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Abstract: The influence of service-induced degradation on residual life is very important for the
safe service of turbine blades. In this study, a series of simulation experiments were conducted on a
directionally solidified superalloy under (880-1020) °C/(70-220) MPa and interrupted after 500 h.
Then, the stress rupture life of the interrupted specimens was tested under 980 °C/275 MPa. The
results showed that the increase of simulated experiment temperature decreased the residual stress
rupture life. In brief, the simulation experiments at 880 °C did not influence the residual stress rupture
life of the alloy. The simulated experiments at 980 °C and 1050 °C mainly affected the microstructure
of v’ phase, while not vy /v’ eutectic and carbides. After the stress rupture tests under 980 °C/275 MPa,
cracks were located at the interfaces between carbides and y matrix in the interdendritic regions.
This study provides guidance on the degradation evaluation and safety service of the directionally
solidified superalloys.

Keywords: directionally solidified superalloy; service induced degradation; stress rupture property;
microstructure; y’ phase

1. Introduction

Nickel-based superalloys are widely used to prepare aeroengine turbine blades be-
cause of their excellent comprehensive properties [1]. Under normal service conditions,
the engines will be overhauled after a period of service, and the blades will undergo a
rejuvenation treatment to prolong the service life [2,3]. Therefore, after the blade has been
in service for some period, the residual service life is very important for users to avoid
premature failure, which would result in serious safety accidents and economic losses.
At the same time, due to the harsh service environment, the blades will suffer various
forms of failure or damage, such as fatigue [4], creep [5,6], corrosion and so on [7]. With
the continuous improvement of aeroengine design, manufacturing level and coating tech-
nology, the service life of the engine is prolonged. Meanwhile, failure mainly caused by
fatigue, oxidation and corrosion will be significantly reduced. Thus, the degradation of
creep property caused by microstructure degradation will become the key factor causing
engine failure during the service process [8,9].

The microstructure of directionally solidified superalloys usually include v” phase,
v /v’ eutectic, different types of carbides and grain boundary. Various forms of microstruc-
tural degradation may occur under the coupling of high temperature and stress. For
example, the v’ phase coarsening, rafting and dissolution [10-12], degeneration of MC
carbides to MgC and M»3Cq [12], v /v’ eutectic dissolution [13] and even initial melting [14].

Crystals 2022, 12, 267. https:/ /doi.org/10.3390/ cryst12020267

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst12020267
https://doi.org/10.3390/cryst12020267
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://doi.org/10.3390/cryst12020267
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12020267?type=check_update&version=1

Crystals 2022, 12, 267

20f7

All the above microstructure evolution could significantly impact the creep properties
of the alloys. At the same time, the temperature and stress of the blades are constantly
changing during service [15], and further increases the complexity of the effect of service
microstructure degradation on the residual stress rupture life. Therefore, to study the effect
of service degradation on the residual life of directionally solidified superalloy blades, it is
necessary to consider a variety of service temperatures and stresses.

In this study, a widely used directional solidification superalloy was selected as the research
object. According to the service environment characteristics of the alloy blade, the service
simulation experiments were carried out under the conditions of (880-1020) °C/(70-220) MPa,
and studied the effect of service degradation on the stress rupture life under the condition
of 980 °C/275 MPa. Combined with the systematic analysis of microstructure, the effect of
service-induced degradation on residual stress rupture life was revealed.

2. Materials and Methods

The solidified solid bars were produced by Beijing Institute of Aeronautical Materials,
and all bars experienced the standard solution treatment: 1260 °C/1 h + 1275 °C/1 h with
air cooling + 1120 °C/4 h with air cooling + 1080 °C/4 h with air cooling + 870 °C/16 h
with air cooling. The chemical composition of the alloy was (in wt.%) 11.98 Co-6.77 Cr-6.28
Ta-6.02 Al-4.84 W-2.92 Re-1.53 Mo-1.48 Hf-0.12 C with a balance of Ni. The conditions
of simulated service experiments are listed in Table 1, and were interrupted after 500 h
except for the simulation experiment under 1020 °C/150 MPa, because the sample broke
after about 300 h. After the simulated experiments, specimens were subjected to stress
rupture tests under 980 °C/275 MPa to measure the residual stress rupture life. The sketch
of the stress rupture specimens is shown in reference [12], and the diameter and length
of the gauge area was 5 mm and 25 mm, respectively. Four specimens were measured
for one statistical result. Samples were sectioned, ground, polished, and subjected to
selective etching to observe the microstructure morphologies. To observe the morphologies
of the cracks and carbides, samples were chemically etched in a solution containing 4 g
copper sulfate, 20 ml hydrochloric acid, 16 ml water and 1 ml sulfuric acid. To observe the
morphology of the vy’ precipitates, samples were electrochemically etched, and the solution
contained 3 ml phosphoric, 12 ml sulfuric acid and 10 ml nitric. A NIKON LV150 optical
microscope, and an FEI Inspect F50 field-emission scanning electron microscope (FE-SEM)
were used to observe the microstructures.

Table 1. The temperature and stress under the simulated service conditions.

Temperature/°C Stress/MPa Duration/h

150

1020 100
70

180

980 110
70

220
880 130
70

500

3. Results and Discussion
3.1. Stress Rupture Properties

The measured stress rupture life of the alloy at 980 °C/275 MPa after the standard
heat treatment was 50 h [16]. According to the simulated experimental conditions (Table 1),
the stress rupture tests were conducted under (880-1020) °C/(70-220) MPa and interrupted
after 500 h, following by furnace cooling. The samples broke after the experiment had been
carried out for about 300 h under 1020 °C/150 MPa. For the interrupted samples under
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other conditions, the stress rupture tests under 980 °C/275 MPa were subsequently carried
out, and the results are shown in Figure 1.
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Figure 1. Residual stress rupture life under 980 °C/275 MPa under the different simulated service en-

vironmental conditions, the blue, green and yellow lines correspond to simulated service temperature
of 880 °C, 980 °C and 1020 °C, respectively.

The simulation experiments may lead to the obvious decrease of the stress rupture life
of the alloy under 980 °C/275 MPa. After experiencing the simulation experiments at 880 °C
for 500 h, the average residual stress rupture life was maintained for about 50 h, indicating
that the influence on the stress rupture property is relatively small. With the increase of
the simulated service temperature, the residual stress rupture life decreased rapidly. For
example, after the simulation experiment at 1020 °C/100 MPa for 500 h, the stress rupture
life at 980 °C/275 MPa was only 3.3 h. The applied stress also had a significant effect on
the residual stress rupture life of the alloy. At the simulated experimental temperature
980 °C, the residual stress rupture life decreased from 30.4 h to 5.0 h when the applied
stress increased from 70 MPa to 180 MPa.

3.2. Microstructural Degradation after the Simulated Service Process

In order to clarify the effect of service degradation on the residual stress rupture life
of the alloy, the microstructures under simulated service conditions were systematically
characterized and analyzed. After the simulated experiments, the morphologies of the
v/7v’ eutectics and carbides were close to those of the alloy after the standard solution
treatment [12,13]. The v/v” eutectic maintained a sunflower shape, and the granular car-
bides dispersed in the interdendritic regions and grain boundaries, as shown in Figure 2a,b.

The simulated experiments had a significant effect on the microstructural degradation
of v’ phase, and the morphologies of the vy * precipitates in the longitudinal sections were
systematically characterized, as shown in Figure 2c-k. At 1020 °C, the v “ phase coarsened
and rafted. The coarsening and rafting of the v “ phase were the most serious at 150 MPa,
and the raft structure showed a “wave” shape. With the decrease of stress, the “wave”
degree of the raft structure decreased, and the raft structure was basically straight at 70 MPa.
At 980 °C, the coarsening and rafting of the v“ phase was obvious, and also showed a
“wave” shape at 110 MPa. With the decrease of stress, the “wave” shape of the rafe structure
decreased. The raft structure was basically straight at 70 MPa, which was more regular than
that at 1020 °C /70 MPa, as shown in Figure 2f-h. At 880 °C, the microstructure change
of v’ phase was small and only slightly rafted at 220 MPa, while it could be ignored at
130 MPa and 70 MPa (Figure 2i-k).
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(i) () (k)

Figure 2. Microstructure morphologies after different simulated experiments: scanning electron
microscopy back-scattered electron (SEM-BSE) images of the v/’ eutectic (a) and carbides in the in-
terdendritic regions (b) under 1020 °C/150 MPa; SEM-SE images of the v’ precipitates in the dendrite
cores along longitudinal sections under 1020 °C/150 MPa (c), 1020 °C/100 MPa (d), 1020 °C/70 MPa
(e), 980 °C/180 MPa (f), 980 °C/110 MPa (g), 980 °C/70 MPa (h), 880 °C/220 MPa (i), 880 °C/130 MPa
(j), 880 °C/70 MPa (k).

Overall, the v * phase presented rafting in different degrees at 1020 °C and 980 °C, and
the “wave” degree of rafting increased with the increase of stress. The v phase was hardly
rafted after the simulated experiments at 880 °C for 500 h, and the morphology of v “ phase
was close to that after the standard heat treatment [12]. The microstructure characteristics
showed that under the simulated experiments of (980-1020) °C/(70-130) MPa, rafting of
the v’ phase occurred in varying degrees and led to the reduction of the residual life in the
subsequent continuous service. Under the simulated experiments of 880 °C/(70-200) MPa,
there was no obvious microstructure degradation of the carbides and v’ precipitates, and
this had little influence on the stress ruputre life under 980 °C/275 MPa.
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3.3. Microstructure Morphologies after the Stress Rupture Tests

For the investigated alloy, cracks always occurred in the interdendritic regions during
stress rupture tests under 980 °C/275 MPa. The results of this study are consistent with the
previous conclusions [12,13], and because the carbide morphology in the alloy was close
and unchanged under different simulated service conditions, the fracture morphology was
consistent after 980 °C/275 MPa stress rupture tests [12]. Plastic deformation occurred in
all the stress rupture fracture specimens, and numerous dimples were distributed on the
macro fracture, with carbides in the middle of the dimples. The crack characteristics of
the longitudinal section of the fracture verify the macro fracture characteristics. Figure 3
shows the SEM-BSE images of the stress rupture voids along the longitudinal sections in the
specimens under 980 °C/70 MPa after being exposed to 1020 °C/70 MPa for 500 h. Creep
voids distributed in the interdendritic regions (Figure 3a), and located at the interfaces
of MC carbides and 'y matrix. For polycrystalline cast superalloys containing carbides,
such as equiaxed superalloys [17,18] and directionally solidified superalloys [10], the
difference of thermal expansion coefficient between carbides and matrix easily leads to
stress concentration at the interface. Under the coupling action of high temperature and
stress, cracks easily initiate and progress at the interface, resulting in alloy cracking. In
this study, the carbides did not undergo microstructural degradation in the simulated
service process, and the lasting fracture modes of different simulated service samples were
basically the same under 980 °C/275 MPa.

(b)

Figure 3. SEM-BSE images of the stress rupture voids at a lower magnification (a) and a higher
magnification (b) along the longitudinal sections in the specimens under 980 °C/70 MPa after being
exposed to 1020 °C/70 MPa for 500 h.

The above results indicate that y” phase rafting has a significant effect on the stress
rupture property of the alloy, and the microstructures of the y” precipitates are thus charac-
terized to ascertain the rafting law in the fracture specimens under 980 °C/275 MPa. For
specimens under the simulated service conditions at 1020 °C and 980 °C, the vy’ phase had
been rafted after the simulated experiments, so the subsequent 980 °C/275 MPa experimen-
tal process would only increase the rafting degree to some extent. During the simulated
experiments at 880 °C for up to 500 h, the vy’ phase remained cuboidal (Figure 2i-k), which
was mainly due to the relatively low service temperature in comparison with the microstruc-
tural stability of the y” phase [12]. During the stress rupture tests under 980 °C/275 MPa,
the v’ precipitates also suffered rafting even after 50 h following the simulated service under
880 °C/70 MPa (Figure 4). This phenomenon means that there is a critical temperature for
the rafting of the v’ phase, and the critical value is between 880 °C and 980 °C. Obviously,
below the critical temperature, the microstructure of the alloy does not degrade and the ser-
vice degradation can be ignored. However, above the critical temperature, especially under
the condition of large stress, the service degradation easily leads to obvious degradation
of stress rupture properties. Besides, the sensitivity of v’ phase microstructure evolution
to service temperature can be used to evaluate blade service degradation. For example,
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the degree of v’ rafting and the area fraction of the y’ phase are used to inversely evaluate
the service temperature and stress of the turbine blades [11,19]. For the alloy in this study,
more work needs to be done to evaluate the service degradation of blades.

Figure 4. SEM-SE images of the v’ precipitates in the dendrite cores away from the fracture along the
longitudinal sections for the specimens under 980 °C/275 MPa after being exposed to 880 °C/70 MPa
for 500 h.

7

Overall, for directionally solidified superalloys, the strengthening mechanism of the y
phase has the most significant effect on the stress rupture property. The grain boundary
and carbides always act as weak regions, which often become areas of crack initiation
and propagation. In this study, the microstructure degradation in the alloy was mainly
manifested in y’ rafting after being exposed to 980 °C and 1020 °C for up to 500 h. The
applied stress will increase the rafting of v’ phase and reduce the subsequent stress rupture
property, and even result in premature fracture before 500 h.

4. Conclusions

In this study, experiments were carried out on a widely used directionally solidified
superalloy under the conditions of (880-1020) °C/(70-220) MPa to simulate the service
process under different conditions. The stress rupture tests were then conducted on the
interrupted samples under 980 °C/ 275 MPa, combined with the systematic characteri-
zation of macro-fracture mode, microstructures including /vy’ eutectic, carbides and y’
precipitates. The effect of service degradation on the residual stress rupture life of the alloy
was determined. Several conclusions are summarized as follows:

(1) The simulated experiment temperature had the greatest influence on the residual
stress rupture life under 980 °C/275 MPa. With the increase of simulated experimental
temperature, the residual stress rupture life decreased rapidly. At simulated experimental
temperature of 880 °C, the residual stress rupture life was maintained at about 45 h
regardless of the serviced stress.

(2) After the simulated experiments of 500 h, the morphologies of y/y’ eutectic and
carbides were unchanged, while v’ rafting occurred to varying degrees. In the subsequent
980 °C/275 MPa stress rupture tests, the cracks were located at the interfaces between
carbides and y matrix in the interdendritic regions.

(3) After being exposed to the simulated experiments under 880 °C/(70-220) MPa
for 500 h, the v’ phase remained of cuboidal morphology, while it was rafted after 50 h
under the 980 °C/275 MPa stress rupture test. The investigated alloy had a critical rafting
temperature, which was between 880 °C and 980 °C. Above the critical temperature, service
degradation may significantly reduce the residual stress rupture life.
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