse the matrix and y’ precipitates at 7,, as
shown in Fig.3c. At the same time, Fig.3d shows that the
dissociated dislocations in the matrix are observed within the
vicinity of continuous stacking faults at a high magnification.
TEM observations of the deformation microstructures at
T,/o for the two alloys are illustrated in Fig.4. For Ul, the
stacking faults and micro-twins operated on different slip
planes are mainly confined in large y’ precipitates, and the
density of dislocations in the y matrix is very large, as depi-
cted in Fig.4a. At a high magnification, it can be observed that
the micro-twins are formed in small y’ precipitates in Fig.4b.
For U2, the isolated stacking fault and micro-twinning be-
come the prominent creep modes, as shown in Fig.4c and 4d.
Fig. 5 demonstrates the creep deformation microstructures
for the two alloys at T'/o. For Ul, the isolated stacking faults

and micro-twins only cut through y’ precipitates, as shown in
the bright (Fig.5a) and dark (Fig.5b) field TEM images. While
the bright and dark TEM images in Fig.5c and 5d show that
the dominant micro-twins extend through the y matrix and y’
precipitates in U2 alloy.

2.4 Effects of SFE and temperature on creep mechanisms

It has been reported that Co addition tends to lower the SFE
of the single crystal alloys™. As shown in Table 1, the
addition content of Co in U2 is much more than that in U1, so
U2 possesses a relatively lower SFE than Ul. The previous
studies™ """ indicated that SFE exerts significant effect on the
dissociation of the matrix dislocation during deformation of
Ni-based superalloys. Bobeck and Miner™ found that
lowering SFE by Co addition gives rise to the increase of the
degree of dislocation dissociation in MAR-M247-based
alloys. Unocic et al™ concluded that the @/2<110> matrix
dislocation confined in the matrix channel will not dissociate
into Shockley partial dislocation when the SFE increases from
10 mJ/m* to 100 mJ/m’ through a microscopic phase field
simulation. Hence the dislocation dissociation in the y matrix
is much easier in U2. The 0/2<110> matrix dislocation can
dissociate into two Shockley partial dislocation on {111}
planes by the following reaction in the y matrix"* :

%<101>—»%<112>+SF+%<211> (1)

At T1, the dislocation dissociation reaction of Eq.(1) occurs
in U2 and the dissociated Shockley partial dissociation shears
the y matrix and y’ precipitates, leaving continuous stacking
faults, as shown in Fig.3c. Similar viewpoint was proposed by
Decamps et al . As for the formation of discontinuous
stacking faults in U1, Zhang et al "” proposed a mechanism

Fig.3 Microstructures after creep deformation at 7\/o for Ul (a, b) and U2 (c, d): (a) discontinuous stacking faults, (b) matrix dislocations,

(c) continuous stacking faults, and (d) dislocations within the vicinity of continuous stacking faults
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Fig.4 Microstructures after creep deformation at 7,/ for U1 (a, b) and U2 (c, d): (a) micro-twins and isolated stacking faults shearing large y’

precipitates, (b) micro-twins shearing small y’ precipitates, (c) isolated stacking faults shearing large y’ precipitates, and (d) micro-twins
shearing small y’ precipitates
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Fig.5 Bright field (a, c) and dark field (b, d) images after creep deformation at 7,/o: (a, b) U1, micro-twins only cutting through y' precipitates;

(c, d) U2, micro-twins extending through the y matrix and y’ precipitates

that the leading o/3[112] partial and the trailing o/6[211] continuous extrinsic stacking faults in its wake. The a/6[211]
partial dissociations are firstly dissociated from an interfacial partial dissociation follows the way of a/3[112] partial
0/2[011] dislocation, and then the a/3[112] partial dissociation dissociation and removes the stacking faults in the y matrix.
may cut through the y matrix and y’ precipitates, leaving the However, this mechanism is controversial because the
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shearing in the y matrix by a/3[112] partial dissociation is
generally not accepted. It can be deduced that the a/2<110>
matrix dislocation does not dissociate until it reaches y/y’
interface with the aid of the coherency stress at 7, in Ul.
Subsequently, the discontinuous stacking faults in 1y’
precipitates are created by the shearing of the Shockley partial
dissociation produced at y/y’ interface according to
Viswanathan et al ', as shown in Fig. 3a.

At T2, the fast diffusion rate and adequate diffusion time
cause stacking fault exchange between Ni and Al atoms,
which leads to the formation of micro-twins in two alloys
according to Koble’s model ™. In this model, the micro-twin
is converted by a pseudo-twin structure as well as a two-layer
complex stacking fault (CSF) through atomic reordering.
Sarosi et al " identified that the CSF layer can only be
created by the shearing of Shockley partial dissociation from
TEM evidence. In addition, the atomic reordering between Al
and Ni atoms in the micro-twinning process has been verified
by Kovarik et al™ via the ab initio calculations. Meanwhile,
the ease of cross slips due to the operation of multiple slip
systems makes the formation of continuous stacking faults (or
micro-twins) quite difficult in U2 at 7,, as shown in Fig.4c.
But the dislocation dissociation in the y matrix in U2 still
exists. Besides, another dislocation dissociation scheme
proposed by Caron et al®™. may occur at y/y" interface of two
alloys at this temperature according to the following
reaction ®”:

%<HO>—>%<1Q1>+SISF+%<11§> ©)

where the superlattice partial shears y’ precipitates, creating
superlattice intrinsic stacking fault (SISF). Similarly, Milligan
and Condat et al®"* proposed that SISF in y’ precipitates can
be created by the shearing of @/3[112] partial dislocation.
Thus the shearing by o/6[112] and a/3[112] partial dislocation
may occur simultaneously during creep deformation for two
alloys at high temperatures.

At T,, the rupture life for the two experimental alloys
decreases rapidly. However, the micro-twins can still be
observed in the two alloys, as exhibited in Fig.5a~5d, which
indicates that the atomic reordering and the shearing processes
may occur simultaneously during the micro-twinning process
at T,. Due to the high SFE of Ul, the dislocation shearing is
still mainly restricted in y’ precipitates, while the extended
micro-twins due to the continuous shearing in the y matrix and
y' precipitates are formed in U2 with low SFE. Some
researchers "' believed that the micro-twinning occurs when
the creep rate is relatively low. But in this study, the micro-
twins are created at a high creep rate and high temperatures,
which implies that the formation of micro-twins is mainly
dependent on temperature.

2.5 Thermodynamic calculation

With increasing the temperature, the creep rupture life for
the two alloys sharply decreases due to the ease of cross-slips
and fiercer shearing. Additionally, the isolated stacking faults
and micro-twins created in y’ precipitates cannot interact with
mobile dislocations in the y matrix in Ul alloy. Moreover, the

shearing in p' precipitates might help to relieve strain
hardening and promote dislocation movements in the y matrix.
While high Co content decreases the SFE in U2 and facilitates
the shearing in the y matrix. This change also hinders the
motion of dislocations and increases the resistance of cross-
slip ®¥. Therefore, compared to Ul, U2 possesses a higher
creep resistance and a longer creep life under different
experimental conditions.

3 Conclusions

1) The stacking faulting is the main creep mode for the two
Ni-based superalloys with different Co contents when 7<<
725 °C, while the deformation micro-twinning occurs in two
alloys due to the reorder-mediated process when 7=725 °C.

2) Moreover, the Co addition tends to lower the SFE,
resulting in the dislocation dissociation and shearing process
in the y matrix, which enhances the creep resistance and
improves the creep life of the experimental alloys.
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