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Microstructure evolution and deformation features of
single crystal nickel-based superalloy containing 4.2% Re during creep
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Abstract: By means of microstructure observation and measurement of creep properties, the high temperature creep behaviors of a
single crystal nickel-based superalloy containing Re were investigated. Results show that the single crystal nickel-based superalloy
containing 4.2% Re possesses a better creep resistance at high temperature. After being crept up to fracture, the various morphologies
are displayed in the different areas of the sample, and the y’ phase is transformed into the rafted structure along the direction vertical
to the applied stress axis in the regions far from the fracture. But the coarsening and twisting extents of the rafted y’ phase increase in
the regions near the fracture, which is attributed to the occurrence of the larger plastic deformation. In the later stage of creep, the
deformation mechanism of the alloy is that the dislocations with [011] and [011] trace features shear into the rafted y’ phase. The
main/secondary slipping dislocations are alternately activated to twist the rafted y’ phase up to the occurrence of creep fracture, which

is thought to be the fracture mechanism of the alloy during creep.
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1 Introduction

Single crystal nickel-based superalloys have been
widely used because of their high volume fraction of y’
strengthening phase and good high temperature
mechanical and creep properties, to make the blade parts
of the advanced aeroengine [1-2]. With the increasing of
service performance, such as the power of aeroengine
and thermal efficiency, higher service temperature is
required to increase the working efficiency of the
aeroengine. Thus, it is very important to improve high
temperature properties of superalloys [3—4]. Adding
refractory elements, Re and W, can improve the high
temperature properties of superalloys [5—6] because
about 80% element Re is mainly distributed in the y
matrix to form the atomic group with short-range
ordering structure of about several nm in size, which
may reduce the diffusion rates of the elements and
directional coarsening of j' phase during creep to
improve the stability of the microstructure, and hinder
the dislocation movement. Some literatures reported that
the element Re may promote the precipitation of TCP
phase [7-8], and the TCP phase precipitated in the
superalloy with element Re may be transformed into the

sphere-structure [9], which decreases only slightly the
creep properties of alloy at high temperature. However, a
few literatures reported the microstructure evolution
feature and creep behaviors of Re-containing single
crystal nickel-based superalloy at high temperature.

In the present work, the creep behaviors of 4.2%
Re-containing single crystal nickel-based superalloy
were investigated by microstructure observation and
creep curves measuring of the alloy in the range of the
applied stress and temperature, and deformation
mechanism of the alloy during creep was briefly
discussed.

2 Experimental

The single crystal nickel-based superalloy with [001]
orientation has been produced with selecting crystal
method in a vacuum directional solidification furnace
under the condition of a high temperature gradient. The
nominal chemical composition of the superalloy was
Ni-Cr-Co-W-Mo-Al-Ta-4.2%Re (mass fraction). The
heat treatment regimes of the single crystal nickel-based
superalloy bars were given as follows: (1 280 °C, 2 h)+
(1320 °C, 4 h, AC)+(1 120 °C, 4 h, AC)+(870 °C, 24 h,
AC).
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After fully heat treatment, the bars of the alloy were
machined along the [001] orientation into the tensile
creep samples with a cross-section of 4.5 mmx2.5 mm
and gauge length of 20 mm. The uniaxial constant load
tensile tests were conducted on a creep testing machine
(GWT504 model). The creep curves of the alloy at
different conditions were measured. The microstructures
of the alloy at the different states were observed with
SEM and TEM. The activation energy and stress
exponent of the alloy during steady state creep were
calculated according to the creep data.

3 Results and analysis

3.1 Creep features of alloy

The creep curves of the single crystal nickel-based
superalloy containing 4.2% Re under different conditions
were measured, and are shown in Fig. 1. All of the creep
curves display the obvious feature of three stages, initial
creep, steady state creep and accelerated creep stages.

The creep curves of the alloy under the applied
different stresses at 1 080 °C are shown in Fig. 1(a). It
may be understood from Fig. 1(a) that the creep feature
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Fig. 1 Creep curves of 4.2%Re-containing single crystal
nickel-based superalloy under different conditions: (a) Applied
different stresses at 1 080 °C; (b) Applied stress of 137 MPa at
different temperatures

of the alloy under the applied stress of 120 MPa displays
a shorter initial stage and longer steady state stage lasting
for about 300 h, the creep lifetime of the alloy is
measured to be 450.9 h. The strain rate of the alloy
during steady state creep increases slightly as the applied
stress enhances to 137 MPa, the creep lifetime of the
alloy is measured to be about 200.6 h, and decreasing
extent of the alloy lifetimes is about 55.4%. As the
applied stress enhances to 150 MPa, the creep lifetime of
the alloy decreases rapidly to 93.3 h, which indicates that
the alloy during creep at 1 080 °C possesses an obvious
sensibility to the applied stress.

The creep curves of the alloy under the applied
stress of 137 MPa at different temperatures were
measured, as shown in Fig. 1(b), indicating that the strain
rate of the alloy during the steady state creep at 1 060 °C
was measured to be 3.1x107° 57, the time of the alloy
during steady state creep lasts for about 240 h, and the
creep lifetime of the alloy was measured to be 311.7 h.
The strain rate of the alloy during the steady state creep
was measured to be 5.8x10° s™' as the temperature
enhanced to 1 080 °C, the lifetime of the alloy was
measured to be 200.6 h, decreasing extent of the alloy
lifetimes is about 35.4%. With elevating the temperature
to 1 100 °C, the creep lifetime of the alloy decreases to
113 h, indicating that the alloy during creep at 137 MPa
displays a better resistance in the applied temperature
range.

3.2 Constitutive equation and relative parameters

Transient strain is produced when load is applied at
high temperature. Dislocations multiply rapidly and fill
in the matrix channels between the cubical y' phases,
which corresponds to the initial strain of the creep
[10—11]. As the creep goes on, the creep rate is reduced
while dislocations pile up in the channels to produce the
strain strengthening. At the same time, the slipping and
climbing of dislocations occur under the action of
thermal activation, which releases the stress
concentration in the local region [12—13]. And then the
strain rate of the alloy during creep maintains constant
for entering the steady-state stage when the equilibrium
of the strain strengthening and recovery intenerating is
obtained, and the strain rate of the alloy during steady
state creep may be expressed by Dorn law as follows
[14]:

iy = Ao exp(—%) (1)

where & is the strain rate during the steady state creep;
A is the constant related to material structure; o, is the
applied stress; n is the apparent stress exponent; R is the
mole gas constant; 7 is the thermodynamics temperature;
Q is the apparent active energy.

In the ranges of the applied temperature and stress,
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the dependences of the strain rates during steady-state
creep on the applied temperatures and stresses are shown
in Figs.2(a) and (b), respectively. According to the strain
data during the steady-state creep, the creep activation
energy and stress exponent of the alloy were calculated
to be 0=483.5 kJ/mol and n=5 .4, respectively.
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Fig. 2 Relationship between strain rates and applied
temperature, stress during steady-state creep: (a) Strain rate and
temperature; (b) Strain rate and applied stress

3.3 Microstructure evolution of alloy during creep

After fully heat treatment, the microstructure of the
alloy consists of the cubical y’ phase embedded coherent
in the y matrix phase. The morphology of the alloy on
(001) plane is shown in Fig. 3, and the [100] and [010]
directions on (001) plane are marked by arrows, which
indicate that the cubical )’ phase is regularly arranged
along (100) orientation, and the average size of the
cubical y' phase is about 0.45 pum, the width of the y
matrix channel is about 100 nm.

After the alloy crept for 311.7 h up to fracture under
the applied stress of 137 MPa at 1 060 °C, the
morphologies in the different regions of the sample alloy
are shown in Fig. 4. The normal of the observed sample
is [100] orientation, the dark areas in the picture
correspond to the 9 phases, and the white areas
correspond to the y matrix phase. The various stresses are
applied in the different regions far from the fracture in

the creep sample, which results in the various
microstructures displayed in the different regions.
Therefore, the deformation extent of the alloy in the
different regions may be analyzed according to the
configuration of y' phase.

Fig. 3 Morphology on (001) plane of alloy after fully heat
treatment

The y' phase with no strain in the region 4 displays
the sphere-like morphology due to their coarsening under
the condition of the thermal exposure for 311.7 h, as
shown in Fig. 4(b). But the cubical y' phase in the region
B has been transformed into the rafted structure along the
direction vertical to the applied stress axis under the
action of the applied tensile stress at high temperature,
both rafted )" phase thickness and matrix channel
thickness in the region B are about 0.7 um, as shown in
Fig. 4(c). The morphology of the rafted y' phase in the
region C is similar to the one in the region B, but the
thickness of the rafted y' phase increases slightly, as
shown in Fig. 4(d). But the twisted configuration of the
rafted y’ phase appears in the region D due to the larger
plastic strain, the thickness of the rafted jy' phase
increases to 0.9 um, as shown in Fig. 4(e). The much
more plastic strain occurs in the region E near the
fracture, which results in the obvious twist of the rafted )’
phase so that the orientation of the rafted y’ phase has
about 45° angle relative to the direction of the applied
stress axis, as shown in Fig. 4(f). It may be considered by
analysis that the coarsening and twist of the rafted y’
phase in the region E are attributed to the severe plastic
strain.

3.4 Deformation features of alloy during creep

During creep of the alloy at high temperature, a
significant amount of dislocations are activated in the
matrix, resulting in an obvious influence on the creep
properties of the alloy [15—16]. Microstructures of the
superalloy crept for 113 h up to fracture at 1 100 °C and
137 MPa are shown in Fig. 5. The orientation of applied
stress is marked by arrow shown in Fig. 5(a). It may be
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Fig. 4 Microstructures in different regions of alloy after being crept up to fracture at 1 060 °C and 137 MPa: (a) Schematic of
marking locations in specimen; (b), (c), (d), (e) and (f) SEM images corresponding to regions 4, B, C, D and E
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Fig. 5 Morphologies of alloy after being crept for 113 h up to fracture at 1 100 °C and 137 MPa: (a) Twisted rafted y' phase; (b)
Alternated slipping of dislocations
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understood from Fig. 5(a) that the orientation of the
rafted y" phase is still vertical to the applied stress axis
and displays the slight twisted configuration, and the
thickness of the rafted ¢’ phase is about 0.6 pm. Some
dislocations are activated in the rafted y’ phase marked
by black arrow, and the rafted y’ phase displays a slight
twisted and broken configuration due to the plastic
deformation marked by A4 in Fig. 5(a).

After the alloy creeping for 113 h up to fracture,
microstructure in the region near the fracture is shown in
Fig. 5(b), and the normal of the film is [100] orientation.
It may be understood from Fig. 5(b) that the orientation
of the rafted y' phase is still vertical to the applied stress
axis, and the twisted extent of the rafted )’ phase
increases. Some dislocation traces of [011] and [011]
orientations with the feature of upright each other are
activated within the twisted rafted y' phase marked by
arrow. Thereinto, the direction of dislocations slipping is
about 45° angle relative to the applied stress axis, which
indicates that the slipping of the dislocation is activated
along the direction with the maximum shearing stress
during creep.

It is considered by analysis that the deformation
mechanism of the alloy in the later stage of creep is that
the super-dislocations with [011] and [011] trace
features shear into the rafted ¢ phase under the action of
the maximum shearing stress. As creep goes on, the main
slip system of the dislocations is firstly activated within
the twisted rafted y" phase, and then secondary slipping
dislocation is activated. The alternative operation of the
main/secondary slipping dislocations results in the
occurrence of the rafted y' phase twist. And the twisted
extent of the rafted y’ phase increases with the strain
quantities of the alloy during creep, which makes the
rafted y' phase transform into the irregular configuration
marked by letter B in Fig. 5(b). The feature of the
microstructure  corresponds to the larger plastic
deformation in the neck region. As creep goes on, the
effective stress of the alloy during creep enhances and
creep resistance of the alloy decreases. The alternative
operation of the main/secondary slipping dislocations
promotes the significant amount of dislocations shearing
into the rafted y' phase up to the occurrence of creep
fracture.

4 Conclusions

1) The 4.2% Re-containing single crystal nickel-
based superalloy possesses a better creep resistance in
the temperature ranges of 1 060—1 100 °C, but displays
an obvious sensibility to the applied stress. In the ranges
of the applied temperature and stress, the apparent creep
active energy of the alloy was measured to be 0=483.5
kJ/mol.

2) After creeping for a longer time up to fracture,
the various morphologies are displayed in different areas
of the sample. The cubical y' phase is transformed into
the sphere-like configuration in the no-strain regions.
And the y' phase is transformed into the rafted structure
along the direction vertical to the applied stress axis in
the regions of the applied tensile stress. But the
coarsening and twisting extents of the rafted y’ phase in
the region near the fracture increase, which is attributed
to the larger plastic deformation.

3) The deformation mechanism of the alloy in the
later stage of creep is that some dislocations with [01 1]
and [011] trace features shear into the rafted y’ phase.
The main/secondary slipping dislocations are alternately
activated to twist the rafted y’ phase up to the occurrence
of creep fracture, which is thought to be the fracture
mechanism of the alloy during creep.
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