
Microstructure degradation of
service-exposed turbine blades
made of directionally solidified
DZ125 superalloy

Yadan Xie1,2, Jianjiang Zhao1, Jiangwei Wang2 and Hua Wei1*
1Center of Hypergravity Experimental and Interdisciplinary Research, Zhejiang University, Hangzhou,
China, 2Centre of Electron Microscopy and State Key Laboratory of Silicon Materials, School of
Materials Science and Engineering, Zhejiang University, Hangzhou, China

The investigation about the degradation behavior of turbine blades exposed to

complex and extreme environments for long-term service is of great

importance to assess the remaining life of the blades. In our work, the

microstructure at different positions of the service-exposed turbine blade

was characterized from the micron scale to the nanoscale. The results

showed that there are noticeable differences in the microstructure at

different positions of the blade and the blade has a complex service history.

These conclusions suggest that the most severely damaged part of the blade

should be responsible for assessing the remaining life of the blade, moreover,

the mechanical properties of materials should not be limited to life at constant

temperature and stress, rather non-isothermal and variable stress tests are

more instructive in assessing the performance or life of aircraft engine blade

materials.
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1 Introduction

During service, turbine blades are usually subjected to severe and complex

operating conditions. To enhance the thrust-to-weight ratio of an aero-engine, the

gas temperature at the turbine inlet is constantly increasing and then, brings about

higher requirements for the materials of the blades (Cumpsty, 1997; Singh, 2014; Gad-

Briggs et al., 2017). Nowadays, nickel-based single-crystal or directionally solidified

superalloys are the most widely used turbine blade materials, which are remarkable

for their excellent high-temperature mechanical properties and corrosion resistance.

The unique high-temperature properties of nickel-based high-temperature alloys are

partly attributed to their two-phase microstructure, consisting of a disordered face-

centered cubic γ-matrix phase whose main composition is Ni and a harder γ′-
precipitates with L12 ordered structure whose main composition is Ni3Al and

embedded in γ-matrix.

The microstructures of the blade materials are degraded during the service under

the coupling effect of temperature and stress, including the evolution of the
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morphology of the γ′ precipitates and defects (Agudo Jácome

et al., 2014; Gan et al., 2020; He et al., 2021) as well as

transformation of carbides and precipitation of a

topological close-packed phase (TCP) (Zhang et al., 2020).

At present, the research on the turbine blades mainly focuses

on the relationship among the microstructure (Link et al.,

2011; Dubiel and Czyrska-Filemonowicz, 2012; Avila-Davila

et al., 2018), service environment (Aurrecoechea et al., 1991;

Miura et al., 2010; Chen et al., 2016a; Huang et al., 2018; Fu

et al., 2020) and material properties (Fu et al., 2019; Huang

et al., 2019; Ren et al., 2021) of the blade. Since the

morphology of the γ′ precipitates of nickel-based

superalloys is strongly related to the temperature and

stress, it is possible to assess the temperature and stress

distribution of the blade in service according to the

morphology of the precipitates. For example, a profiled

assessment of the temperature and stress during service was

made based on the morphologies of the precipitates at distinct

positions of the blade in previous work by Miura et al. (Miura

et al., 2010). Further works to quantify the relationship have

been proposed in the early 1990s by Aurrecoechea et al.

(Aurrecoechea et al., 1991), who tried to quantify the

relationship between temperature/stress and the size of the

γ′ precipitates. Nevertheless, in their work, only the variation

of the γ′ precipitates size, which could not be used as the only

criterion for the degradation of the precipitates, was

considered and there were large variations between the

precipitates size near the surface and away from the

surface, given that the precipitates morphology on the

blade is related to the structure of the blade. Subsequently,

Chen et al. (Chen et al., 2016a) proposed to use the volume

fraction of the γ′ precipitates and rafting degree as

characteristic parameters to assess the material degradation

and thus the distribution of service temperature, stress. And

similarly, quantifying the relationship between the width of

the matrix channel and the service environment was proposed

by Huang et al. (2018), while Fu et al. (2020) considered more

factors including the volume and dimension of the γ′
precipitates and rafting degree as functions of temperature

and stress, moreover, a microstructure database was

developed and two BPANN models were used to establish a

quantitative relationship between the service environment

and the characteristic parameters of γ′ precipitates. Most of

the recent work has attempted to provide a quantitative

description of the relationship between the service

environment and the degradation degree of the γ′
precipitates with more parameters, however, the complex

service history of the blades does not allow for an accurate

assessment with these approaches that may only be of some

significance to determine the most vulnerable positions of the

blades. In addition, the microstructural degradation of the

material also has an impact on the material properties, such as

hardness (Tong et al., 2016; Huang et al., 2019), tensile

properties (Holländer et al., 2016), creep properties (Van

Sluytman and Pollock, 2012; Tong et al., 2016; Gu et al.,

2021) and other mechanical properties, thus affecting the

remaining life of the blade, which is of great importance

for the cost reduction of turbine engines design. S.

Karlsson (Karlsson et al., 1995) and C. Persson (Persson

and Persson, 1993) et al. developed models for the

remaining life assessment of polycrystalline nickel-based

superalloys based on grain boundary porosity and the

rafting degree of the γ′ precipitates. Further development

of life prediction methods based on material microstructure

degradation parameters has also seen a great deal of related

work. For example, Fu et al. (2020) developed a method to

assess service degradation and predict the remaining creep life

of directionally solidified DZ125 turbine blades and compared

the results with experimental results obtained from miniature

creep specimens that cut from the blades, which showed that

the creep life prediction method they proposed was reliable in

accurately predicting the remaining creep life. Later, Gu et al.

(Gu et al., 2021) described the degradation degree of the blade

using several microstructure characteristic parameters only

based on information from SEM, after which the remaining

life was tested by small samples taking at different locations of

the blade and built a creep life model which can corresponding

to the characteristic parameters. There are two general

limitations in these efforts concerning the relationship

among microstructure of materials, service environment

assessment and life prediction. First of all, only the

relationship between the degradation of γ′ precipitates and

material properties is considered, while the effect of defects,

such as dislocations and stacking faults, of materials is

neglected, the other point is that in many studies, the

properties or microstructure evolution of materials under

constant temperature and uniaxial static stress are directly

applied to blades subjected to complex service environments,

whether a direct comparison between the two is debatable.

Due to the fact that turbine blades are hardly available and

the complex geometry that limits the preparation of TEM

samples, the present study of microscopic defects in blades is

always limited or incomplete. In our work, to more

comprehensively evaluate and analyze the microstructure of

turbine blades at some typical positions, both SEM and TEM

methods are employed. SEM is adopted to characterize the

microstructure at the micron scale, mainly in terms of the

morphologies of the γ′ precipitates, while TEM is devoted to

characterizing defects at the nanoscale. The latter compensates

for the former, which can only observe the morphologies of the

precipitates, and allows for deeper characterization of

microscopic damage within the material so that the service

history of the blade may can be predicted. This work is of

considerable significance to the modification and

improvement of the remaining life assessment method for

blade materials.
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2 Materials and methods

A turbine blade made of directionally solidified DZ125 with a

400-h service time, whose main composition is Ni-8.9Cr-10Co-

7W-2Mo-5.2Al-0.9Ti-0.8Ta-1.5Hf (wt%), was analyzed in the

experiment. The metallographic specimens were mechanically

polished and then electrolytically etched with 2% H3PO4, 40%

HNO3 and 48%H2SO4 electrolyte solutions at a voltage of 3 V for

about 30 s. The γ/γ′ phase was examined with a SU-70 field

emission scanning electron microscope (FE-SEM). The TEM

samples were cut from the indicated parts of the blade, polished

to less than 50 μm, and punched into thin slices of 3 mm

diameter. Then, the discs were punched out and chemically

thinned by twin-jet electro-polisher in a solution of 6%

perchloric acid in methanol cooled to −30°C at a voltage of

20 V. The microstructures of defects were characterized in a

transmission electron microscopy (TEM, Tecnai G2 F20 with an

accelerate voltage of 200 kV) equipped with energy dispersive

X-ray spectroscopy (EDX).

3 Results and discussion

3.1 Typical observation points

Three typical observation positions were selected, denoted by

points A, B and C, where point A is located at the mortise of the

blade as a reference point, point B is located at the leading edge of

the blade at a height of 16.5 mm, while point C is located at the

suction side of the blade with a height of 5 mm (as shown in

Figure 1A). During service, the temperature of point A was very

low due to the cooling gas, and the microstructure barely

changed, so it can be used as a reference point. Point B was

directly impacted by high temperature gas, and because of the

blade structure, the stress at this position was low, so points B was

in high temperature and low stress during service. Point C was in

a low temperature and high stress environment, which was the

result of the coupling effect of high centrifugal force and film

cooling. The temperatures and stresses during service at these

three positions have distinct characteristics, therefore, these three

points can be selected as typical observation positions to study

the degradation of microstructures on the blade. With reference

to the data in the literature (Wen et al., 2010; Chen et al., 2016),

the approximate comparable levels of temperatures and stresses

at points A, B, and C are shown in Figure 1A.

3.2 The morphologies of γ′ precipitates at
different positions of the blade

Figure 1 illustrates the morphologies of the γ′ precipitates
and the statistics of the characteristic parameters at the typical

points. In Figure 1A, the morphologies of γ′ precipitates at

different positions are presented. It can be found that γ′
precipitates at point A maintains with almost perfect cubic

structure. At point B, γ′ precipitates have obviously rafted.

When observing along the direction of <100> (i.e. direction

vertical to centrifugal force), γ′ precipitates are obviously

interconnected and evolves into a strip or plate in some

positions with the rafting direction is perpendicular to

FIGURE 1
(A) SEM morphologies of the microstructure at three representative observation points on the blade, (B) area fractions and sizes of γ′
precipitates at different points.
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the <001> direction. There are also some regions where γ′
precipitates are not completely connected to the surrounding

precipitates, yet the cubic shape is also degraded to a spherical

shape. In the direction of <001> (i.e. direction perpendicular to

centrifugal force), the initial cubic γ′ precipitates have evolved

into spherical shape and the adjacent spherical γ′ precipitates
tend to connect with each other in both the <010> and <100>
directions. In contrast, the precipitates at point C remain in a

good cubic structure without rafting, and there is nearly no

difference in the morphologies of γ′ precipitates with point A.

Figure 1B shows the statistical results of the volume fraction and

size of the precipitates at these three positions. Comparing the

characteristic parameters of the precipitates at these three

positions, it can be found that the parameters at points A and

C are similar, while there are considerable gap between point B

and the other two positions, where the size of the precipitates

decreases by about 0.1 μm compared to position A (or C) and the

volume fraction decreases by about 30%. This indicates that the

temperature has a dominating role in the rafting of the γ′
precipitates.

3.3 The behavior of dislocations and
stacking faults at different positions of the
blade

Although the morphology of the γ′ precipitates can reflect

the degradation of the material to some extent, defects such as

dislocations and stacking faults are critical factors affecting the

performance of the material. Dislocations contribute significantly

in determining the creep behaviour of the material as well as

effect on the rafting morphology of the γ′ precipitates by

influencing elements diffusion (Ding et al., 2018; Qi et al.,

2019). Creep is generally considered to have three stages,

including the primary stage, the steady-state stage and

accelerated stage, and all these three stages of creep

correspond to distinct features of dislocation behavior (Reed,

2006). In the early stage of creep, γ′ precipitates start to raft while
dislocations move only in the γmatrix channels, and the interface

between the two phases hinders the dislocations movement

resulting dislocations accumulate at the interfaces to form

networks. In the steady-state creep stage, dislocations form a

regular dislocation network at the interface of the two phases,

which will further hinder dislocations from cutting into the γ′
precipitates, and only a few dislocations can cut into the γ′
precipitates. In the accelerated creep stage, a large number of

dislocations cut into the γ′ precipitates, resulting in a significant

decrease in the strength of γ′ precipitates, and the dislocations

gather and entangle to form micropores, leading to the

destruction of the material. Another point to emphasize is

that external stress, temperature as well as material properties

are inter-related, all these factors will have an impact on the

initiation slip system and reaction types of the dislocations. Given

the complex service environment of the blade, the dislocation

behavior at different positions on the blade will be different and

can reflect the external environment of the position to a certain

extent. However, in most of the work related to turbine blades,

the characterization of defects, such as dislocations and stacking

faults, is often neglected or limited. For example, in Zhang

(Zhang et al., 2020) and Gu et al.’s (Gu et al., 2021) work,

which employed the similar turbine blades as our work, the

microstructure of the blade was only characterized at the micron

scale using SEM methods, which would limit the insight into

microstructure degradation of service-exposed turbine blades.

3.3.1 Initial morphology of the turbine blade
Figure 2 shows TEM morphology of the precipitates and

dislocations at point A with the position given in Figure 2A.

Figure 2B shows a TEM image of a low magnification. It can be

found that the γ′ precipitates maintain a good cubic structure,

and at some positions can observe triangular precipitates (as

indicated by the red arrows), which is probably due to the

destruction of the complete cubic γ′ precipitates during the

process of preparation of the sample and the γ′ cube is

sheared along the slope leaving only a corner, so that only a

triangle can be seen when observed under the TEM. Figure 2C

shows the morphology of the sample observed at high

magnification, revealing the presence of many short mismatch

dislocations in the matrix phase (as shown by the blue arrows),

which are mainly caused by the mismatch between the lattices of

the two phases. Similar to that of the SEM, the γ′ precipitates at
point A of the blade is not degraded, and only the mismatch

dislocations formed during the heat treatment process exist,

indicating that the mortise is essentially damage-free during

service and satisfies the demand as a reference. In addition,

the distribution of elements in DZ125 alloy is shown in

Figure 2D, with Ni, Al, Ti, Hf, Ta, and W mainly enriched in

the γ′ precipitates, while Cr, Co, and Mo are mainly enriched in

the γ matrix.

3.3.2 The behavior of dislocations at point B of
the blade

Point B on the blade is in a high temperature and low stress

during service, and obvious rafting has occurred at point B

according to the SEM image. To further analyze the

dislocation behavior on the blade, it is necessary to investigate

the microstructure at the nanoscale. STEM morphologies of

dislocations at point B are given in Figure 3 with Figure 3A

shows the position of point B on the blade. It can be seen in

Figure 3B that the γ′ precipitates at point B have a distinct feature

of rafting with the rafting direction perpendicular to the direction

of centrifugal force (the direction of centrifugal force has been

marked with black arrows in Figure 3B), and the original cubic

structure has become ellipsoidal and connected, which is

consistent with that observed in the SEM. It can be further

noticed (as shown in Figure 3C) that no dislocations cut into the
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γ′ precipitates while there are only few dislocations in the γ
matrix. Instead of a perfect phase-interface, the interface of the γ′
precipitates is extruded with some grooves by dislocations, which

is shown as a short white line in the figure (as indicated by the

orange arrow in Figure 3C). This may be due to the stress field

caused by dislocations that affect the diffusion process of the

elements (Mehrer, 1996; Ardell and Prikhodko, 2003), thereby

pegging the migration of the two-phases interface and forming a

groove structure at the interface. Similar phenomena are found in

Figures 3D,E, both marked with orange arrows. Figures 3D,E

gives the morphologies of dislocations at point B when observed

along the [001] direction (i.e., parallel to the centrifugal force). As

shown in Figure 3D, the surfaces of the γ′ precipitates are covered
with a number of slip dislocations, which are only present on the

surface of the γ′ precipitates rather than extending into the γ-
matrix channel. It is indicated that the dislocations observed in

Figure 3C are all located near the phase interface near the matrix

phase. The dislocations in the area selected by the orange box in

Figure 3D (Q1 and Q2) can be found to be interdigitated and

have a tendency to form a dislocation network, while the other

dislocations are chaotic, probably due to the complex stress state

during service or the low level of heavy elements in the

DZ125 alloy (it is usually considered that the more heavy

elements, such as element Re and Ru, the more regular the

dislocation network formed (Jin et al., 2010; Tan et al., 2013)).

Moreover, it can be noticed in Figure 3D that some of the

dislocations show an abrupt turn (indicated by the purple

arrow), which might be due to the cross-slip shift and

dislocation reaction of the a
2 〈011〉 dislocation. A large number

of slip dislocations can also be found in Figure 3E, but these

dislocations do not cut into the γ′ precipitates actually, since they
have no characteristic of dislocations cutting into the γ′
precipitates. It is only because the γ′ precipitates are

covered with γ matrix (as indicated by the white arrow in

Figure 3E), and the dislocations existing near the phase

interface but located in the γ matrix are preserved and

observed. In Figure 3F, quadrilateral dislocation networks,

which prevent further cutting of dislocations into the γ′
precipitates, have formed at some positions. According to

the behaviors of dislocations, the position of point B should be

in the transition period from the primary stage to the steady-

state stage of creep before the formation of a regular

dislocation network, at which time the dislocations mainly

are a
2 [101] dislocations in the γ matrix.

FIGURE 2
(A) The position of point A on the blade, (B–C)morphology of γ′ precipitates and dislocations at point A, (D) elemental distributionmaps of the γ
and γ’.
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FIGURE 3
Microstructures at point B (A) the position of point B on the blade, (B) morphologies of rafted γ′ precipitates and (C) dislocations observed
at <100> direction, (D–F) morphologies of γ′ precipitates and behavior of dislocations observed at <001> direction.

FIGURE 4
SEM morphologies of defects at point C of the blade: (A) the position of point C on the blade, (B) various defects on the surface of the γ′
precipitates at point C, (C) dislocations cut into the γ′ precipitates and a schematic diagram of dislocation behavior, (D) other feature on the surface of
the γ′ precipitates.

Frontiers in Materials frontiersin.org06

Xie et al. 10.3389/fmats.2022.973119

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.973119


3.3.3 The behavior of dislocations and stacking
faults at point C of the blade

Despite the results shown in the SEM images that the volume

fractions and sizes of the γ′ precipitates at points A and C are

almost the same, a certain degree of damage at point C under

high stress and low temperature can be predicted and the damage

can be demonstrated by defects such as dislocations and stacking

faults. Figure 4 gives the SEM morphologies of the defects at

point C of the blade, all of which are observed in the [100]

direction. The SEM image of low magnification at point C is

shown in Figure 4B, and several traces of γ′ precipitates cut by
dislocations can be seen (as indicated by the yellow arrows in

Figure 4B), with most of them at an angle of 45° to the 001

direction. There are also some positions where multiple parallel

lines, perhaps due to stacking faults and at an angle of 45° to the

direction of 001 (as indicated by the red arrow in the Figure 4B),

can be observed on the surface of the γ′ precipitates. An enlarged

image of the γ′ precipitates cut by the dislocations is given in

Figure 4C, where it is noticeable that the dislocations affect the

migration of the phase interface and it is possible to cut more

than one γ′ precipitates by the same dislocation. It can be found

in Figure 4C that the dislocations in the same field of view have

different behaviors, such as the dislocation s-t, which only left a

groove near the edge of the γ′ precipitates, instead of leaving

continuous cutting traces on the surface of the γ′ precipitates.
This may be due to the continuous cross-slip of dislocations in

the (111) plane, as shown in the schematic diagram on the right

side of Figure 4C (Agudo Jácome et al., 2014). In contrast, the

traces 3 and 4 indicate that the dislocation left complete cut traces

on the surface of the γ′ precipitates, and these two sites may be

FIGURE 5
Dislocation morphologies at point C of the blade (A–D) TEM morphologies, (E–F) STEM morphologies.
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due to the same dislocationm-n. Similarly, traces 5, 6 and 7, may

be traces left by the single dislocation, which is cross-slip near the

trace 6. The effect of dislocations on the γ′ precipitates

morphologies is more visible at point C of the blade

compared to point B. This may be due to the fact that the

stress at point C is higher and the dislocations are more strongly

driven so that they can cut into the precipitates at a lower

temperature (Yue et al., 2019). Figure 4D shows the traces of

several sets of parallel line crossings, which have similar

characteristics to the stacking faults.

The morphologies of dislocations at point C of the blade are

given in Figure 5. Some typical types of dislocations are given in

Figures 5A–D. Among them, the short dislocations indicated by

yellow arrows in Figure 5A are mismatch dislocations, which are

caused by lattice mismatch stress and have existed in the original

heat treatment state of the material, and can also be observed at

point A. The irregular dislocations line drawn with yellow dashed

lines are slip dislocations, which are the main type of dislocations

to form a dislocation network. Both of these dislocations are
a
2 〈011〉 dislocations located in the γ matrix. The dislocation

pegging interface can be found in the red circle in the Figure 5A,

where both mismatch dislocations and slip dislocations have

pegging effects on the interface. The patterns of some typical slip

dislocations are given in Figure 5B and Figure 5C, however,

differences exist in the behavior of the slip dislocations at these

two positions. The slip dislocations in Figure 5B are more

disorganized and tangled as shown in the blue dashed circles,

while the dislocations in Figure 5C are mostly oriented at an

angle of 45° to the 〈001〉 direction. This can be explained by the

different stress fields at the two positions. In Figure 5D, a

magnified view of the red box in Figure 5C is given, and it

can be pointed out that there is an obvious effect that dislocation

pegging the phase interface at the position marked by the red

circle. As a result, the interface is divided into two parts and the

bottom part cannot be further pushed forward with the

dislocation pinning, otherwise the upper part of the interface

is obviously out of focus, which is probably due to the different

migration driving force at the boundary and corner of the

interface (Tsukada et al., 2017; Wang et al., 2019). STEM

images of the dislocations are presented in Figure 5E. Between

the blue dashed lines is a row of a
2 〈011〉 dislocations, and to the

right of this row, there is a pair of super dislocations with anti-

phase domains between these two dislocations. The formation

mechanism of these dislocations is shown in the inset at the top

right corner of Figure 5E. There may be a dislocation source

(Wang et al., 2015), which constantly generates new dislocations

in response to the stress, near the γ′ precipitates and when an

accumulated number of dislocations is sufficient, the stress field

generated by the blocked dislocations will push the former

dislocations to cut into the γ′ precipitates and then generate a

dislocation row. In addition, it is also worth noting that there are

quite a few secondary γ′ precipitates observed in Figure 5F. These
secondary γ′ precipitates are mainly observed near the eutectic

region, indicating that this position may have experienced high

temperatures during the service. The secondary γ′ precipitates
can as well be observed at the position indicated by the green

arrow in Figure 4.

Besides various types of dislocations at point C of the blade,

there are also extensive stacking faults, which exist mainly at high

stress with low temperature. Stacking faults are typically formed

by two a
2 〈011〉 full dislocations decomposed into a

3 〈112〉 or
a
6 〈112〉 partial dislocations swept through γ′ precipitates, and the

FIGURE 6
(A–D) Stacking fault morphologies at point C of the blade, (E–F) STEM images of the stacking fault at the atomic level, (G) STEM images of γ′
precipitate at the atomic level.
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dislocation reacts are as follows (Rae et al., 2000; Rae and Reed,

2007; Rae and Zhang, 2009):

a
2
〈101〉 + a

2
〈011〉 → a

3
〈112〉 + SISF + a

6
112(in γ′precipitates)

a
2
〈011〉 → a

3
〈121〉 + SISF + a

6
112(in γ′precipitates)

The morphologies of the stacking faults at point C of the

blade is given in Figure 6. In Figure 6A, the stacking faults are

captured at a low magnification, and it can be observed that there

are at least four stacking faults traversing several γ′ precipitates in
this region, and these stacking faults are intersecting with each

other. In Figure 6B is a magnified view of the stacking faults, it

can be found that the stacking faults are a set of light and dark

parallel lines observed from the <010> direction. Figure 6C

shows the stacking fault in a single γ′ precipitate. The

position which is marked by the red box indicates that the

end of the stacking faults drags the interface of the two-phase,

and the other end also has a similar effect but not obvious. The

effect of stacking faults on the migration of the interface is

essentially the effect of stacking faults on diffusion. To

understanding the interaction between stacking faults and

elements better, Figures 6D–F gives the atomic level STEM

images at both ends of the stacking fault. Since STEM image

is a mass-thickness contrast image, the larger the atomic number

is, the brighter the atomic image is. It is evident from the

Figure 6E and Figure 6F that there is a large number of heavy

elements enriched in the stacking fault, which is also observed

similarly in the work by Wu et al. (Wu et al., 2020), and the

enrichment of elements may lead to a change in the chemical

potential near the stacking faults, resulting in the effects of the

stacking faults on the diffusion near the interface of the two

phases. The atomic images at the two-phase interface are

provided in Figure 6G, and it can be seen that there is no

significant enrichment of heavy elements in either the γ′
precipitates or the γ matrix, which is only present near the

stacking faults. Moreover, the enrichment of heavy elements

near the stacking faults can also explain the traces left by the

stacking faults observed in Figure 4D, where the elements in the

stacking faults differ from the surrounding precipitates, leading

to different degrees of etching and thus to the morphology of the

stacking faults observed under SEM.

Although there is almost no obvious rafting or degradation

for γ′ precipitates at point C of the blade, a large number of

defects exist. In addition to the existence of numerous mismatch

dislocations and slip dislocations, no dislocation network is

formed. Moreover, secondary γ′ precipitates, super

dislocations row and stacking faults cutting into the

precipitates are observed in many areas, among which

secondary γ′ precipitates exist at high temperature, a
2 011

super dislocation-pairs exist mainly at medium temperatures

and stacking faults mainly occur at high stress with low

temperature. These indicate that this position has experienced

complex service history (Schwalbe, 2019).

4 Conclusions

Turbine blades fabricated from directionally solidified

superalloy DZ125 experienced complex service environment

during service. With a view to understanding the degradation

behavior of the microstructure on the blade, three typical

observation points were selected, including point A as a

reference, point B with high temperature and point C with

high stress. By comparing microstructures of these three

points at microscale and nanoscale, it can be revealed that the

microstructure degradation of the blade after the service has the

following characteristics.

1. The morphologies of microstructure on the turbine blade

at different positions have great differences, which are

attributed to the variation of service environment, and it

indicates that the most severely damaged parts are required

to be focused on when considering the remaining life of the

blade.

2. At point B of the blade exposed to high temperature, the γ′
precipitates were rafted significantly, and the dislocations

were mainly concentrated at the interface of the two

phases without forming a regular dislocation network.

Furthermore, the dislocation behavior indicated that this

position was still in the first stage of creep.

3. At point C of the blade subjected to high stress, γ′
precipitates, with volume fraction and size similar to the

original microstructure, have no significant degradation.

However, there are a large number of defects, such as

dislocations and stacking faults, etc. These defects exert a

significant influence on the migration of the two-phase

interface, which is probably due to the high dislocation

driving force at point C resulting from the high stress. In

addition, secondary γ′ occurring only at high temperature

were observed at point C.

4. The number of various types of defects at point C of the

blade indicates that the blade experienced a complex service

history, so it is debatable whether the mechanical properties of

the material tested under constant temperature and stress

conditions can meet the remaining life assessment of the

blade.
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