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Abstract

The effect of pneumatic shot peening (PSP) on the fatigue properties of K403 turbine blades has been investigated under the
high and low cycle combined fatigue (CCF) load with two types of blades: untreated blades and PSP treated blades. It is
found that there is a threshold vibration stress which should be 194MPa. The PSP has a positive effect on the CCF life of
blades mainly due to the compressive residual stress resulting in the reduction of the number of crack sources and propagation
rate when vibration stresses are below the threshold vibration stress. However, the PSP treatment has no or negative effect
when vibration stresses are above the threshold value. The compressive residual stress is released along with the microstructure
changes of K403. Meanwhile, the microstructure changes, reflected in the precipitation of the lamellar MC carbides and σ
phases, can accelerate the process of crack initiation and propagation.
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CCF test, PSP treatment, residual stress, turbine blades, threshold vibration stress

1 | INTRODUCTION

The turbine blades are the indispensable components of aero-engines, which usually suffer from various loads
(such as thermal load, centrifugal load, aerodynamic load and vibration load[1-4]. The effect of thermal
load and centrifugal load is considered to be the low cycle fatigue (LCF) due to the large stress during
the flight cycles. Besides, the blades may suffer from the aerodynamic load and vibration load causing the
supernumerary stress which is recognized to be the high cycle fatigue (HCF)[5]. During the actual operation,
turbine blades are subject to the combined HCF and LCF loads simultaneously so that the fatigue damage
of the turbine blades increases largely [6-9]. Therefore, it is necessary to investigate how to extend the CCF
life of the turbine blades.

The PSP is an effective surface treatment method to improve the surface properties of metal. High-speed
particles are sprayed onto the metal surface in order to produce the plastic deformation and compressive
residual stress which can improve the fatigue strength and life of metal. Currently, PSP treatment has been
used in the manufacture of fans, turbine blades and discs to improve the fatigue life [10]. However, the effect
of PSP treatment on the CCF life of turbine blades has rarely been reported before.

Large number of researches about the effect of PSP on the fatigue life of the metal are carried out [11-23]. Gao
et al. [11] investigate the effect of PSP on the small crack growth rate and fatigue life of 7475-T7351 aluminum
alloy. The results indicate that fatigue crack growth rate greatly decreases after the PSP treatment. And
the fatigue life extension introduced by PSP could be attributed to the beneficial compressive residual stress
in the surface layer. Takeda et al. [12] study the influence of the PSP treatment on the fatigue life of TiNi
shape memory alloy. They find that the fatigue life increases significantly due to the residual compressive
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stress. Benedetti et al. [13] study the effect of PSP on the high and very-high cycle plain fatigue resistance
of the Al-7075-T651 aluminum alloy. It is found that the PSP treatment could retard the initiation and
subsequent the propagation of cracks.

At present, the effect of PSP on material fatigue properties is usually studied with the smooth specimens.
However, the differences between the full-scale turbine blades and smooth specimens, such as the geometry
structure, heat treatment, manufacturing process and microstructure, may cause the discrepancy between
their mechanical performance and life distribution [16]. And these factors may further affect the improvement
of PSP on the fatigue performance. Therefore, it is necessary to investigate the effect of PSP on the full-scale
turbine blades.

Accordingly, this investigation aims to study the effect of PSP treatment on the CCF behavior of full-
scale turbine blades. One CCF test system is designed, which can apply the high and low cycle loads
simultaneously without interfering with each other. And the CCF tests based on untreated and PSP treated
turbine blades are carried out to study the effect of PSP treatment on the CCF life of the full-scale turbine
blades.

2 | EXPERIMENTS

2.1 | Material and specimens

Two groups of turbine blades are tested in the study. One group is treated by the PSP treatment, and the
other group of turbine blades that are not treated by PSP is the same as those used in the actual outer field.
The blades are cast with the K403 nickel-base superalloy. The heat treatment of these blades is carried out
at 1210°C in a pit-type gas carburizing furnace for 4h. Then, the blades are cooled to room temperature in
air.

The chemical composition of K403 is shown in Figure 1(a). The microstructure is observed as the γ phase,
γ’ phase and (γ + γ’) eutectic phase and MC carbides (Figure 1(b)). The γ solid solution is the matrix
phase, and the γ’ phase is the main strengthening phase. The γ’ phase whose mass fraction is 57% has a
surface-centered cubic structure. The volume fraction of (γ + γ’) eutectic is 2%.

2.2 | Critical position

Standard specimen (e.g. round rod test piece) usually has a gauge section where the failure occurs. In
contrast, the geometry structure and stress distribution of turbine blades are complicated. Before the CCF
tests, the critical position under CCF load must be confirmed. The determination of the critical position is
based on the combination of the finite element calculation and external field failure. The stress distribution
of the turbine blades under the real flight condition is shown in Figure 2(a). It indicates that the maximum
stress is located at the upper part of the first stage serration. Besides, Figure 2(b) shows that the blades
break at the upper part of the first stage serration in the actual outer field. Therefore, the critical position
should be the upper part of the first serration on the leaf side.

2.3 | PSP treatment

One PSP treatment system in Figure 3(a) is established for turbine blades. And the detailed parameters of
the PSP treatment are listed in Figure 3(b). The PSP treatment is conducted by two bucket-type enclosed
pneumatic machines and one air compressor, using the cast steel particles with hardness from 45 to 48 HRC.
These steel particles are sprayed onto the serrations of turbine blades to produce the residual compressive
stress.

Before the CCF tests, the hardness and surfaces in the PSP treatment area of the untreated and PSP treated
blade are investigated. The surfaces of turbine blades are observed by the scan electric microscope (SEM).
As shown in Figure 4(a), there are lots of machining traces left on the surfaces of untreated blades. However,
the machining traces are eliminated and many surface pits form after the PSP treatment due to the shooting
of steel particles (Figure 4(b)).
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The surface hardness (HV0.1) of the critical location is examined by the Vickers hardness tester (Figure
4(c)). The result indicates that the hardness is greatly improved by the PSP treatment within the depth of
180um from the top surface. Besides, Figure 4(d) shows the residual stress at the critical location examined
by the X-ray. After the PSP treatment, there is a high-level of compressive residual stress and the maximum
residual stress of which is about 60um deep from the top surface. According to the curves in Figure 4(c)
and (d), the PSP treatment effect depth is about 180-190um.

The microstructure of K403 superalloy at the critical position before the CCF tests is shown in Figure 4(e)
and (f). The obvious plastic deformation can be observed on the surface after the PSP treatment. Moreover,
a number of carbides with cracks form near the surface. It indicates that the plastic deformation and large
stress resulting from the PSP treatment may cause the fragmentation of carbides due to the brittleness.

2.4 | Test conditions and CCF test system

The conditions of CCF tests are listed in and the test load spectrum is shown in Figure 5(a). Since it
is difficult to determine the value of the high-cycle loads, CCF tests are carried out at several vibration
amplitudes in this study. According to the experimental data under different vibration amplitudes, the σH-
N curve (in which σH represents the vibration stress and N represents the CCF life expressed by high-cycle
fatigue cycles) can be obtained. The last column of Table 1 shows the number of specimens under different
load conditions. 3 or 4 blades are tested to consider the dispersion at some specific vibration amplitudes.
All the blades are tested until fracture.

One CCF test system shown in Figure 5(b) is established. It mainly consists of the servo-electric fatigue
tester, clamp, electromagnetic induction heating equipment and electromagnetic vibration exciter. Figure
5(c) and (d) show the clamp which can apply the LCF load and HCF load to the blades simultaneously
without interfering with each other. The low-cycle load is not applied to the blades directly. Instead, it is
applied to the top of the outer clamp and transfers to the blades through the inner clamp along the load
path (the red arrow in Figure 5(c)). The electromagnetic vibration exciter, which generates the high-cycle
vibration load, is connected to the inner clamp. There are two bearings between the outer clamp and inner
clamp in order to reduce friction and ensure that the inner clamp can vibrate freely.

In addition, it is significant to ensure the relationship between the vibration stresses of the critical position
and vibration amplitudes. This aim is to control the vibration stresses of the critical position by controlling
the vibration amplitudes during the CCF tests. The FE method is applied to calculate the vibration stress
distribution of the critical position at different vibration amplitudes. Figure 6 indicates that there is a linear
relationship between the vibration stresses of the critical position and vibration amplitudes.

3 | EXPERIMENTAL RESULTS

3.1 | CCF life

The valid CCF life results are listed in Figure 7(a). Among them, thirteen CCF life results come from the
untreated blades and the other nine results come from the PSP treated blades. According to these test
data, the σH-N curves of untreated and PSP treated blades are shown in Figure 7(b). There is a linear
relationship between CCF life and vibration stress amplitudes. Furthermore, the least squares method is
used to fit experimental data to get the fitting equations listed in Figure 7(b). It indicates that there is
one threshold vibration stress with the value of 194.0MPa. When the vibration stresses are lower than the
threshold value, the PSP treatment has a positive effect on the CCF life of blades. In contrast, the PSP
treatment has a negative effect on the CCF life while the vibration stresses are above the threshold value.

3.2 | Crack initiation and propagation

Figure 8 shows the partially broken blades. And the crack sources on the fracture surface of the broken
turbine blades are observed by the optical microscope (OM) (Figure 9(a)). The number of crack sources
of the PSP treated blades (C2, C5) is less than that of the untreated (B2, B4) blades. Therefore, it is
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determined that the PSP treatment can significantly reduce the number of crack sources while the vibration
stresses are below the threshold vibration stress. In contrast, the number of crack sources of PSP treated
blade (C9) is more than that of untreated blade (B9) while the vibration stress is above the threshold value.
This indicates that the number of crack sources cannot be reduced by the PSP treatment while the vibration
stresses are above the threshold vibration stress.

The crack sources of untreated (B2, B9) and PSP treated (C2, C9) blades are shown in Figure 9 (b)-(e).
The cracks of B2, B9 and C9 blades initiate from the top surface. In contrast, the crack initiation position
of the C2 blade is the matrix near the top surface. Especially for the C9 blade, the lamellate structure can
be observed near the crack source on the fracture surface.

Figure 10 shows the fatigue striations of the crack propagation section on the fracture surface of untreated
(B2,B9) and PSP treated (C2,C9) blades. All the selected observation areas are 100um away from the crack
source at the critical position. According to the measurement results of fatigue striations marked in Figure
10, the width of fatigue striations for the PSP treated blade (C2) is smaller than that of the untreated blade
(B2). This indicates that the PSP treatment is able to reduce the growth rate of the cracks due to the
compressive residual stress while the vibration stresses are below the threshold vibration stress, for which
it is beneficial to improve the fatigue property of superalloy. However, the crack growth rate of B9 blade is
greatly accelerated by the large vibration stress compared with that of B2 blade, which demonstrates that
CCF damage significantly increases. Especially for the C9 blade, the fracture surface near the crack source
is characterized by the small dimples accompanied with the lamellar structure.

4 | MICROSTRUCTURE FEATURES

4.1 | Results of untreated blades

The longitudinal section diagrams of untreated blades are shown in Figure 11. In Figure 11(a) and (c),
it is found that the cracks initiate near the bulk carbides on the top surface. And the cracks are easy to
propagate along the grain boundaries. In fact, the carbides precipitate from the matrix, connect with each
other and rupture due to the interaction of the high temperature and CCF load. This may make the grain
boundaries become the weaken locations. And the maximum total stress is on the top surface. Therefore,
the cracks initiate from the carbides on the top surface and propagate along the grain boundaries (Figure
11 (b) and (d)).

4.2 | Results of PSP treated blades when the vibration stresses are below the threshold value

4.2.1 | Phase precipitations and transitions

Figure 12 shows the SEM morphology and EDS analyze results of the PSP treated blades while the vibration
stress is below the threshold value. The major contents of different phases based on the EDS spot scanning
are listed in Figure 12(d). According to the elemental analysis results, the phases labelled (a) and (b) are
the γ’ phase and γ phase. The phase labelled (c), which is rich in C, Ti, W and Co elements, is considered
to be the bulk MC carbides. Furthermore, the phase labelled (d) that contains the insoluble W element and
is short of Ti and Cr elements is supposed to be the M6C carbides. Besides, the phase labelled (e) should
be the M23C6carbides which mainly consist of C and Cr elements [24].

In fact, the MC carbides may degenerate into the M23C6 or M6C carbides during the CCF tests in the form
of the following equations:

MC+γ-M23C6+γ’ (1)

or

MC+γ-M6C+γ’ (2)

Especially, the formation of the M23C6carbides results in the depletion of the Cr element in the γ phase,
which further leads to the generation of cationic vacancies. These cationic vacancies may enlarge, gather,
connect with each other and develop into the micro-holes [25].

4
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4.2.2 | Micro-cracks and fracture

The longitudinal section diagrams of PSP treated blades are shown in Figure 12(e) and (f), when the
blades are tested under the vibration stresses below the threshold value. The bulk carbides form near the
grain boundaries and on the fracture surface, which are easy to rupture to result in micro-cracks under
the CCF load. Therefore, the grain boundaries become weaken during the CCF tests. In Figure 12(f),
the micromorphology at the failure location indicates that the blade has failed along the grain boundaries.
Actually, under the interaction of the residual stress and CCF load, the maximum stress is in the matrix
near the top surface. The micro-cracks initiate from the bulk carbides inside the matrix, propagate along
the grain boundaries and finally develop into visible cracks [20,26-27].

4.3 | Results of PSP treated blades when the vibration stresses are above the threshold value

4.3.1 | Phase precipitations and transitions

The SEM morphology and EDS analyze results of the PSP treated blades at the fracture location are shown
in Figure 13. The element compositions of different phases observed from the EDS spot scanning are listed
in Figure 13(d). According to the previous investigations, the phases labelled (a) and (b) are the γ phase
and γ’ phase, respectively. Besides, the long needle-like phases labelled (c), which are rich in the Ti, Mo,W
and C elements, are observed on the fracture. They should be the proeutectoid MC carbides precipitating
from the matrix. The long needle-like MC carbides are prone to rupture owing to the brittleness under the
CCF load. Based on the results mentioned in section 4.2, the phases labelled (d) and (e) are the M23C6 and
M6C carbides, respectively. Furthermore, the needle-like phases labelled (f), which abound in the Ni, Cr,
Mo and W elements, are confirmed to be the σ phases. Actually, the precipitation of carbides resulting in
the depletion of C elements and enrichment of insoluble W and Mo elements causes the formation of the σ
phases [28-29].

4.3.2 | Micro-cracks and fracture

The longitudinal section of the PSP treated blades is observed based on SEM while vibration stresses of
CCF tests are above the threshold value (Figure 13(e) and (f)). It can be observed that there are long
needle-like MC carbides and σ phases. Besides, the micro-holes appear near the carbides, σ phases and grain
boundaries. And the MC carbides rupture to result in the initiation of micro-cracks owing to brittleness. The
micro-cracks and micro-holes may interact, grow and further propagate into the visible cracks. According
to the previous researches, the long needle-like MC carbides are the weaken locations and harmful to the
strength and plasticity of alloys. Thus, the cracks easily propagate along long needle-like MC phases so that
there are wedge-shaped notches on the fracture surface (Figure 13 (f)) [30-31].

5 | DISCUSSION

In order to understand the reason why PSP treatment has the positive or negative effect on the CCF life of
blades while the vibration stresses are below or above the threshold value. The detailed damage evolution
mechanisms of untreated and PSP treated blades under different vibration stresses are discussed in this
section.

5.1 | Damage evolution mechanisms of the untreated blades

Figure 14 shows the damage evolution mechanisms of untreated blades during CCF tests under different
vibration stresses. The initial state of the blades is shown in Figure 14 (a). The surfaces of turbine blades
are directly exposed to air and oxidized during the CCF tests. The bulk carbides precipitate near grain
boundaries.

During the CCF tests, the maximum stress appears on the surface and causes the elastic or plastic strain. The
high-level stress may cause the dislocations and migration of grain boundaries. The carbides that precipitate
from the matrix and aggregate along the grain boundaries can hinder the increase of dislocation. Due to the
high-level stress, the large bulk carbides may rupture accompanied by the initiation of micro-cracks (Figure
14 (b)).
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Before the failure, with the cyclic loading and damage accumulation, micro-cracks initiate on the top surface,
gradually gather and extend into visible cracks. The visible cracks propagate along grain boundaries that
are full of carbides. (Figure 14 (c)).

5.2 | Damage evolution mechanisms of the PSP treated blades

5.2.1 | Vibration stresses below the threshold value

As for the PSP treated blades before CCF tests, the PSP treatment will cause the plastic deformation and
a high-level of residual stress. The maximum of the residual stress is located in the matrix near the top
surface. Therefore, the bulk carbides near the surface may rupture, which will lead to the initiations of
micro-cracks (Figure 14 (d)).

During the CCF tests, due to the interaction of the residual stress and CCF load, the maximum total stress
appears in the matrix near the surface. The micro-cracks are prone to initiate at the ruptured carbides
and propagate along grain boundaries. As the CCF tests continue, the bulk M23C6 and M6C carbides form
around the MC carbides (Figure 14 (e)).

Before the failure, the micro-cracks extend into visible cracks in the matrix near the top surface. However,
thanks to the high-level compressive residual stress, the growth rate of cracks can be greatly reduced, which
is difficult for micro-cracks to grow into the matrix. Therefore, CCF life has been extended overall compared
with the untreated blades under the same CCF load (Figure 14 (f)).

5.2.2 | Vibration stresses above the threshold value

Before CCF tests, the states of the blades are the same as those of the blades mentioned in Section 5.2.1
(Figure 14 (g)).

During the CCF tests, the microstructure of blades changes differently. According to the threshold vibration
stress (194.0MPa), the relationship between the threshold vibration stress and yield stress of K403 at 540
is compared (Table 2). It reveals that the total stress (the sum of the half of threshold vibration stress and
static stress) is above the yield stress (σb0.2). According to the researches of Taira.S et al. [32]and Wick.A
et al.[33], the significant relaxation of the compressive residual stress occurs when the total stress is above
the yield stress. Thus, the compressive residual stress is gradually released as the CCF tests are conducted
[34]. This indicates that the PSP treatment has no positive effect when the total stress is close to or above
the yield stress (Figure 14 (h)).

Furthermore, the material plastic flow stress is achieved so that the dislocations, stacking faults and micro-
holes generate. This provides favorable conditions for the carbon atom diffusion and nucleation of carbides
[35]. Apart from the formation of bulk M23C6 and M6C carbides, a kind of long needle-like MC carbides
appears in the grains accompanied by the precipitation of needle-like σ phases. The damage evolution has
the following features:

• Firstly, in the initial several CCF cycles, the residual stress has not been fully released. The total
stress is very close to or above the yield stress, which facilitates the precipitation of MC carbides
and σ phases. The long needle-like MC carbides and σ phases are sensitive to the high-level stress.
Therefore, the MC carbides rich in insoluble W and Mo elements can be easily ruptured to produce
the micro-cracks due to the brittleness.

• Secondly, the precipitation of σ phases rich in Cr, Ni, W and Mo elements leads to the depletion of these
elements in the matrix, which weakens the solid solution strengthening effect of γ’ phases. Besides,the
cationic vacancies resulting from the depletion of Cr and Ni elements may increase, grow and gather
with each other to develop into holes. These holes cause stress concentration so as to further promote
the micro-cracks to propagate [36].

• Lastly, the long needle-like MC carbides, which pass through the γ phases, are actually lamellar. The
micro-cracks are prone to initiate and propagate along with the interfaces between γ phases and MC
phases, which greatly reduces the strength and plasticity of superalloy.

6
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Owing to the above three reasons, the initiation and propagation process of cracks are accelerated by the
precipitation of lamellar MC carbides and σ phases [37].

Before the failure, the residual stress is fully released and the maximum stress appears on the top surface.
Besides, the precipitation of the lamellar MC carbides and σ phases weakens the mechanical property of
the superalloy. Therefore, the cracks initiate on the top surface and rapidly propagate along MC carbides.
Therefore, the CCF life of the PSP treated blades decreases compared with that of the untreated blades (
Figure 14 (i)).

6 | CONCLUSION

The CCF test system, which can apply the high and low cycle loads simultaneously without interfering each
other, is designed to study the effect of PSP treatment on the CCF life of turbine blades. The untreated
and PSP treated full-scale turbine blades are tested. The results are summarized as following:

1. According to the σH-N curves, the threshold vibration stress is determined to be 194.0MPa. The PSP
treatment has the positive effect on the CCF life of turbine blades, only when the vibration stress is
below the threshold vibration stress. While the vibration stress is above the threshold value, the PSP
treatment has no or the negative effect on the CCF life.

2. The PSP treatment results in the compressive residual stress in the treated area. When the vibration
stresses are below the threshold vibration stress, the number of crack sources and crack growth rate
decreases due to the compressive residual stress.

3. The compressive residual stress is found to be released along with the microstructure change of K403
when the vibration stresses are above the threshold value. The lamellar MC carbides and σ phases
precipitate from the matrix. These microstructure changes accelerate both the initiation and propaga-
tion process of cracks. Therefore, the CCF life of the PSP treated blades reduces compared with that
of the untreated blades.
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