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The turbine blades were directionally solidified by a high-rate solidification
process by the Bridgman technique using directional solidified Ni-based
master superalloy DZ125 and operated on the engine bench with a high-
temperature gas environment of more than 1500 ‘C from combustor and
high-speed rotation of more than 13500 rpm for 400h. A service-
environment-based model was put forward to simulate the distribution of
temperature and stress on the DZ125 blade in service. It was found that the
distribution of temperature and stress on the serviced DZ125 blade was closely
related to its geometric structure. The microstructural evolution of the serviced
DZ125 blade was analyzed and the variations of microstructures with temperature
and stress were investigated by using a scanning electron microscope. The results
revealed that the evolution process of microstructures on the serviced
DZ125 blade was different from that of the standard sample tested at constant
temperature and uniaxial tensile stress. The reason for this discrepancy was
explored using a combination of finite-element calculation and diffusion
coefficient calculation.

KEYWORDS

turbine blade, microstructural evolution, high-speed rotation, high temperature,
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1 Introduction

Gas turbine is one of the most efficient heat-to-power conversion machinery and widely
used in aero-engines. In the service of gas turbines, the integrity of turbine blades as a core
component of aero-engines is of great importance to the service safety (Rogge et al., 2018). In
addition, temperature and centrifugal stress on turbine blades change sharply during take-
off, cruise, and landing of aircrafts. Because of these, as the key aerodynamic part responsible
for the energy transformation in gas turbines, turbine blades are always manufactured by
advanced superalloys. It should be known that turbine blades work at various speeds and
temperatures, and it leads to turbine blades subjected to a wide range of temperature and
stress produced by high-temperature gas from the combustion chamber and high-speed
rotation in service (Zadvorniy et al., 2015).

The directional solidified (DS) superalloy DZ125 exhibits columnar crystalline
morphology with the <001> orientation, which is parallel to the centrifugal stress of
blades (Chen et al,, 2020). Compared with polycrystalline and wrought superalloys, the
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DZ125 superalloy can render superior microstructural stability and
mechanical properties at elevated temperatures due to the
elimination of undesirable transverse grain boundaries (Fu et al.,
2020). The DZ125 superalloy also possesses exceptional elevated
temperature strength, high resistance to creep, no obvious thin-wall
effect, good oxidation and corrosion resistance, as well as good
fracture toughness and is widely employed in manufacturing high-
pressure turbine blades (Pollock and Argon, 1994;Duscher et al.,
2004; Chellali et al., 2016). A large amount of experimental and
theoretical studies regarding the DZ125 superalloy were conducted
to explore the relationship between mechanical properties and the
Y-y’ microstructural degradation (Cottura et al., 2012; Fedelich
et al., 2012; Sadowski and Golewski, 2012; Cottura et al., 2016;
Barba et al., 2018). Understanding the failure mechanism and
predicting creep lifetime have been a long-term requirement in
order to ensure the flight safety of engines. In this respect,
macroscopic methods, e.g., macroscopic constitutive modeling,
are insufficient mainly because the plastic deformation takes
place at external stress far below macroscopic yield stress
according to the classic strength theory, but the microstructural
degradation of the DZ125 superalloy under high-temperature and
The
DZ125 superalloy mainly consists of channel-like y phase and

low-stress  conditions is  observed  experimentally.
cuboid y' phase surrounded by the matrix y phase. Operating at
a  high-temperature and high-speed state, the
DZ125 superalloy strengthened by y' precipitates inevitably

experiences the microstructural degradation, mainly including

rotating

coarsening, connection, dissolution, and rafting of y’ precipitates
(Fu et al,, 2019; Fu et al., 2020), and finally results in blade failure.

In recent years, investigations on y' precipitates degradation
were extensively carried out and many models for coarsening and
rafting of y' precipitates were proposed and well applied for DS
superalloys (Ichitsubo et al., 2003; Dye et al., 2008; Takahashi et al.,
2008). Recent decades have seen an increasing interest in
estimating the remaining creep lifetimes of turbine blades as a
means of ensuring the safety of engines. Gan et al. (2020)
introduced the initial damage terms that are related with the
topologically close-packed (TCP) phase and the coarsen Yy’
precipitates when predicting the remaining lifetime. Tian et al.
(2011) considered the micropores in the lifetime prediction model.
These reported results can predict the residual lifetime well when
applied to standard samples; Huang et al. (2022) used smooth and
three types of U-shape single-edge notched plate specimens to
investigate stress rupture behavior of the DZ125 superalloy. A
combined creep-viscoplasticity constitutive model was employed
to analyze the distribution of stress and strain near the notch root.
The results indicated that the different stress distribution and
creep restraint between asymmetric notched plate specimens and
symmetric notched round bars are the main reasons for the
corresponding failure mechanism; Wang et al. (2021) used a
combination of hot isostatic pressing (HIP) and rejuvenation
heat treatment (RHT) technology to restore creep-damaged
DZ125 then studied the
microstructural restoration on the high-temperature fatigue

superalloy and influence of
property of the DZ125 superalloy. The results showed that the
HIP + RHT process could effectively heal internal cavities and
recover the degraded y' phase in creep-damaged DZ125 superalloy
to the initial cubic-like particles. However, due to the complex
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geometrical structure and service conditions of turbine blades, it is
questionable that the lifetime evaluation method by the
microstructure of the standard samples in the lab can be
directly used for the service-exposed turbine blades. Hollinder
et al. (2016) studied the effect of service-induced microstructural
degradation on the tensile and fatigue properties of two service-
exposed industrial gas turbine blades using small-scale samples,
revealing that the microstructural degradation in the air foil
section has a detrimental effect on the fatigue resistance. It
should be noted that investigations of the turbine blade
material for actual service mostly focus on the establishment of
the damage evaluation criteria for blades (Holldnder et al., 2016;
Tong et al, 2016; Wang et al, 2021). In their work, the
microstructure of the material under different conditions, for
which the stress applied is surface force (e.g. uniaxial tensile
stress), was obtained and then quantitatively characterized as
the characteristic parameters of the material under the specific
temperature and stress (Guo et al., 2019a). In this way, the service
condition of the blade was obtained by comparing the
characteristic parameters of the microstructure on blades with
the standard sample. It is clear that the diversity of the degradation
mechanism of the microstructures between blades and the
standard samples was ignored, and thus, the rationality of
comparing the blades and the standard samples was rarely
discussed. Nevertheless, the difference must exist because of the
uncertainty of service history and the complexity of temperature
and stress distribution for turbine blades exposed to a combined
environment of high-temperature gas and high-speed rotation.

In fact, the actual service conditions of turbine blades is a
coupling environment of non-isothermal and high-speed
rotation. It is quite different from the isothermal and uniaxial
stress of the standard sample in the laboratory, and airworthiness
authorities (e.g., FAA in the United States and EASA in Europe)
require turbine blades to undergo the special experiments to
simulate the actual service conditions. Rowe and Freeman (1961)
investigated the overheating service degradation of the
M252 superalloy to explore the effect of the higher abnormal
operational temperature, which is referred to as overheating
service (Dye et al., 2008), on creep property. Zhao et al. (2022)
investigated the role of oxidation and recrystallization on very-high-
cycle fatigue of the DZ125 superalloy at a temperature from 850 to
1000 °C because very-high-cycle fatigue is the most important failure
mode of turbine blades in modern engines. Therefore, it is of critical
importance to directly study the failure mechanism of turbine blades
under the simulated engine operating conditions to the greatest
extent.

It is well known that temperature and stress are two crucial
factors that influence the microstructural degradation of Ni-based
superalloys (Kakehi, 1999; Maldini et al., 2007; Yue et al., 2019). To
be more specific, temperature is a scalar while stress is a vector.
When testing the creep property of the materials at constant
temperature in the laboratory, the applied axial stress is the
surface force. The stress that turbine blades bear when rotating at
high speed is the inertial force or body force, which is a function of
the material density and the distance to the rotation center. It can be
predicted that different stress loading methods of the surface force
and the body force may affect the microstructure and mechanical
properties of the materials in different ways when testing the

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1165971

Xie et al.

mechanical properties of the same materials at the same
temperature.

In our work, a turbine blade with the film cooling holes was
manufactured by the DZ125 superalloy and in service on the engine
bench with a high-temperature gas environment of more than
1500 °C from combustor and high-speed rotation of more than
13500 rpm for 400 h. A service-environment-based model was put
forward to simulate distribution of temperature and stress on blades
in service. The service-induced microstructural degradation of the
DZ125 blade was analyzed and the variations of microstructures
with temperature and stress were investigated by a scanning electron
microscope. The service-induced microstructural degradation of the
DZ125 blade is in the way different from that of the standard sample
tested at constant temperature and uniaxial tensile stress. The reason
for this discrepancy was explored using a combination of finite-
element calculation and diffusion coefficient calculation.

2 Experimental and methods
2.1 Experimental

The DZ125 turbine blades were directionally solidified by a
high-rate solidification (HRS) process with a 3.5 mm/min
withdrawal rate by the Bridgman technique at the AECC Beijing
The DZ125 blades were
subsequently subjected to the standard heat treatment: 1180 °C/
2 h +1230°C/3 h with air cooling (AC) + 1100 °C/4 h (AC) + 870 °C/
20 h (AC). The chemical composition of the DZ125 superalloy is Ni-
8.9% Cr-10% Co-7% W-2% Mo-5.2% Al-0.9% Ti-0.8% Ta-1.5% Hf
(wt%). In order to simulate the geometric structure of the turbine
blade body as much as possible, the film cooling holes (FCHs) of the
heat-treated DZ125 blades were perforated by using an electrical

Institute of Aeronautical Materials.

discharge machine (EDM, Rotary Electro-Discharge Grinder,
ZGD703C) and then drilled by the high-speed electric spark
machining method in strict accordance with the processing
technology of FCHs at AVIC Manufacturing Technology
Institute. The surface quality of the FCHs is fine. The inner wall
roughness of the FCHs drilled is uniform. The DZ125 blades with
the film cooling holes operate on the engine bench with the high-
temperature gas environment of more than 1500 °C from combustor
and high-speed rotation of more than 13500 rpm for 400 h. In order
to compare with the service-induced microstructure at the typical
locations on the DZ125 blade, the specimen cut from the blade
rabbet is considered to be the original microstructure.

The specimens were cut from the interested locations of the
blade for the observation of y' precipitates. Metallographic
specimens were mechanically polished and then electrolytically
etched using 2% H;PO,4, 40% HNO;, and 48% H,SO, electrolyte
solution with a voltage of 3V for about 30 s. The y/y' phase
examination was performed using a SU-70 field-emission
(FE-SEM). Diffraction
measurements were performed by X-ray diffraction (XRD, X’

scanning  electron  microscope
Pert PRO) to obtain the lattice parameters of the y and y’
phases. Using multiple images for statistical purposes, the
quantitative analysis of the microstructural degradation included
the characterization of the volume fraction of the y’ phase (V) and

thickness of the rafted y' precipitates (D). It should be noted that V¢
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is replaced by the area fraction in each SEM image and D is defined
as the width of the y’ precipitates.

2.2 Temperature field model of the blade

In order to simulate temperature distribution of the cross
sections on the DZI125 blade in service, the temperature field
model was put forward on the basis of the overall energy
continuity across the blade with the consideration of heat
transfer between hot gas traversing the blade and cooling air
passing through a cooling channel inside the blade from blade
root to blade tip. The cooling air usually comes from the exit of
the upstream compressor. According to the study of Saturday et al.
(2017), a radial temperature distribution along the blade height is
given in Figure 1. It can be seen that temperature along the blade
height continuously increases from the root, reaches the maximum
at the middle of the blade, and then decreases gradually. Clearly, the
maximum temperature occurs at the middle of the blade (B point)
while the minimum temperature occurs at the root (A point) and the
tip (C point) of the blade. To simplify the model, temperature from B
point to A point and C point of the blade, separately, can be
approximately linear with the blade height (Shi et al., 2013). To
decrease the working temperature of the turbine blade surface,
several rows of film cooling holes are machined on the blade
body. During the operation, the cooling gas flowing from the
holes can form a thin layer of air-cooled film on the blade
surface so as to avoid the heat transfer between the high-
temperature gas and the blade directly. Under the ideal
conditions, the blade surface is adiabatic without heat exchange

with the air-cooled film. The cooling efficiency of the air-cooled film,
Tg—Taw

T: “Tein’
the gas temperature, T, is the blade surface temperature related

fly» can be expressed (Eshati et al,, 2013) as 5, = where T, is
with the distance to film cooling holes, and T.;, is the inlet
temperature of the cooling gas. Under the practical condition,
heat conduction exists between high-temperature gas and air-
cooled films on the blade surface. It means that temperature of
air-cooled film achieves the thermal balance with the blade surface
temperature. Assuming that g, is the total heat flow from the high-
temperature gas and q,, is the heat flow to the blade wall, the heat
taken away by air-cooled films can be expressed (Liu et al., 2010) as
Aq=qy—-q, =ho (Ty — T,y), where hy is the heat transfer
coefficient of the blade wall. We obtain the expression of the
blade wall temperature T} as follows (Liu et al., 2010):
T, =2—0‘1+ T, =2—0q+ [Ty -1 (T = Tean)]. (1)
Here, we assume that gas temperature T, and the inlet temperature
of the cooling gas T, are constants. fy can be regarded as a linear
function of the distance to film cooling holes x (Sinha et al., 1991; Sen
etal,, 1996). T,y is a linear function of the distance to film cooling holes x.
The slope of the T',, — x curve can be estimated as kr,, . In Eq. (1), Aq
can also be seen as the increment of the heat when the cooling gas flows
downstream, which is related with the variation of temperature from the
film  cooling holes to the downstream. We  obtain
Aq = hAT,, = h-kr,, - x, where h is the heat transfer coefficient of
the cooling gas. Consequently, the temperature of the blade wall T}, can
be expressed as
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Schematic of the model assisted in calculating the temperature and stress distribution of the DZ125 blade in service.

hky _ hky _
T, = T,,wxx+Taw= Ta—x%X

h() h() + [Tg - nf(Tg - Tc,in)] > (2)

where Ty, ho, Tg, and T, are known when the DZ125 blade is in
service.

2.3 Stress distribution model of the blade

In order to simulate stress distribution of the cross sections on
the DZ125 blade in service, the stress distribution model was built
considering the centrifugal force derived from the blade rotation.
The centrifugal force F; generated by each blade section is calculated
by F; = m; x w* x h;, where m; is the mass of the section,  is the
angular speed of rotation, and h; is the distance from the center of
gravity of each section to the turbine axis of rotation. The centrifugal
stress at each section, 0}, is given by o; = F;/A;, where A; is the area
of each blade cross section. In service, high-temperature gas flow
velocity changes simultaneously in both the axial and the tangential
directions. It implies that in axial and tangential velocity bending
moment about the center of gravity of each blade section is relatively
stable. The static pressure difference between the suction and
pressure sides of the blade is small compared with the centrifugal
force. The bending moment stresses produced by pressure difference
and velocity difference along the blade height is, thus, ignored and
the centrifugal stresses on the section are taken into considered in
our model. As shown in Figure 1, assuming that the area of the cross
section of the blade remains unchanged with the height, the
centrifugal stresses on the section at height H is given by

1 3 1
Oc (H) = wzp . (-EHZ - 2RyH - EROZ + ER12 + R()R]), (3)

Frontiers in Materials

TABLE 1 Parameters used in the temperature field model and the stress field
model.

Tg max 1700 °C
T, min 1500 °C
Tein 500 °C
H jpax 400 mm

H/H, 0.85
@ 1413 rad/s
P 8.15 g/em®
Ry 318.4 mm
R, 358.4 mm

where p is the density of the DZ125 blade, Ry is the distance between
the root of the blade and the rotation center, and R, is the distance
between the tip of the blade and the rotation center. These
parameters are known when the DZ125 blade is in service.

3 Results

3.1 Temperature and stress distribution on
the blade

The temperature distribution of the blade wall, especially along
the radial and longitudinal direction of the blade in service, is mainly
decided by gas temperature and distribution of film cooling holes in
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Temperature and centrifugal stress profiles of the DZ125 blade in service. (A) Temperature distribution of the DZ125 blade wall with film cooling

holes and (B) centrifugal tensile stress distribution along the blade height.

TABLE 2 Temperature and stress at different locations of the blade.

S5 S4
T/°C a/MPa T/°C a/MPa T/°C
LE 930 4453 1000 264.9 1000
ss 870 4453 900 2649 910
PS 870 4453 870 264.9 890
TE 930 4453 950 264.9 960

the blade body. The temperature field model and the stress field
model are used to calculate temperature and stress distribution of
the blade wall in service. Table 1 gives the parameters used in the
models. The calculated results by Egs. 2, 3 are shown in Figure 2 and
Table 2. Figure 2A indicates that the temperature distribution of the
blade wall is abruptly inhomogeneous along the radial direction on a
longitudinal section. On any longitudinal section, the temperature at
the leading edge (LE) and the trailing edge (TE) of the blade is the
highest while the temperature at the pressure side (PS) and the
suction side (SS) is relatively low and about lower than 850 °C.
Temperature near the blade tip is approximately comparable to that
near the blade root. The typical characteristic of stress distribution in
Figure 2B is linearly gradient along the longitudinal direction and
the centrifugal stress level is equivalent on any radial section. The

Frontiers in Materials

05

S3 S2 S1
o/MPa T/°C o/MPa T/°C o/MPa
231.6 1000 198.1 990 1139
231.6 920 \ 198.1 900 1139
231.6 890 198.1 870 1139
231.6 970 198.1 940 1139

centrifugal stress gradient along the longitudinal direction is about
11 MPa/mm, and the temperature gradient from the blade root to
the upper middle part of the blade is about 3-5 °C/mm.

It was found in Figure 2 that the temperature and stress distribution
on the DZ125 blade exposed to a combined environment of high-
temperature gas and high-speed rotation were closely related to the
geometric structure. The coupling of temperature and stress has a
significant influence on the morphological evolution of y' precipitates
and y matrix of the DZ125 blade. In order to examine the
microstructural degradation of the blade after service, the typical
locations of the blade are selected to assess the microstructural
degradation degree of the blade based on the calculated temperature
and stress field distribution. Because there is a big difference in
temperature and stress between the radial and longitudinal section,
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(A) Morphology of the DZ125 blade rabbet, (B) microstructural evolution of the selected locations on the serviced DZ125 blade, and (C, D) volume
fraction and thickness of y’ precipitates at different locations of each section on the serviced DZ125 blade.

as shown in Figure 3, the five representative cross sections and the four
typical locations at each cross section are chosen for assessment of the
microstructural degradation of the DZ125 blade. Among the selected
cross sections as shown in Figure 3, section 1 (S1) is close to the blade tip

Frontiers in Materials

and corresponds to medium temperature and low stress, section 5 (S5)
is near the blade root, corresponding to low temperature and high stress,
and section 2, section 3, and section 4 (S2, S3, and S4) are taken at the
middle height of the blade and the distance between each section is
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3 mm. S2, S3, and $4 are the typical representative of high temperature
and medium stress. The three sections are predicted to have a serious
microstructural  degradation. The direction of microstructural

observation is perpendicular to the direction of centrifugal tensile stress.

3.2 The typical microstructures on the blade

The morphology of the DZ125 blade rabbet is regarded as the
original microstructure in this work. Figure 4A gives the typical
morphology of the blade rabbet. The y' precipitates are observed to
be close to cuboidal and very similar to the microstructure after the
standard heat treatment. The size of the y' precipitates is about
0.5 + 0.05 um, and the volume fraction of the y' precipitates is about
75% * 5%.

The
microstructural degradation in different ways mainly resulted

representative  sections are examined to show
from the gradient change in temperature and stress closely
related to the geometric structure of the blade. The y-y’
morphology of the LEs on the five cross sections is shown in the
blue box of Figure 4B. As expected, there is an obvious difference in
morphologies and sizes of the y' precipitates, comparing with that of
the DZ125 blade rabbet. S3 and S4, however, show the most obvious
rafting and serious coarsening of the y’ precipitates because of high
temperature and larger stress, while S1 and S2 as well as the area in
between show slight coarsening but no obvious rafting due to low
stress. It should be noted that the cubic-like shapes of the y’
precipitates at S5 seem to still keep possibly due to low
temperature even though centrifugal stress at S5 is relatively high
among the five examined cross sections. Temperature and stress of
S4 are high among the five chosen cross sections as shown in the red
box of Figure 4A. The figures in the red box of Figure 4B show that
the y' precipitates at the LE and TE are of the most obvious
degradation. According to the geometric structure of the blade, it
is known that the LE is directly impacted by high-temperature gas in
service, resulting in the significant increase in temperature at the LE
as shown in Figure 2A. Comparing the morphologies of y’
precipitates at the LE and TE, it can be seen that there is a slight
difference in the sizes of the y' precipitates. The stress of the LE is
comparable to that of the TE, while the temperature of the TE is
lower than that of the LE. The temperature at the SS and PS is low
due to film cooling compared with that at the LE and TE so that the
y' precipitates basically maintain the cubic shape.

Along the circumferential direction of the blade, the degradation
of y' precipitates at the LE and TE is usually severe, especially at the
LE of S3 and S4. The y' precipitates of the SS and PS can roughly
maintain the cubic-like shape on each cross section. Relatively, there
is no significant difference in the morphologies of y' precipitates
among observation points of S5. The y' precipitates at S1 and
S2 have a certain degree of distortion on each cross section. The
Y/ precipitates of the LE and TE of S3 and S4 have obviously rafting,
especially at S4, where the y' precipitates even have a certain degree
of dissolution.

Figure 4C shows the volume fraction of y' precipitates on the
selected cross sections. It can be seen from Figure 4C that the volume
fraction of y' precipitates at the LE varies greatly. The volume
fractions of y' precipitates of S3 and S4 are lower than 65% while the
volume fractions of ' precipitates of S1, S2, and S5 are close to 75%,
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and the volume fraction of the y' precipitates at the TE is also quite
different. The volume fractions of the y' precipitates at the SS and PS
are closer, about 75%. The volume fraction of the y’ precipitates at
S5 is totally higher than that of other sections. Figure 4D shows the
thickness of y' precipitates on the selected points. It can be seen that
the y' precipitates at the SS and PS are significantly higher than the
LE and TE and this phenomenon is the most evident in S4. The
thickness of y' precipitates at the different positions of S4 has a great
change, which means that the morphology of y' precipitates is more
sensitive to temperature than stress.

4 Discussion

During the operation, the DZ125 blade is exposed to the
complicated environment of high-temperature gas and high-speed
rotation. It can be predicted that the microstructural degradation
mechanism of the DZ125 blade may be different from that of the
standard samples under the same condition (Serin et al,, 2004). The
change in the volume fraction and the thickness of y' precipitates with
temperature and stress is shown in Figure 5. It can be seen that the
volume fraction of y' precipitates is more sensitive to temperature
because it decreases significantly with the increase in temperature. In
general, the influence of pressure on the equilibrium of the system can
be reasonably neglected for the condensed system. For the
DZ125 superalloys, temperature affects the proportion of precipitates
at equilibrium, and stress, while not affecting the proportion of
precipitates at equilibrium, can accelerate this process. When stress
is lower than about 220 MPa, the rafting process of y' precipitates is very
hard to achieve the thermodynamic equilibrium even if the operation
lasts more than 400 h according to the study of Chen et al. (2016). It is
why the change of the volume fraction of y' precipitates with the rising
temperature is unapparent under low stress, but the volume fraction of
Y’ precipitates noticeably declines once stress is higher than the critical
value. At the same time, the thicknesses of y' precipitates would
significantly change with stress. It should be accepted that the
coarsening and rafting processes of y' precipitates are a diffusion-
control one. The coupling effect of temperature and stress affects the
chemical potential gradient of elements and then influences the
diffusion direction of elements, finally resulting in the change in the
morphology of y' precipitates. The previous observed phenomena are
very corresponding to the calculated temperature and stress distribution
on the DZ125 blade by the established models

Figure 2 shows the temperature and stress distribution of the
DZ125 blade in service are significantly geometry dependent,
resulting in the fact that, as shown in Figure 4, the morphologies
of the DZ125 blade after service may be quite diverse (Knowles et al.,
2019). It should be noted that he evolution of y' precipitates is
essentially the result of element diffusion which is related to
temperature and stress. Thus, considering the diffusion process is
of great importance. According to FicK’s first law and the related
thermodynamic theory (the details of the theoretical derivation are
given in Supplementary Material), the effects of stress and
temperature on the diffusion coefficient can be obtained, as
shown in Figure 6, in which the ranges of temperature and
centrifugal stress are selected based on Figure 5. The curve of

parameter (kI:;“z) ) related to diffusion coefficients and o at different

temperatures is shown in Figure 6. It can be found that temperature
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is the main factor affecting diffusion, and the higher the temperature
is, the more obvious the influence of stress on diffusion is. Especially
when temperature is more over 950 °C, the influence of stress on
diffusion is very significant.

As diffusion depends on stress at high temperature, it is necessary to
obtain the stress distribution at the y-y' interface to evaluate the
evolution of y' precipitates. The finite element method is used to
calculate stress distribution at the y—y' interface. A cubic cell containing
27 y' precipitates is built. The detail of the stress calculation is given in
the Supplementary Material. Figure 7 shows the normalized stress
distribution at the y-y' interface of the DZ125 blade in service.
Figure 7A gives the relationship between the corresponding stress
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distribution at the y-y' interface with temperature. In order to
compare the effects of high-speed rotation and uniaxial tensile stress
on the stress distribution at the y—y’ interface, we keep temperature and
stress values the same during the calculation, but the stress is applied in
different ways, one of which is the body force (the purple area)
produced by high-speed rotation and another is the surface force
(the red area) produced by uniaxial tensile stress. In both cases, the
stress concentration preferentially occurs at the corner of y' precipitates.
Comparing the stress distributions at the y—y’ interface reveals that the
stress concentration of y' precipitates under the body force is more
obvious than the surface force. To clearly illustrate this difference, we
quantitatively present the representative stress distribution curve in
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Microscopic stress distribution at the y —y' interface under the
surface force and the body force; (A) comparison of stress distribution
atthe y —y' interface under the surface force and the body force at the
same temperatures, (B, C) stress distribution curves on the
horizontal (B) and diagonal (C) lines of y' precipitates at 870 °C,
respectively, and (D, E) stress distribution curve on the horizontal (D)
and diagonal (E) lines of y' precipitates at 1000 °C, respectively.

Figures 7B-E; Figures 7B, C show the stress distribution curve along the
horizontal and diagonal lines of a y' precipitate at 870 °C, respectively;
Figure 7B shows that the stress at the y—y’ interface under the surface
force is about 12% higher than that under the body force. Meanwhile,
on the corners of y' precipitates, the stress under the body force is
approximately 27% higher than that under the surface force, as shown
in Figure 7C. When temperature increase to 1000 °C, the stress
distribution curves along the horizontal and diagonal lines of a y’
precipitate (Figures 7D, E) reveal the similar change to 870 °C. In this
case, the stress at the y—y' interface under the surface force is about 27%
higher than that under the body force (Figure 7D), while the stress on
the corners of the y' precipitates under the surface force is 31% less than
that under the body force (Figure 7E). These results show that even if
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temperature and stress values are same, the way of applying stress has
an important influence on the stress distribution at the y-y' interface,
especially on the corners of y' precipitates. That is why the
microstructural evolution mechanism of the DZ125 blade in this
work is quite different from the standard sample under the same
temperature and stress value condition.

It has been known that rafting of y' precipitates in Ni-based
superalloys is the result of directional diffusion of elements (Guo
et al, 2019b). This diffusion-dependent rafting of y' precipitates is
closely associated with temperature and stress. According to the
previous analysis of the diffusion coefficient, if the concentration
gradients of elements are not considered, the diffusion rates of
elements are mostly determined by temperature and stress. The
diffusion direction of elements strongly depends on the gradient
direction of chemical potential of elements in the studied system
from the thermodynamic point of view. From Figure 2, it is a
that the
observation point of each section is relatively uniform but

reasonable assumption temperature field on each
centrifugal stress gradient cannot be ignored because of the existence
of body force produced by high-speed rotation. The centrifugal stress
gradient may be mainly responsible for the gradient direction of
chemical potential of elements, leading to the directional diffusion of
elements and accordingly causing the dependence of morphological
evolution of y' precipitates on the centrifugal stress distribution.
Nevertheless, the centrifugal stress distribution of the DZ125 blade
in service is strongly dependent on its geometric structure. This is why
the morphologies of y' precipitates at different locations on different
sections of the DZ125 blade are different. Namely, the correlation
between the morphologies of y' precipitates and the geometric structure
of the DZ125 blade indirectly proves the influence of stress on the
diftusion direction of elements, as shown in Figure 8.

Based on Figure 6 and the diffusion model, the model regarding the
migration of the y’-formers in the process of y' rafting under the body
force and the surface force is built in Figure 8. According to the
microscopic stress distribution of y' precipitates in Figure 7, there are
two diffusion paths of element diffusion, as shown in Figure 8A, one of
which is parallel to the side of y' precipitation, namely, along the
B-A-B’ direction. Another path is parallel to the diagonal line of y’
precipitation, namely, along the C-A-C’ direction. Figures 7D, E
indicate that the stress in the center of the y’ precipitates is almost
zero whether under the body force or the surface force. However,
compared with the stress distribution of y' precipitates under the
surface force, the horizontal stress along y' precipitates is lower
(~27%) and the diagonal stress along y' precipitates is higher
(~31%) under the body force. It implies the different stress gradients
derived from the body force and the surface force. More specifically, for
the y' precipitates of the DZ125 blade under the body force, the stress
gradient from A to B is 500%/um and the stress gradient from A to C is
117%/pum. Corresponding, for the y' precipitates under the surface
force, the stress gradient from A to B is 700%/pum and the stress gradient
from A to C is 70%/um. As shown in Figure 6B, the diffusion
coefficients of elements are negatively related to stress, meanwhile,
Al atoms diffuse to high-stress areas easier because the atomic radius of
Al is larger than that of Ni. Combined with the stress gradient, the Al
atoms are more likely to diffuse along the B~A-B' path under the body
force while along the C-A-C' path under the surface force. It implies
that the stress loading ways can change the microscopic stress
distribution of y — y' microstructures, causing the change of element
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(A) Migration diagram of the y'-formers in the process of y' rafting under the body force and the surface force conditions, (B) evolution process of y’
precipitates under the body force, and (C) evolution process of y' precipitates under the surface force.
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FIGURE 9

Evolution of the microstructure of the serviced DZ125 blade with temperature at S4 and the schematic of the evolution process of y' precipitates.

diffusion paths, and finally make the microstructural evolution in
different ways. It may be the reason why there is a divergence in
the evolution mechanism of y' precipitates on the DZ125 blade under
the body force and the surface force conditions. Under the body force
condition, the cubic-like y' precipitates tend to preferentially grow along
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the B-A-B' direction in and finally occur at the priority connection of
the center of y' precipitates as shown in Figure 8B. Under the surface
force condition, the cubic-like y' precipitates tend to preferentially grow
along the C-A-C’ direction and finally occur at the priority connection
of the corners of y' precipitates as shown in Figure 8C.
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Figure 9 gives the microstructures of each point on S$4 of the
DZ125 blade after service. As temperature increases, the v’
precipitates evolve from cubic to ellipsoidal, and then, the connection
occurs preferentially at the center of y' precipitates and finally grows into
the rafted structure. It is in accordance with the microscopic stress
distribution of Figure 8 and the prediction of Figure 9. Diffusion of
elements is a competing process of temperature and stress. At low
temperature, the diffusion coefficients of elements are low, and the rafted
structure of y' precipitates is not apparent despite the high stress. At high
temperature, the diffusion coefficients of elements are high even if stress is
relatively low, and the rafted structure of y' precipitates was formed. This
also explains why the y' precipitates on the DZ125 blade where the
temperature is high and the stress is low also undergo obvious rafting
when in service.

5 Conclusion

The directional solidified Ni-based master superalloy
DZ125 was used to directionally solidify turbine blades by the
Bridgman technique. The DZ125 turbine blades with the film
cooling holes were operated on the engine bench with the high-
temperature gas environment of more than 1500 °C from combustor
than 13500 rpm. The
microstructural evolution of the served DZI125 blades was

and high-speed rotation of more
analyzed, and the variations of microstructures with temperature
and stress were investigated. The following conclusions are drawn.

A service-environment-based model was put forward to simulate the
distribution of temperature and stress on the DZ125 blade in service. It
was found that the distribution of temperature and stress on the serviced
DZ125 blade were closely related to its geometric structure. Based on the
calculated results, the LE, PS, SS, and TE locations on five sections were
selected to analyze the change in the volume fraction and the size of '
precipitates with temperature and stress at the macroscopic level. The
results indicated that temperature mainly affects the volume fraction of
Y’ precipitates while stress has a principal effect on the thickness of y’
precipitates. In addition, because temperature and stress distribution of
the serviced DZ125 blade are significantly geometry dependent, the y —
y' morphology of the serviced DZ125 blade may be quite diverse, which
is different from that of the standard sample tested at constant
temperature and uniaxial tensile stress. Clearly, the stress loading way
influences the microscopic stress distribution around y' precipitates. In
order to compare the effects of high-speed rotation (the body force) and
uniaxial tensile stress (the surface force) on the microscopic stress
distribution at the y-y' interface, a temperature-stress-based
diffusion model is built and the finite-element method is used to
investigate the difference in the microscopic stress distribution at the
y-Y' interface under the body force and the surface force conditions.
Comparing the microscopic stress distributions at the y-y’ interface
reveals that the stress concentration of y' precipitates under the body
force is more obvious than the surface force. These results show that even
if the temperature and stress value are the same, the way of applying
stress has an important influence on the microscopic stress distribution
at the y-v' interface, especially on the corners of y' precipitates. That is
why the microstructural evolution mechanism of the DZ125 blade in this
work is quite different from the standard sample under the same
temperature and stress value condition. A combination of the
calculated stress distribution and the diffusion coefficients of elements
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is used to explain the formation of the rafted structure of y' precipitates
on the serviced DZ125 blade for 400 h. It means that diffusion of
elements during the rafting process of y' precipitates is a competing
process of temperature and stress. Based on a temperature-stress-based
diffusion model, the calculated results show the diffusion coefficients of
elements are low at low temperature, and the rafted structure of y’
precipitates is not apparent despite the high stress. At high temperature,
the diffusion coefficients of elements are high even if stress is relatively
low, and the rafted structure of y' precipitates is formed. This also
explains why the y' precipitates on the serviced DZ125 blade where the
temperature is high and the stress is low also undergo obvious rafting.
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