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Abstract: Failures due to high-cycle fatigue have led to a high cost in acrospace engineering over the past few decades.
In this paper, the experimental results of the fatigue behavior of compressor blade specimen subjected to resonance and
the effects of a damping hard coating on relieving the fatigue progress are presented. The crack initiation and
propagation processes were observed under resonance of the first bending mode by using the resonant frequencies as
the indicator. Significant nonlinear features were observed in the spectrum of the blade with a fatigue crack. The finite
element model considering the breathing crack was established with nonlinear contact based on the crack localization
and size, which was obtained by ultrasonic phased array technology. The simulation results of the vibration behavior of
the cracked blade were obtained and consistent with the experimental results. A NiCrAlY coating was deposited on the
blade, and increases in the fatigue life were observed under the same condition. The results of this paper can help to
better understand the fatigue of a compressor blade subjected to resonance and provide a preference for the application
of a damping hard coating on compressor blades.
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Using analytical derivation and finite element

1 Introduction

High-cycle fatigue (HCF) failure, which is
mainly caused by vibration, has plagued
compressor blades in aero-engines and led to a high
cost for the past few decades [1]. Failures of
high-speed rotating compressor blades are very
dangerous because broken blades can puncture the
engine casing and directly affect flight safety.
Failure analysis of the blades due to HCF has
received attention from many investigations.
Experimental studies and numerical estimations of
the fatigue life have been presented in some works.

analysis, AHMED et al [2] predicted the life of a
compressor blade subjected to dynamic loadings
and investigated the allowable crack size in the
blade to avoid sudden failure. WITEK [3, 4] studied
the crack growth characteristics of compressor
blades subjected to a resonant vibration by
simulation and experimentation, and obtained a
crack length change curve with the number of load
cycles. DHAR et al [5] estimated the fatigue life of
a turbine blade considering the combined effects of
vibratory, centrifugal, and thermo-elastic stresses.
For the fatigue of notched specimens, some
worthy researches were carried out by researchers.
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The influence of notches on the fatigue life of
metallic structural components was analyzed, and
notches with different shapes were examined in the
case of both double-curvature shells and round bars
[6]. The fracture behavior of a Francis hydraulic
turbine runner blade with a semi-elliptical crack
subjected to bending loading was analyzed, by
simplifying the blade and its welded connection by
a T-joint [7]. The strain-based multiaxial fatigue
criterion previously proposed for smooth specimens
was extended to notched specimens [8], which is a
reformulation of the stress-based multiaxial HCF
criterion. Modelling and analyses of the vibration
characteristics of a beam/plate (which can be
considered a simplified blade) with a crack are also
a hot topic for fatigue analysis. CHONDROS et al
[9] theoretically analyzed the  vibration
characteristics of simply supported beams with
breathing cracks and found that the eigenvalue
change caused by the cracks was related to the
bilinear characteristics of the crack system.
ORHAN [10] analyzed the free vibration and forced
vibration of cracked beams based on the finite
element method and suggested that the response of
the forced vibration better described the changes in
the crack depth and location than the free vibration.
WAHEED et al [11] studied the nonlinear vibration
response characteristics of a blade with a breathing
crack and found that the larger crack length
corresponded to more nonlinear disturbances in the
dynamic response behavior. ZENG et al [12]
performed researches on the cracked compressor
blade with varying-section and twisted shape
considering the rotational effects and comparatively
accurate crack propagation paths. ZHAO et al [13]
established a model of pre-twisted rotating blade
with a breathing crack by proposing a new
breathing model that considered the rotating and
pre-twisted effects of the blade.

The published studies show that most
investigations concentrate on seeking the cause of
blade fatigue by combining crack detection, a
Campbell diagram and stress analysis or attempting
to estimate the failure life according to damage
accumulation and fracture mechanics theories. For
analysis of the vibration characteristics of a cracked
blade, cracks are mostly pre-established on the
structure instead of resulting from a practical
vibration fatigue process.

Hard coating is generally used as a surface
treatment to allow the composite structure to have a

special and superior performance, such as thermal
barrier coatings and anti-corrosive coatings [14—16].
In recent years, hard coatings have been used as
damping treatments for vibration reduction in
titanium plates as a simplification of the blade [17]
because of its better stability than the viscoelastic
damping layer or constrained damping layer in
severe environments. The damping mechanism was
assumed and experimentally supported to be
friction among particles [18] and the friction among
internal micro-cracks [19, 20]. Some studies [21-23]
have also applied a damping hard coating on bladed
disks and obtained positive results.

In this paper, the fatigue behavior of
compressor blade specimen subjected to resonance
and the effects of a damping hard coating were
investigated. The fatigue crack initiation and
propagation processes were observed under
resonance of the first bending mode. Nonlinear
features were observed for a blade with a fatigue
crack in both experimentally and via simulation.
The effects of the damping hard coating on the
fatigue life of the blade specimen were observed
under the same conditions after depositing a
NiCrAlY coating. The results of this paper can help
to better understand the fatigue of compressor
blades subjected to resonance and provide a
preference for the application of damping hard
coatings on compressor blades.

2 Experimental setup

The blade specimen was designed considering
the features of a compressor blade, as shown in
Figure 1(a). The length, width and thickness of the
blade specimen were 70 mm, 40 mm and 2 mm,
respectively. A clamping region with a 30 mm
height and 8 mm thickness was designed for
convenient clamping. The rounded corner was
designed to avoid stress concentration. To observe
the fatigue behaviour under different stress levels, 6
blade specimens were manufactured with identical
geometry using 45 steel (the elastic modulus is 220
GPa) and treated by thermal refining, and the yield
stress was achieved to be higher than 600 MPa.

The layout of the fatigue test system is shown
in Figure 1(b). The equipment and software used in
the fatigue test system are listed as follows. The
shaker and its power amplifier and controller were
used to subject the blade to resonance. Strain
gauges with the signal conditioner were used to
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measure the strain (¢) of the blade specimen and
then the stress (o) was obtained by o=FE¢, where FE
is the elastic modulus of specimen. The strain gauge
was attached on the surface at the root of the blade
specimen, which is the largest stress zone on the
blade surface under the first mode resonance, as
shown in Figure 1(a). Considering the fragility of
the strain gauge, an accelerometer was
simultaneously used to monitor the vibration
amplitudes of the blade specimen. LMS Test. lab
and LMS SCADAS III were used to gather and
display the dynamic vibration signals in real time.
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Figure 1 Blade specimen and experimental setup of
fatigue test system: (a) Blade specimen; (b) Experimental
setup

During the fatigue test, the blade specimen
was clamped by the customized holder, which was
similar to the cantilevered boundary condition. At
set intervals, the resonant frequency of the blade
specimen was accurately recognized by a waterfall
plot under sine sweep excitation. Then, the obtained
resonant frequency was used as the excitation
frequency, which subjected the blade specimen to
resonance.

3 Results and analyses

3.1 Decrease of resonant frequency
Different stress levels were applied to each

blade specimen by providing different acceleration
magnitudes of the base excitation using a shaker:
350 MPa, 370 MPa, 385 MPa, 420 MPa, 490 MPa
and 560 MPa. The resonant frequencies of the blade
specimen after different cycles were recorded as
shown in Figure 2.
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Figure 2 Change in the resonant frequencies of blade

specimen with number of cycles: (a) Resonant
frequencies vs cycle numbers; (b) Resonant frequencies

decline rate

Figure 2(a) shows that the resonant frequency
slightly changes at the early stage and rapidly
decreases after a number of cycles. The early stage,
where the resonant frequencies slightly change, can
be considered the stage of fatigue crack initiation,
and the following stage, where the frequencies
rapidly decline, is the crack propagation process.
The decline rates of the resonant frequencies under
different stress levels are calculated and shown in
Figure 2(b), which shows that the rates of decrease
of the resonant frequency increase with the number
of cycles and stress levels. Crack initiation and
propagation tend to be faster under higher stress
levels.
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3.2 Features in 3D spectrogram and fatigue

crack detection

A special “double peak” phenomenon was
observed during the fatigue test, as shown in Figure
3. Figure 3(a) shows a waterfall plot of the intact
blade, where a single peak appears when the
excitation frequency encounters the resonant
frequency. Figure 3(b) shows a waterfall plot after
7.5%x10° cycles under a resonance stress of 420 MPa,
where two adjacent peaks appear and the lower
frequency has higher peak amplitude than the other
one.
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Figure 3 Waterfall plots during the sine sweep test: (a)
Intact blade at the beginning; (b) After 7.5x10° cycles

The frequencies of the double peaks, the single
frequency before the double peaks occur and the
frequency of the intact blade, are listed in Table 1.
The higher frequency of the double peaks is close to
the frequency before the double peaks occur. The
resonant frequencies of the blade specimen decrease
by 3.37%, 3.73% and 3.57% when the double-peak
phenomenon occurs. This phenomenon can be used
as an indicator for the appearance of a fatigue crack.
Ultrasonic phased array inspection technology was
used to detect the crack size and location to visually
observe the fatigue crack state.

Figure 4 shows the scanning results of the
ultrasonic phased array inspection when the double
peak phenomenon occurs. The crack can be seen at
one side of the blade root. The size and location of
the crack can be determined and are listed in Table

2. In some published papers [24, 25], vibration
fatigue failure is defined as a fundamental resonant
frequency decrease of 5%. In this paper, fatigue
failure occurs when the Ist-order resonant
frequency decreases by 4% according to the results
of the double-peak features and crack detection.

Table 1 Peak frequencies of “double peaks” and “single
peak” curves

Intact Single peak before
No. blade/Hz doublfs peak Double peak/Hz
occurring /Hz

A2 351.50 (higher
(370 MPa) 363.75 353.13 amplitude); 352.63

A3 354.88 (higher
(385 MPa) 368.63 356.00 amplitude; 355.88

A4 331.25 (higher
(420 MPa) 343.50 332.38 amplitude); 332.25

Figure 4 Ultrasonic phased array inspection of cracks: (a)
Scanning direction; (b) Scan results

Table 2 Quantitative information of the blade crack

Parameter Value

Length/mm 13.8

Depth/mm 5.70—5.96
x coordinate /mm 2.22-2.40
y coordinate/mm 1.80

3.3 Nonlinear vibration characteristics

Figure 5 shows the response of the cracked
blade under sine excitation at a fixed frequency. For
the cracked blade, an obvious multi-harmonic
vibration was observed, as shown in Figure 5, and
the even harmonics had higher amplitudes than the
odd harmonics.

To account for this phenomenon, a finite
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element model of the cracked blade was established
in ANSYS by using the geometry and material
parameters as the same as the specimen, and a
numerical simulation was conducted. The
SOLID186 element was used to mesh the model of
the blade specimen. The “surface to surface”
contact element was used to simulate the breathing
crack. Base excitation was applied on the finite
element model, by applying the harmonic
acceleration on the model. For the nonlinear
characteristics, transient analysis under frequency
sweeping was used by accelerating the base
excitation instead of performing linear modal
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Figure 5 Nonlinear vibration responses (test results): (a)
Time domain curve; (b) Frequency spectrum

Figure 6 shows the time spectrum of the
contact pressure and the corresponding contact
status of the crack. A zero value of the contact
pressure occurs in the crack open state, where the
maximum stress is located at the crack tip. In the
crack closed state, the maximum stress is located at
the centre of the blade root on the intact side. The
acceleration responses of the intact and cracked
blades near the resonance were extracted, as shown
in Figure 7 and Figure 8, respectively. A single

frequency was observed in the frequency spectrum
of the intact blade, while harmonic frequencies
were observed in the frequency spectrum of the
cracked blade.
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Figure 7 Vibration response of intact blade (simulation

results): (a) Time domain curve; (b) Frequency spectrum

4 Effect of damping hard coating
treatment

The NiCrAlY coating has been validated to
have a good damping capacity, which can increase
the loss factors and reduce the vibration of the blade
and bladed disk [21—-23]. In this study, a NiCrAlY
coating with a thickness of 200 um was deposited
on the blade specimen by air plasma spraying
(APS), as shown in Figure 9(a), to investigate its
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Figure 8 Vibration response of cracked blade (simulation results): (a) Time domain curve; (b) Frequency spectrum

(a)

(b)

Figure 9 Blade test piece with NiCrAlY coating of 200 um thickness on a single side: (a) Surface morphology; (b)

Cross section

effect on fatigue on the blade subjected to
resonance. The cross-section constitution diagram
of NiCrAlY coating is shown in Figure 9(b).
Material parameters of the NiCrAlY coating were
obtained from the results of dynamic
thermomechanical analysis (DMA) under room
temperatures as listed below: elastic modulus is
56.6 GPa, density is 2840.7 kg/m® and the loss
factor is 0.0099.

Before the fatigue test under resonance, the
first order modal loss factors of the specimens were
measured and compared with the uncoated
specimens. Test results are shown in Table 3. It
reveals that the modal loss factors increased more
than 30% after the coating treatment by NiCrAlY.
In the researches of cryogenic laser peening,
HUANG et al [26] found that improving the
damping ratio can increase the vibration fatigue life
of TC6 titanium alloy.

The coated specimens were excited by the
same stress level as the corresponding bare blade. A

similar phenomenon was observed as “change little
to decline rapidly”. However, obviously more
cycles were required for the same decrease in
percentage of the resonant frequency than for the
bare blade, as shown in Figure 10.

Figure 11 compares the frequency reduction
rates of the bare and coated blade specimens under
identical excitation conditions. The coated blade
specimen had a lower increasing speed of the rate
of the decrease of the resonant frequency, which

Table 3 Modal loss factors of coated and uncoated

specimen
Specimen Modal loss factor Change rate/%
Uncoated Coated
Al1&B1 0.095 0.135 42.11
A2&B2 0.072 0.120 66.67
A3&B3 0.077 0.105 36.36
A4&B4 0.100 0.130 30.00
A5&BS5 0.083 0.115 38.55
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Figure 10 Resonant frequency changes of the coated blade specimen: (a) 370 MPa; (b) 560 MPa
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implies that the damping hard coating helps to
decelerate the fatigue progress.

5 Conclusions

In this paper, the fatigue behaviours of
compressor blade specimens subjected to resonance

and the effects of a damping hard coating were
investigated. The fatigue crack initiation and
propagation processes were observed under
resonance of the first bending mode by using the
resonant frequencies as the indicator. The effects of
the damping hard coating on the fatigue life of the
blade specimen were observed under the same
condition after depositing a NiCrAlY coating. The
following conclusions are drawn.

1) The decrease in the resonant frequencies
can indicate the fatigue state. The state can be
considered fatigue when the first-order resonant
frequency decreases by 4% based on the results of
the frequency sweep and crack detection. And the
decrease rate of resonant frequency can reveal the
fatigue crack growth of the specimen.

2) Some nonlinear vibration phenomena occur
when the fatigue crack size increases to a certain
extent, such as the double-peak phenomenon and
multi-harmonic vibration, which can also be
considered indicators of fatigue failure.

3) Damping hard coating treatments can
increase damping coefficient of the specimen and
then reduce fatigue failure by extending the cycles
of the crack initiation and propagation process.
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