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Impellers and blades are the key components of turbomachines, and fatigue is the main failure
mode of impellers and blades. The status and progress of fatigue research on impellers and
blades were systematically introduced through reviewing fatigue failures, numerical simula-
tions of fatigue, and fatigue tests of impellers and blades in several typical turbomachines.
High cycle fatigue caused by vibration was the main failure mechanism, and fatigue cracks
usually initiated from the location of stress concentration. The resonance caused by the aerody-
namic load was the main cause of fatigue failure of impellers and blades in a steady operating
condition. The coupling of the meshless method and the finite element method and the com-
bined fatigue test of actual impellers and blades are the developmental direction and research
focus of the future.

© 2016 Elsevier Ltd. All rights reserved.
Keywords:
Impellers and blades
Fatigue failure
Fatigue load
Crack growth simulation
Fatigue test
Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
2. Fatigue failures of the typical I&B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

2.1. Fatigue failures of centrifugal compressor impellers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
2.2. Fatigue failures of axial compressor impellers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
2.3. Fatigue failures of steam turbine blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
2.4. Fatigue failures of flue gas turbine blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
2.5. Fatigue failures of aero-engine compressor blades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
2.6. Fatigue failures of aero-engine turbine blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
2.7. Fatigue failures of gas turbine blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
2.8. Summary of I&B fatigue failures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

3. Numerical simulations of the I&B fatigue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
3.1. The alternating load calculations of I&B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
3.2. Vibration mode localization of impellers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
3.3. Numerical simulations of fatigue crack growth in the I&B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
3.4. Summary of numerical simulations of the I&B fatigue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

4. Fatigue tests of the I&B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
4.1. Vibration fatigue tests of the I&B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226
4.2. Combined fatigue tests of I&B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
4.3. Summary of I&B fatigue tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228
ineering, Shandong University, 17923 Jingshi Road, Jinan 250061, China.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.engfailanal.2016.02.001&domain=pdf
http://dx.doi.org/10.1016/j.engfailanal.2016.02.001
mailto:wqwang@sdu.edu.cn
Journal logo
http://dx.doi.org/10.1016/j.engfailanal.2016.02.001
Imprint logo
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/engfailanal


209M. Zhang et al. / Engineering Failure Analysis 62 (2016) 208–231
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

1. Introduction

Turbomachines play an important role in heavy industry, and have been widely used as the core driving force in aviation,
energy, oil refining, petrochemical, coal chemical, natural gas transportation, metallurgy, and other important areas. The failures
of impellers and blades (I&B) which are the key components of turbomachines not only cause significant economic losses to en-
terprises and society, but also threaten people's lives. In addition, there are many fundamental scientific problems about the fail-
ures of I&B. Therefore, research on failures, especially on fatigue, which is the main failure mode of I&B, provides references for
the design, manufacture, application, inspection, monitoring, and remanufacturing of I&B. Moreover, the study of the fatigue of
I&B is beneficial to guarantee the safe operation of turbomachines and gives supports to intense research on relevant fundamental
scientific problems.

Failures of I&B mean that I&B cannot work properly, and include two situations: I&B are severely damaged and unable to work,
or I&B cannot efficiently and reliably work. I&B with periodic structures have characteristics of complex geometries, various struc-
tural forms, poor working conditions, and multi-field coupling effects in operations. Also, there are many adverse factors in the
design, manufacture, and service of I&B which induce I&B to fail. So failures of I&B present the characteristics of multiformity,
complexity, and severity.

Failures of I&B are caused by the combined action of “internal reason” and “external reason”. The “external reason” mainly re-
fers to the environmental factor, which includes load, temperature, and medium. The “external reason” is different in various ap-
plications. For example, temperature has an important effect on the failures of I&B serving at high temperature [1–3]. Steam
turbine blades in the low pressure area work under more adverse conditions and the failure seems to occur more easily than
blades in the high or medium pressure areas [4]. The “internal reason” heavily affects failures, and it usually refers to the situation
of I&B themselves, which includes material, structure, and processing technology [5–7]. For example, the connection method of
disk and blade has a great effect on failures of I&B [8–16].

The difference of “external reason”, such as the alternating load, corrosive medium, erosion medium, and high temperature,
leads to the different failure mechanisms of I&B, which usually involve fatigue, corrosion, creep, wear, foreign object damage
(FOD), and the combined action of these mechanisms [17–24]. The failure mechanisms are very different for different “external
reasons” in various service environments [25–28]. The “internal reason” mainly affects the failure mode, especially the failure po-
sition. Fracture, cracking, thinning, and deformation are the main failure modes of I&B, as shown in Fig. 1. Cracking and fracture
are more common, and can be caused by most of the above failure mechanisms. Thinning and deformation are relatively rare.
Thinning usually appears in situations of serious wear or corrosion, for example, solid particles carried in the air increase blade
thinning of centrifugal compressor impellers. Deformation can appear in the fabrication process, such as welding, but it appears
Fig. 1. The main failure modes of I&B.
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more commonly in service due to the superposition of various loads. In addition, deformations such as dents or bulges also occur
after FOD.

Fatigue is the most important failure mechanism of I&B [29]. In this paper, we will present a review of fatigue failures, numer-
ical simulations of fatigue, and fatigue tests of I&B in typical turbomachines, and systematically introduce the status and the de-
velopment of fatigue research on I&B.

2. Fatigue failures of the typical I&B

We want to present an insightful overview on the fatigue failures of I&B including failure mechanisms, failure modes, danger-
ous positions, and failure reasons. We chose the I&B of a centrifugal compressor, axial compressor, steam turbine, flue gas turbine,
aero-engine compressor, aero-engine turbine, and gas turbine as the investigation objects.

2.1. Fatigue failures of centrifugal compressor impellers

In 1986, Hu et al. [30] analyzed the fatigue fracture of the first stage SNCM 5 impeller of a high pressure cylinder of the 103-
JHP (the position number of the compressor in the unit) turbine compressor in a fertilizer plant. The compressor had been run-
ning for two years and suffered 32 cycles of shutdown and startup until the accident happened in 1982. Hu concluded that the
reason of failure was fatigue induced by stress concentration. In addition, he indicated that the change of working conditions re-
sulted in axial stress, increased uneven wear of shroud and uneven riveting, and caused stress concentration.

A fatigue crack usually initiates from the position of stress concentration. For a centrifugal compressor impeller, a fatigue crack
generally initiates from the blade root because stress concentration and large load usually appear in this area. In 2007, Cheng [31]
reported an accident in which all of the inlet blades of an Ingersoll-Rand nitric oxide centrifugal compressor AISI410 impeller frac-
tured along the roots. In 2010, S. Sivaprasad [32] found that the fatigue crack appeared at the blade root in the fracture accident of
a first stage impeller in a X4CrNi13-4 air compressor, as shown in Fig. 2.

Stress concentration accelerates the initiation of fatigue crack, which is usually caused by riveting, welding, composition seg-
regation, porous material, abnormal microstructure, and pits. In Hu's [30] analysis, fatigue cracks mostly initiated from the thin
walls of rivet holes at the blade tip, and the uneven riveting of blade and shroud resulted in stress concentration and induced
the initiation of fatigue cracks. In 2000, Dong et al. [15] analyzed the failures of the third to the fifth stage of a Cr13Ni6MoNb
copper-based brazing impeller in three air turbine compressors, and found that the fatigue cracks initiated from defects formed
by the brazing and the composition segregation area in the brazing seam. In 2005, Hou et al. [33] analyzed one of the first
stage and second stage 34CrNi3Mo impellers in eight H240-9.5/0.98 centrifugal compressors, in which fatigue failures happened
many times, and found that cracks initiated from welding craters in the welding heat affected zone between the shroud and
blade. In 2006, Wang et al. [34] investigated fatigue cracking of a second stage impeller in a centrifugal compressor, and they
found surface decarbonization, abnormal microstructure, and a lot of ferrites in the fracture origin zone. In 2009, Wang et al.
[35] analyzed a blade fracture of a first stage impeller in a centrifugal compressor, and concluded that the fatigue crack initiated
from a pit on the blade pressure surface which was caused by FOD. In 2011, Chen et al. [36] analyzed a blade fracture of a first
stage impeller in an air compressor, and indicated that the fatigue crack initiated from a corrosion pit.

Vibration is the main reason for fatigue failures in centrifugal compressor impellers. In 2003, Xiong [37] concluded that vibra-
tion fatigue resulted in several failures of H240-9.5/0.98 centrifugal compressor impellers. In 2004, Qi [38] analyzed vibration fa-
tigue of DHP56-1 centrifugal compressor blades which work in the resonance region. In the former report of Cheng [31], he
indicated that vibration fatigue of the blade was caused by the intensified dynamic imbalance of the impeller due to a fracture
of the fastening bolt with improper material. In 2009, Hu [39] concluded that vibration resulted in fatigue failure of a centrifugal
compressor impeller. In 2010, S. Sivaprasad [32] supposed that fatigue failure of an air compressor impeller was caused by the
intensified vibration which resulted from unstable transient operation. In 2011, Ma et al. [40] analyzed the high cycle fatigue of
a second stage impeller blade of a HLR806-2 centrifugal compressor in an air separation unit, and found that the vibration load
Fig. 2. Fatigue cracking of centrifugal compressor impeller at the blade root [32].
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was caused by the scale layer on the local blade surface because the blades were impacted by particles from aluminum fins on the
interstage cooler tubes.

The corrosive medium has important effects on fatigue failures of centrifugal compressor impellers. In the preceding report of
Cheng [31], he found that the fastening bolt underwent corrosion cracking. Hu's above analysis [39] indicated that corrosion fa-
tigue cracking occurs under the action of hydrogen sulfide in the centrifugal compressor impeller.

2.2. Fatigue failures of axial compressor impellers

Fatigue failures of axial compressor impellers are similar to centrifugal compressor impellers', and vibration is also the main
reason of fatigue failures. In addition, the blade root seems to be in a dangerous position where the fatigue crack easily initiates,
and corrosion accelerates fatigue failure. In 2006, Dai et al. [41] analyzed first stage blade fractures at the bottom of the blade pro-
file 10 mm from the root where fractures happened many times. Finite element calculation showed that the blade resonance
caused by the low frequency excitation force was likely to occur, and the bending stress caused by the air flow was close to
the allowable stress limit. In 2007, Xie [42] analyzed three fracture accidents of first stage rotor blades of a AG060/14L5 axial–
centrifugal multiplex compressor in a catalytic cracking unit, and found that all the fatigue fractures appeared at the blade root
and the cracks initiated from corrosion pits. In 2009, Fu [43] investigated blade fracture of a Z1600-0.245/0.0961 axial compressor,
and concluded that the accident was caused by the blade resonance. In 2011, Zhi et al. [44] reported fatigue fracture accidents of
two rotor blades of a ninth stage impeller in an axial air compressor. The fractures occurred in the position of the transition arc at
the blade root.

2.3. Fatigue failures of steam turbine blades

In 1985, Zhang et al. [45] analyzed some blade fatigue accidents of a synthesis gas compressor turbine in a fertilizer plant. Vi-
bration was the main reason of steam turbine blade fatigue which was similar to the situations of the centrifugal compressor im-
peller and axial compressor impeller. In 2005, Weng [46] analyzed a tenth stage blade fracture of a FCC25-3.43/2.0/0.9 steam
turbine. The fracture morphology is shown in Fig. 3. He concluded that high cycle fatigue was due to the abnormal vibration of
the blade caused by the extracted steam and the frequent change of load. In 2007, E. Poursaeidi et al. [47] found that the
blade failure of a generator rotor turbine was caused by the blade resonance because of the unsteady aerodynamic force. In
2011, H. Kim [48] analyzed fatigue failure of a fourth stage blade in a low pressure steam turbine caused by vibration.

High temperature steam is the major medium of a steam turbine, and poor quality of steam may results in the corrosion of
blades. Corrosion fatigue seems to be a typical failure mode of steam turbine blades. In 1990, Zhao [49] analyzed the blade frac-
ture of a steam turbine which was a part of a KT1202 air compressor in a fertilizer plant and found that there were some corro-
sion pits on the blade pressure surface, and a lot of Si, P, S, and other acidic substances were detected on the fatigue fracture. In
1997, Li et al. [50] analyzed corrosion fatigue of a fourteenth stage blade of a steam turbine, and found that there were a lot of
corrosion pits and corrosion products on the fractured blade. The higher Si content in the precipitates on the blade surface indi-
cated that there were a lot of impurities in the water, and the very low Cr content in the corrosion pit of the fracture origin zone
indicated the poor corrosion resistance of the blade material. In 1998, Zhou [51] investigated a fracture of a second to last stage
blade in a N200-130/535/535 steam turbine, and found that the characteristics of corrosion fatigue appeared on the fracture. In
addition, corrosion pits and corrosion traces caused by Cl were observed. In 2003, G. Das et al. [52] analyzed the failure of a
low pressure turbine blade in a thermal power plant. The blade material was tempered martensitic stainless steel. A Si rich
phase was found on the blade surface, there were some pits and grooves on the blade edge, and Cl was detected in the pits,
so they thought the intergranular fracture resulted from corrosion fatigue. In 2005, You et al. [53] analyzed a last stage blade frac-
ture of a steam turbine. They found that the crack initiated from the leading edge near the blade pressure surface, but not from
corrosion pits. Intergranular fracture morphology appeared outside the fatigue area, and there were some corrosion products with
a lot of S and Cl on the intergranular surface. The crack had obvious bifurcations, and there were a lot of corrosion pits on the
Fig. 3. Fracture morphology of the blade [46].
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blade suction surface. So the failure mechanism seemed to be stress corrosion cracking. In 2007, Chen et al. [54] studied the cracks
in 85 blades of a last stage, which were in the low pressure area of a N135-13.24/535/535 135 MW steam turbine. The cracks
were mainly caused by corrosion fatigue or stress corrosion, the long cracks usually seemed to be fatigue cracks. The features
of corrosion fatigue appeared on the fractures, and the features of stress corrosion were obvious for the short cracks or at the be-
ginning stage of cracks. In 2007, Wang et al. [55] analyzed the fatigue of a last stage blade in a steam turbine, and concluded that
corrosion accelerated the growth of the fatigue crack. In H. Kim's [48] analysis above, cracks initiated from corrosion pits on the
leading edge of the blade, as shown in Fig. 4. A lot of Cl and Na were detected in the pits, and the reason for corrosion seemed to
be a small leak of seawater in the condenser tube.

Generally, there are some small droplets in the medium, so stress concentration and further fatigue failures are probably
caused by water erosion. In 2011, Liu et al. [56] investigated a fracture of a turbine blade in a thermal power plant, and found
that a crack initiated from a water erosion pit on the trailing edge of the blade.

For steam turbines, the service environment is usually more dangerous in the low pressure area than in the high or medium
pressure area. So, fatigue failures in low pressure areas are more common, especially for failures of the second to last or the last
stage blade in low pressure areas. In 2011, Yang et al. [57] analyzed a fatigue fracture of a last stage blade in a steam turbine. In
the above analyses of H. Kim, Zhou, G. Das, You, Liu, Wang, et al., fatigue failures also appeared in the second to last or the last
stage blade in low pressure areas.

Z. Mazur et al. [10,58,59] analyzed several fatigue failures of steam turbine blades, and concluded that blade vibration caused
by unsteady fluid was the main failure reason when a steam turbine operates below the design condition. In addition, all of the
fractures analyzed by Z. Mazur occurred in the last stage of a steam turbine, and the cracks initiated from the root of the trailing
edge. The last stage blade morphology of a steam turbine and the blade fracture position are shown in Fig. 5. In addition, erosion
and corrosion caused by circular steam accelerate the propagation of fatigue cracks. The above points are the main failure features
of steam turbine blades.

Low cycle fatigue failures of steam turbine blades are relatively less. In 2009, J. Kubiak [60] analyzed a low cycle fatigue failure
of a steam turbine blade, and found that the crack initiated from the secure pinhole of the blade root due to large thermal stress.
The cracked blade is shown in Fig. 6.
2.4. Fatigue failures of flue gas turbine blades

The medium composition of flue gas turbines is complex, compared with that of centrifugal compressors and axial compres-
sors, so corrosion or erosion has significant effects on fatigue failure of flue gas turbine blades. In 2005, Chen [61] investigated the
corrosion fatigue failure of a rotor blade in a YLII-7000A double-stage flue gas turbine. The combined action of the S corrosion at
high temperature and the high local stress resulted in crack initiation. In 2006, Hao et al. [62] concluded that corrosion under high
temperature combustion conditions led to the failure of the tenon and the final fracture of rotor blades in a flue gas turbine.

The connection method of tenon/mortise is widely used in flue gas turbines, and fatigue cracks easily initiate from the tenon or
the mortise because of stress concentration. In 2005, Gai et al. [63] analyzed a fracture of YLII-10000K flue gas turbine blades, and
found that fatigue cracks initiated from the tenon edge and the tenon root. In 2005, Chen et al. [64] analyzed the failure of a first
stage rotor blade in TP3142/2.36-1.146, a top gas pressure recovery turbine, and found that there were some cracks on the blade
tenon due to bad contact and other reasons. According to the analysis of Hao [62] mentioned above, local serious wear due to the
uneven contact between tenon and mortise leads to initiation of fatigue cracks, and the mixed grain and the continuous coarse
carbide film on the grain boundary in each part of the tenon accelerate the initiation and the propagation of cracks. In 2007,
Han et al. [65] investigated blade failure of a flue gas turbine, and concluded that the small contact area and the non-uniform con-
tact between tenon and mortise, and the damage of the grain boundary accelerated the growth of cracks. Hu et al. [66,67] ana-
lyzed fretting fatigue of a flue gas turbine rotor blade, and concluded that fretting caused by large local stress due to the bad
assembly between tenon and mortise was the major reason of fatigue fracture.
Fig. 4. Microstructure of corrosion pit [48].
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Fig. 5. Morphology of last stage blades and fracture position of the blade [59].
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2.5. Fatigue failures of aero-engine compressor blades

Vibration is also the primary cause of fatigue damage of aero-engine compressor blades, just like the situations of some I&B
mentioned above. In 2006, Li et al. [68] surveyed a failure of a fourth stage rotor blade in an aero-engine compressor, and
found that blade fatigue was caused by vibration stress. In 2006, Wu et al. [69] analyzed a first stage rotor blade fracture of a com-
pressor, and indicated that the improper angle of the zero order adjustable blade resulted in vibration fatigue of the blade. In
2007, Liu [70] investigated low cycle fatigue of first stage compressor rotor blades in an aero-engine, and considered that flutter
was the major failure reason. In 2008, Zang et al. [71] analyzed the cracking of the leading edge of a blade at the front row rec-
tifier in a compressor, and concluded that abnormal vibration led to the failure. Lv et al. [72] reported a vibration fatigue failure of
aero-engine compressor blades. The failed blades are shown in Fig. 7. In 2011, Jiang et al. [73] studied high cycle vibration fatigue
of third stage rotor blades in an aero-engine compressor.

Fatigue cracks usually initiate from a position of stress concentration, and the reasons of stress concentration include material
microstructural defects, mechanical abrasion, and FOD. In 2006, Wu et al. [69] analyzed the fracture of a first stage rotor blade in a
compressor, and found that the fatigue crack initiated from the position of mechanical abrasion on the blade suction surface. In
2007, N. Ejaz et al. [74] analyzed a blade fall-off accident of a single stage compressor in an aero-engine, and found that the fa-
tigue crack initiated from a forging defect at the blade root. In 2009, V. Infante et al. [75] surveyed a blade fracture of a fifth stage
high pressure compressor. The blade material was nickel base superalloy, and cracks initiated from a material defect on the lead-
ing edge. The stress concentration of aero-engine compressor blades is mainly caused by corrosion or FOD. In 2009, L. Witek et al.
[76] studied the failure of a helicopter engine blade, and discovered that the fatigue crack initiated from a corrosion pit on the
leading edge. The fractured blade is shown in Fig. 8. In the former analyses of Li, Jiang, Lv, Liu, et al., all the cracks initiated
from corrosion pits. But, in the analyses of E. Silveira, V. Infante, et al., cracks initiate from pits caused by FOD.

The assembly of tenon and mortise is the primary connection method of aero-engine compressors, and fatigue cracks easily
initiate from this location. In 2005, Yu et al. [77] reported a fracture accident of a first stage blade in an aero-engine compressor,
and there were some obvious longitudinal fretting marks on the tenon/mortise. The serious swing of a blade with improper clear-
ance between tenon and mortise is the main reason of fatigue failure. The bad assembly of tenon and mortise usually results in
fretting fatigue failure [11,78–82], which is the common failure mode in aero-engine compressors.
Fig. 6. Crack of a first stage rotor blade [60].

Image of Fig. 5
Image of Fig. 6


Fig. 7. Debris of the first stage rotor and the first stage rotor blades [72].
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Low cycle fatigue is an important failure mode of aero-engine compressor blade because of the frequent taking off and landing
of aircraft or the bad assembly of tenon and mortise. In 2007, K. S. Song et al. [83] surveyed fatigue fractures of rotor blades in a
J79 engine compressor, as shown in Fig. 9, and there were several fatigue origins and secondary cracks on the fracture, as shown
in Fig. 10. The reason for fracture seemed to be low cycle fatigue caused by a serious rotating stall. In Yu's analysis [77], failure
was also low cycle fatigue caused by the bad assembly of tenon and mortise.

2.6. Fatigue failures of aero-engine turbine blades

Vibration is also a main reason of fatigue failure in aero-engine turbine blades. In 2005, Zhong et al. [84] found that the large
clearance of adjacent blades resulted in blade fractures due to bending vibration fatigue. In 2005, Liu et al. [85] surveyed some
vibration fatigue fractures of third stage turbine blades in an aero-engine. In 2006, S. K. Bhaumik et al. [86] studied a failure of
a low pressure turbine blade in an aero-engine. The failed blade is shown in Fig. 11. They found that the fatigue crack initiated
from the transition arc of the blade coating, and was caused by vibration. In 2007, Wang et al. [87] analyzed a tenon fracture
of a third stage turbine blade in an aero-engine, and concluded that the failure was related to large bending stress caused by
blade vibration due to large clearance of a few neighboring shrouds.

The ambient service temperature of aero-engine turbines is up to several hundreds or even a thousand degrees centigrade, and
high temperature has important effects on fatigue failures. Creep fatigue is a typical failure mode of aero-engine turbine blades.
The low yield strength and the insufficient strength of the grain boundary are the major causes of creep fatigue. In 2002,
I. Salam et al. [26] surveyed a fracture of a second stage turbine blade in a fighter. They discovered that a W-shape crack initiated
from the blade surface because the creep resulted in the grain boundary sliding, as shown in Fig. 12, and concluded that the sub-
sequent low cycle fatigue fracture was caused by a rotating stall or a surge. In 2002, M. Park et al. [88] investigated a failure of a
J69-T-25 turbojet engine turbine blade, as shown in Fig. 13. They found that a crack initiated from a position of surface friction,
and the blade was damaged and discolored due to the action of thermal air flow. The thermal effect resulted in the coarse γ-phase
in the nickel base superalloy and a decrease of fatigue strength of the matrix material. In the former analyses of Zhong [84] and
Wang [87], creep had significant effects on fatigue. E. Silveira et al. [89,90] analyzed thermal mechanical fatigue failure of an aero-
engine high pressure turbine, and found that a crack initiated from a cooling hole. The blade fracture is shown in Fig. 14. The
blade material was a precipitated hardened nickel base alloy, and they thought that the large carbides of hafnium and tantalum
accelerated the fracture of the blade. In 2006, N. Ejaz et al. [91] surveyed local fall-block failures of two blades in a turbine engine,
as shown in Fig. 15. The blade was made of Udimet 500 without a superficial coating. They considered that the intergranular crack
of the blade was formed due to high temperature, and found that the crack on the blade suction surface was close to the high
Fig. 8. View of a fractured blade with marked crack origin zone (A), fatigue fracture area (B) and rupture zone (C) [76].
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Fig. 9. J79 engine compressor rotor blades [83].
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stress area. In addition, they concluded that the crack initiated from the grain boundary due to oxidation corrosion, the high tem-
perature led to microstructure deterioration of the blade material, and the failure mechanism was high cycle fatigue after hot
corrosion.

The material and processing technology of aero-engine turbines are different from the usual I&B′, so the fatigue of aero-engine
turbine blades has special characteristics. Zhang et al. [92–94] investigated more than ten similar cracking or fracture accidents of
second stage turbine blades. The results showed that cracks initiated from stress concentration positions caused by surface recrys-
tallization or different microstructures in various parts of the blade. The complex profile of the blade caused distortion of the tem-
perature field in the molding process which led to different microstructures. In 2011, He et al. [95] surveyed fractures of two
blades in an aero-engine, as shown in Fig. 16, and considered that the cause of failure was recrystallization, which was caused
by plastic deformation during the sandblasting process in solution annealing. In 2007, K. S. Song et al. [96] inspected a fracture
of an aero-engine blade, as shown in Fig. 17, and concluded that unreasonable processing technology caused the separation of
Ti and Mo, induced stress concentration, and finally resulted in fatigue failure. In 2008, Hou et al. [97] studied the effects of crystal
orientation on the fatigue life of single crystal turbine blades. In 2009, H. Kim [98] analyzed fatigue fracture of the last stage blade
in an aero-engine, as shown in Fig. 18. The blade was made of the directionally solidified nickel base superalloy MAR200Hf, and
the crack initiated from the position of stress concentration caused by pores on the trailing edge and the segregation zone of haf-
nium and titanium.

The fatigue failure position of aero-engine turbines is similar to that of aero-engine compressors, and the positions of mechan-
ical damage, corrosion pits, and junction of blade and disk easily cause fatigue cracking. In 2002, M. Park et al. [88] analyzed a
failure of a J69-T-25 turbojet engine turbine blade, and found that the crack initiated from a position of surface friction. In
2008, N. J. Lourenco et al. [99] investigated an accident of a helicopter engine turbine, and found that a fatigue crack initiated
from a corrosion pit on a fourth stage blade. In 2010, He et al. [100] surveyed fracture failure at the root of a titanium alloy
rotor blade in an aero-engine, and considered that a high cycle fatigue crack was due to local stress of the blade, and the fretting
accelerated the initiation of the fatigue crack. In 2010, I. Le May [101] analyzed a failure of a second stage blade of a helicopter,
and found that a fatigue crack initiated from the junction of blade and disk. In 2011, Liu et al. [102] studied fatigue failure of a
single crystal blade in an aero-engine, and concluded that the friction between blade tip and engine casing led to an alternating
load in the position of stress concentration, and caused fatigue failure. In 2013, Qu et al. [103] analyzed a failure of a first stage
Fig. 10. Low cycle fatigue characteristics of a blade [83].
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Fig. 11. Fracture of a low pressure turbine rotor blade [86].
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rotor blade in an aero-engine turbine, and considered that a fatigue crack initiated from a position of stress concentration caused
by a material defect on the trailing edge.

2.7. Fatigue failures of gas turbine blades

Gas turbine blades usually work at high temperature, and the high temperature has important effects on fatigue failures of gas
turbine blades. In 2003, Yuan et al. [104] analyzed a fracture of a first stage turbine rotor blade in a gas turbine, and considered
that thermal mechanical fatigue was the cause of blade fracture. In 2003, Jiang et al. [105] surveyed a fracture of a second stage
turbine blade in a gas turbine, and concluded that the failure mode was low cycle fatigue which was related to the thermal stress
caused by the extreme temperature of the fatigue origin zone in a short time period.

Vibration is also the primary cause of fatigue of gas turbine blades. In 2010, Y. S. Choi [106] analyzed the failure of a gas tur-
bine during the startup phase, and fractures of the first four stage blades are shown in Fig. 19. The fatigue fracture of a first stage
turbine blade occurred at the blade root due to resonance. In 2012, Song [107] studied failures of two blades breaking off in a low
pressure compressor of a gas turbine and some tenons cracking in the same stage. The failures were caused by vibration fatigue.
The fretting of the bad assembly of disk and blade was the main cause of blade vibration fatigue.

Particle erosion has important effects on the fatigue of gas turbine blades, as there are a lot of solid particles in the medium of
a gas turbine. In 2006, Cui et al. [108] analyzed fractures of martensitic stainless ASTM403 blades in a gas turbine compressor, and
considered that the pits were caused by particle erosion, and induced low cycle fatigue under the action of alternating stress.

2.8. Summary of I&B fatigue failures

Some resumes of fatigue failures including name of elements, failure mechanism, crack initiation zone, and main cause of fail-
ures are shown in Table 1.

Through reviewing numerous fatigue failures in centrifugal compressor, axial compressor, steam turbine, flue gas turbine,
aero-engine compressor, aero-engine turbine, and gas turbine, we found that the fatigue failure mechanisms of I&B usually in-
clude high cycle fatigue, low cycle fatigue, corrosion fatigue, fretting fatigue, creep fatigue, and thermal mechanical fatigue.
Fig. 12. Secondary crack with three points [26].

Image of Fig. 11
Image of Fig. 12


Fig. 13. Rear view of a J69-T-25 turbojet engine turbine [88].
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Among them, high cycle fatigue caused by vibration is the main failure mechanism. For each type of I&B, the failure mechanisms
are different due to the various service environments. Corrosion and high temperature in a service environment have significant
effects on fatigue failures. For steam turbines, corrosion fatigue is an important failure mechanism due to the presences of S, Cl,
and other corrosive mediums in the steam. For aero-engine turbines, creep fatigue is an important failure mechanism due to
high temperatures in the service environment.

Fatigue failures only caused by an alternating load seem rare in numerous failures because of the rigorous anti-fatigue design
of I&B. In fact, most fatigue failures are induced by stress concentration, which may be caused by structure, material defect, pro-
cessing technology, corrosion, wear, and FOD. Therefore, improvements of material fatigue resistance and surface quality of I&B
(such as hardness and corrosion resistance) are beneficial for the prevention of fatigue failures. As for failure position, fatigue
cracks usually initiate from the blade root. For centrifugal compressor shrouded impellers, fatigue cracks usually initiate from
the junction of blade and disk, or the junction of blade and shroud.

Fatigue life is different for different alternating loads. Low cycle fatigue of I&B is mainly caused by surge or a large change of
centrifugal load during startup and shutdown. Low cycle fatigue occurs more often in aero-engine compressors or turbines due to
the aircraft's frequent taking off and landing, and the large heat load. The high frequency vibration of blades caused by the weak
agitation of air or the system vibration usually results in high cycle fatigue, which is the main failure mode of I&B. With the de-
velopment of the economy and the enhancement of constraint of resources and environment, there is a higher requirement for
the service life of I&B. Then the requirement of fatigue life of I&B should be more than 107 cycles and into the very high cycle
regime in the future. However, current research on very high cycle fatigue of I&B is extremely limited. Therefore, we should in-
tensify very high cycle fatigue research on I&B which has important significance to ensure a long operation life of I&B.

Based on the characteristics of fatigue failures of I&B, fatigue failures can be prevented from aspects of design, material, man-
ufacture, assembly, operation, and overhaul.

(1) Design optimization is the basic method to avoid fatigue failures of I&B. The stress concentration is reduced and the stress
remains at a safe level through the design optimization. The vibration modes of I&B should be fully considered to avoid
possible resonance.

(2) Material is a key problem for the safe operation of I&B. The establishment of a fatigue property database of relevant I&B
materials is necessary for the fatigue design of I&B. In addition, heat treatments must be carefully checked and the chemical
composition, microstructures, mechanical properties, and defects of materials should meet relevant requirements.
Fig. 14. Upper view of the fracture surface of the blade that was identified as the origin of the failure [90].
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Fig. 15. Failed blades [91].
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(3) Processing technologies have significant effects on the fatigue life of I&B. Processing technologies should be optimized and
strictly inspected to ensure that the sizes, profiles, and surface roughness of I&B meet relevant requirements. Relevant anti-
fatigue technologies such as shot blasting can be adopted to enhance the fatigue strength of I&B. Defects caused by process-
ing should meet relevant standards, and the residual tensile stress should be relieved. Compared with heat treatments, the
compensation of stress and strain can totally relieve the residual tensile stress and even induce the residual compressive
stress.

(4) Assembly has significant effects on the fatigue life of I&B. A tight assembling increases the additional stress, and a loose as-
sembling and blade mounting dislocation may cause abnormal vibration. Application of advanced assembling technology
and strict inspection of assembling quality are necessary. Tests to measure frequency and dynamic balance after assembling
are needed to reduce abnormal vibration.

(5) Operation conditions are also important for the safe operation of I&B. The improvement of operating conditions, such as the
elimination of overload, low load, flutter, resonance, and water hammer and friction, is significant to reduce fatigue failures
of I&B. For example, a decrease of oxygen in steam and the avoidance of high steam temperatures are effective in
preventing high temperature fatigue of turbine blades in a high pressure area. The improvement of steam quality is the
main method of eliminating corrosion fatigue of turbine blades in a low pressure area. In addition, the start, stop, loading
and unloading of turbomachinery must gradually proceed, and the above processes should be carefully monitored and re-
corded. The unit should run near the optimal design condition. Operations deviating from the optimal design condition,
particularly in the case of low load operation, usually increase the blade dynamic stress and unit vibration.

(6) A reasonable maintenance cycle of I&B and the detailed examination of each stage blades during overhaul are necessary. If
some micro-cracks, obvious signs of corrosion, or high temperature oxidation are found, the blade should be repaired. We
can adopt the methods of blade profile modification, operating condition adjustment, and even blade replacement to repair
a cracked blade.
Fig. 16. Fractured blades [95].
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Fig. 17. Fractured blade [96].
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3. Numerical simulations of the I&B fatigue

The load acting on the I&B is the most important “external reason” for fatigue failure, and the study of fatigue load has always
been the focus of research. Fatigue loads of I&B usually include centrifugal load, aerodynamic load, temperature load, and vibra-
tion load. Fatigue loads can be obtained by theoretical calculations and tests, but it is difficult to measure vibration stress and
strain of the assessment position of I&B in operation. In trial runs, the stress and strain can be measured, but there are some dis-
advantages such as the heavy workload, the complexity of the test system, and the difficulty of ensuring the accuracy of the data.
So numerical analysis is the main method to determine assessment position and stress distribution of I&B.

In early stages, stress analyses of I&B were simple due to the limitation of relevant theories and computational methods
[109–112]. With the development of computer technology, finite element analysis has been widely used in the mechanical anal-
ysis of I&B. Mechanical analysis of I&B usually includes static analysis for low cycle fatigue load, vibration analysis, and vibration
response analysis.

Numerical simulations of fatigue crack growth significantly reduce the fatigue design time and the experimental costs, which is
important in engineering. The most common numerical simulation methods of fatigue crack growth are the finite element method
(FEM), the boundary element method (BEM), and the extended finite element method (XFEM).

3.1. The alternating load calculations of I&B

Mechanical analysis of I&B must involve centrifugal load. Centrifugal load analysis by the finite element method, which is high-
ly accurate, provides theoretical references for the fatigue test, especially the low cycle fatigue test. In 1994, S. Aksoy et al. [113]
analyzed the surface stress of an impeller under a centrifugal load by the finite element method, and confirmed the accuracy of
test results. In 2006, Huang et al. [114] obtained the stress–speed curve of an impeller which provided theoretical references for
the low cycle fatigue test. In 2009, Liu [115] studied the strength of a centrifugal compressor impeller under a centrifugal load,
and analyzed the effects of the leading edge forms and the rounded angles of the contact edge of the blade and disk on the max-
imum stress of the blade.

The vibration caused by the aerodynamic load is an important part of the mechanical analysis of I&B, and a lot of failure anal-
yses showed that most blade failures are caused by the superposition of vibration stress and centrifugal stress [116]. In 1971, J.
Kirkhope et al. [117] proposed the finite element method for vibration analysis of the blade and disk. The waveform element
with two nodes and a beam element replaced the disk and blade, respectively. But, application of this method is limited to the
analysis of the low order vibration mode. In 2002, Hou et al. [118] conducted a mechanical analysis for the fatigue problem of
a military engine turbine blade. They analyzed and evaluated the static stress and dynamic stress by the nonlinear finite element
method after applying the centrifugal load, the aerodynamic load, the thermal expansion, and the contact of tenon and mortise. In
Fig. 18. View of the fractured blade [98].
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Fig. 19. Fracture of the first four stage blades [106].
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2003, on the premise of regarding aerodynamic loads on the inlet and outlet of impeller as the forces on the nodes, J. A. Kenyon
et al. [119] analyzed the stress distribution of an impeller. In 2005, Luo et al. [120] conducted a modal analysis for a micro-gas
turbine impeller, and the effects of prestress, centrifugal force stiffening, and rotation softening on the impeller modal were in-
volved in the calculation. In 2008, Tang et al. [121] studied the stress distribution of a double suction impeller, and the effects
of flow field pressure on the structural stress were involved. In 2008, Wang [122] simulated the whole flow field including the
intake chamber, the intake guide blade, the first stage impeller, and the diffuser without blades for blade fracture of a first
stage compressor impeller, and found that vibration fatigue of the impeller blade was due to pressure pulsation caused by the
rotating stall. In 2008, Liu [123] analyzed the rotating stall of a large centrifugal compressor welding impeller, and fatigue seemed
to be due to the superposition of stress caused by the rotating stall and other stresses.

For turbomachines working at high temperatures such as steam turbines, gas turbines, and aero-engine turbines, mechanical
analysis of I&B should involves the effects of temperature. In 2008, Peng [124] analyzed the stress and strain of a blade in a large
gas turbine under a centrifugal load, aerodynamic load, and temperature load. He found that there was a high stress area at the
blade root and the maximum stress appeared at the root of the blade suction surface. In 2010, Duan [125] obtained the distribu-
tion of stress and strain of an aero-engine impeller under a centrifugal load and temperature load through the finite element
method in which the linear elastic model of material was used by finite element software PATRAN and NASTRAN. In 2011, Li
et al. [126] computed the stress of a composite impeller in the chiller, and aerodynamic load, blade weight, centrifugal load,
and temperature load were involved in the calculation. The results showed that centrifugal load was the main alternating load
in the open/stop stage, aerodynamic load was the major alternating load, and centrifugal load was nearly constant in the steady
operation stage. In 2012, Li [127] conducted a thermal-structure coupling calculation by the sequential coupling method, and cen-
trifugal load, thermal load, and aerodynamic load were involved in the calculation. On the premise of regarding the calculated
temperature distribution as the temperature boundary condition, the thermal stress of an impeller was obtained. In addition,
on the premise of regarding aerodynamic loads on the inlet and outlet of the impeller as the forces on nodes, the stress distribu-
tion of an impeller under aerodynamic loads was obtained. The results showed that the stress and the displacement of an impeller
decrease when aerodynamic load is involved in the calculation because the direction of aerodynamic load is vertical to the direc-
tion of centrifugal load.

Through relevant mechanical analyses of I&B, preliminary conclusions of fatigue failure have been obtained. In 2001, Zhu [128]
analyzed dynamic stress and fatigue life of last stage 668 mm-all-connected-blades in a 200 MW steam turbine under variable
loads through the finite element method and relevant tests. In 2002, Xie et al. [129] established a fatigue life prediction model
of turbine blades according to the analysis of dynamic stress, the Neuber guideline, and the rain-flow counting method. Various
factors affecting failures of turbine blades were involved. In 2006, Fu [130] computed the cyclic stress of disk, blade, and tenon/
mortise in each flight state and found the dangerous position of fatigue fracture in the key components, which were based on the
thermal elastic–plastic finite element method and the contact nonlinear finite element analysis theory. In 2009, Lin [131] conduct-
ed a transient analysis and obtained the stress response after establishing the finite element model of a blade and applying the
boundary condition. The high stress area and the danger position of fatigue failure determined by numerical analyses were con-
sistent with that of actual blades under working conditions. In 2012, E. Poursaeidi [132] analyzed static stress and dynamic stress
on a three-dimensional model of blade and disk by ANSYS. The result showed that cracks initiated from the high stress area under
the actions of static force and dynamic force. In addition, the resonance under the first and the second order natural frequency
was the major reason of blade fatigue which was judged by the result of the Campbell diagram analysis.

From a large number of numerical analyses, it has been found that the forced vibration of a blade caused by an aerodynamic
load is a small part of the alternating load of I&B under steady operating conditions, and even the forced vibration may optimize
the stress distribution of the blade. Therefore, the resonance caused by an aerodynamic load seems to be the cause of I&B fatigue.
In recent years, many vibration fatigue accidents of large centrifugal compressor impellers have generally been because of vibra-
tion mode localization, and relevant scholars [133] concluded that the most important cause of I&B fatigue failure under steady
operating conditions was the mistuning of the impeller. The mistuning of the impeller may result in vibration mode localization
of the impeller. The local resonance of the impeller may occur when the frequency of the aerodynamic load falls into the natural
frequency range of impeller vibration mode localization. The local resonance finally results in fatigue failure of the impeller. The
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Table 1
Some resumes of fatigue failures.

No. Name of elements Failure mechanism Crack initiation zone Main cause of failures

I-1 The first stage SNCM 5 impeller High cycle fatigue Thin walls of rivet holes The change of working conditions
I-2 An nitric oxide centrifugal compressor

AISI410 impeller
High cycle fatigue The inlet blade root Fastening bolt with improper material

I-3 A first stage impeller in a X4CrNi13-4
air compressor

High cycle fatigue The blade root The unstable transient operation

I-4 The third to the fifth stage of a
copper-based brazing impeller

High cycle fatigue The brazing seam Defects and composition segregation
area caused by the brazing

I-5 The first and the second stage
34CrNi3Mo impellers

High cycle fatigue Welding heat affected zone Welding craters

I-6 A second stage impeller High cycle fatigue The joint of blade and disc Abnormal microstructure
I-7 A first stage impeller High cycle fatigue The blade pressure surface FOD
I-8 The first stage impeller in an air

compressor
High cycle fatigue The blade root Metallurgical defect and hot

processing defect
I-9 The H240-9.5/0.98 centrifugal

compressor impeller
High cycle fatigue The blade root Vibration caused by design defect

I-10 The DHP56-1 centrifugal compressor
blades

High cycle fatigue The blade root Work in the resonance region

I-11 A centrifugal compressor impeller Corrosion fatigue Welding seam at blade root The corrosion of hydrogen sulfide
I-12 The second stage impeller in a

HLR806-2 centrifugal compressor
High cycle fatigue The blade tip Vibration caused by the scale layer on

the local blade surface
II-1 The first stage blade High cycle fatigue The blade profile bottom The blade resonance caused by the

low frequency excitation force
II-2 The first stage blades in a AG060/14L5

axial–centrifugal multiplex compressor
High cycle fatigue Corrosion pits at blade root Corrosion; operation under low flow

II-3 A Z1600-0.245/0.0961 axial
compressor blade

High cycle fatigue The blade root The blade resonance

II-4 The ninth stage impeller in an axial air
compressor

High cycle fatigue The transition arc at the blade root Complex alternating stress

III-1 A synthesis gas compressor turbine High cycle fatigue The blade root Large alternating bending stress
III-2 A tenth stage blade in a FCC25-3.43/

2.0/0.9 steam turbine
High cycle fatigue The blade trailing edge The abnormal vibration

III-3 A generator rotor turbine fan blade High cycle fatigue The airfoil root The unsteady aerodynamic force
III-4 A fourth stage blade in a low pressure

steam turbine
Corrosion fatigue Corrosion pits on the blade leading

edge
Vibration; a small leak of seawater in
the condenser tube

III-5 A steam turbine in a KT1202 air
compressor

Corrosion fatigue Corrosion pits on the blade pressure
surface

Corrosion

III-6 A fourteenth stage blade Corrosion fatigue The blade root The uneven distribution of Cr
III-7 A second to last stage blade in a

N200-130/535/535 steam turbine
Corrosion fatigue Corrosion pits on the blade trailing

edge
Cl corrosion

III-8 A low pressure turbine blade in a
thermal power plant

Corrosion fatigue The aerofoil region, 113 mm from the
root

Cl corrosion; the impingement of
silica particles

III-9 A last stage blade Fatigue; stress corrosion
cracking

The corner of the blade leading edge S and Cl corrosion

III-10 The last stage blades in a N135-13.24/
535/535 135 MW steam turbine

Corrosion fatigue;
stress corrosion

The salient near the blade leading edge Complex stress; chemical corrosion

III-11 A last stage blade High cycle fatigue The salient of blade suction side Vibration
III-12 A turbine blade in a thermal power

plant
High cycle fatigue A pit on the blade trailing edge Water erosion

III-13 A last stage blade High cycle fatigue The blade root Large alternating stress
III-14 The last stage steam turbine blades High cycle fatigue The blade trailing edge root Operate below the design condition
III-15 A first stage blade Low cycle fatigue The secure pinhole at the blade root Excessive thermal stress
IV-1 A first stage blade in a YLII-7000A

double-stage flue gas turbine
Corrosion fatigue The location of blade near mortise S corrosion; the high local stress

IV-2 A flue gas turbine blade High cycle fatigue The blade tenon The uneven contact between tenon
and mortise; vibration

IV-3 The first stage blades in a YLII-10,000 K
flue gas turbine

High cycle fatigue The blade tenon Stress concentration caused by tenon
and mortise; uneven microstructure

IV-4 The first stage blade in a TP3142/2.36-
1.146 gas turbine

High cycle fatigue The blade tenon The bad assembly between tenon and
mortise

IV-5 A flue gas turbine blade High cycle fatigue The blade tenon The bad assembly between tenon and
mortise; over temperature

IV-6 A flue gas turbine blade Fretting fatigue The blade tenon The bad assembly between tenon and
mortise

V-1 A fourth stage blade High cycle fatigue The blade trailing edge Vibration; corrosion
V-2 A first stage blade High cycle fatigue The abrasion position on the blade

suction surface
The improper angle of the zero order
adjustable blade

V-3 The first stage compressor blades Low cycle fatigue Corrosion pit on the blade pressure
surface

Flutter

V-4 A blade at the front row rectifier High cycle fatigue The blade leading edge Vibration; abnormal microstructure

(continued on next page)
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Table 1 (continued)

No. Name of elements Failure mechanism Crack initiation zone Main cause of failures

V-5 The first stage blades High cycle fatigue The blade root The first order bending vibration
V-6 The third stage blades High cycle fatigue Pits on blade leading edge Vibration; S and Cl corrosion
V-7 A single stage compressor High cycle fatigue The blade root A forging defect
V-8 A fifth stage blade High cycle fatigue The blade leading edge Material defect; vibration
V-9 A helicopter engine compressor blade High cycle fatigue A pit on blade leading edge Corrosion; vibration
V-10 A first stage blade Low cycle fatigue Fretting marks on the tenon/mortise The improper clearance between

tenon and mortise
V-11 The 15th to 17th stage blades in a J79

engine compressor
Low cycle fatigue Multiple origins Serious rotating stall

VI-1 The third stage blades Creep fatigue; high cycle
fatigue

The blade tenon Large clearance of adjacent blades;
insufficient material property

VI-2 The third stage turbine blades High cycle fatigue The blade tenon Vibration stress
VI-3 A low pressure turbine blade High cycle fatigue The transition arc of the blade coating Excessive bending vibration
VI-4 The third stage turbine blades Creep fatigue; complex

fatigue
The blade tenon Large clearance of neighboring

shrouds
VI-5 A second stage turbine blade in a

fighter
Creep; low cycle fatigue The blade root Abnormally high stress at elevated

temperature
VI-6 The J69-T-25 turbojet engine turbine

blades
High cycle fatigue A position of surface friction Excessive heat damage; eccentricity

of shaft
VI-7 The aero-engine high pressure turbine

blades
Thermo-mechanical
fatigue

A cooling hole Inadequate microstructure

VI-8 Two high pressure turbine blades Hot corrosion; high cycle
fatigue

The blade tips The high temperature led to
microstructure deterioration

VI-9 The second stage turbine blades High cycle fatigue Stress concentration position Surface recrystallization; uneven
microstructure

VI-10 Two blades in an aero-engine High cycle fatigue Near the blade trailing edge Recrystallization
VI-11 A third stage turbine blade of a turbojet

engine
High cycle fatigue The blade root Improper manufacturing process

caused the separation of Ti and Mo
VI-12 The last stage blade in an aircraft gas

turbine
High cycle fatigue The blade trailing edge The pores and segregation area of

hafnium and titanium
VI-13 A fourth stage blade in a helicopter

engine turbine
High cycle fatigue A corrosion pit at the blade root Corrosion; cyclic loading

VI-14 A blade in an aero-engine High cycle fatigue The blade root Large local stress; fretting
VI-15 The second stage gas produce turbine High cycle fatigue The blade root Large precipitate particles
VI-16 A single crystal blade High cycle fatigue The blade trailing edge Excessive stress; the friction between

blade tip and engine casing
VI-17 A first stage blade High cycle fatigue The blade trailing edge Material defects
VII-1 A first stage turbine blade Thermo-mechanical

fatigue
Near the blade root The design defects

VII-2 A second stage turbine blade Low cycle fatigue The blade tenon Excessive stress; over temperature
VII-3 A first stage turbine blade High cycle fatigue The blade root Resonance
VII-4 The low pressure compressor blades High cycle fatigue The blade tenon The bad assembly of disk and blade
VII-5 A first stage turbine blade Low cycle fatigue Near the blade root Particle erosion; alternating stress

Note: I — the centrifugal compressor, II — the axial compressor, III — the steam turbine, IV — the flue gas turbine, V — the aero-engine compressor, VI — the aero-
engine turbine, and VII — the gas turbine.
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mistuning of impellers seem inevitable in the machining and service of impellers, so mechanical analysis of the mistuned impeller
is necessary for the determination of fatigue loads.
3.2. Vibration mode localization of impellers

The study of vibration mode localization mostly focuses on the one-dimensional linear periodic structure, the two-
dimensional periodic structure, and the cycle periodic symmetric structure such as the blade–disk [134,135]. For the problem
of vibration mode localization, quantitative numerical analysis needs to be further developed [136,137]. The vibration mode
localization mechanism of the simple periodic structure has been intensely studied, but research on vibration mode localization of
cycle periodic symmetry structures such as the centrifugal impeller which is combined with shroud–blade–disk is in the beginning
stage.

In the design and machining of I&B, we try to avoid the resonance of I&B in operation. However, the mistuning of the impeller
is inevitable due to the machining, running, and other reasons, and a small mistuning can lead to a large change of the impeller
modal. The local resonance of the impeller may appear and result in fatigue failure of the impeller when the frequency of the
aerodynamic load falls into the natural frequency range of the impeller vibration mode localization [133,138,139].

In 1988, S. T. Wei et al. [140,141] first solved the natural frequencies and the modal shapes of the mistuned blade–disk by a
combination of the corrected perturbation method and the modal analysis method, and studied the steady response of the struc-
ture and the vibration mode localization. In 1992, C. Pierre et al. [142] analyzed the vibration mode localization of the mistuned
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blade–disk by the perturbation method. In 1995, B. C. Watson et al. [143] systematically studied the mechanical characteristics of
the mistuned cycle periodic structure such as the blade–disk, and the concept of the mistuned modal was introduced to describe
the mistuning of the structure. In 2000, T. Krzyzynski et al. [144] simulated a blade using a linear Euler–Bernoulli beam model,
and the effects of blade damping on the vibration mode localization were studied. In 2003, H. H. Yoo et al. [145] studied the vi-
bration mode localization of the mistuned cycle structure under a harmonic force using a simplified cycle periodic structure
model, and the results showed that the effects of mistuning, coupling, and damping result in vibration mode localization. Zhou
et al. [146,147] solved the vibration mode localization problem of a mistuned blade–disk using the finite element general program
and modal analysis technique, and proved that the model and the numerical method were applicable to practical problems. In
2007, Li et al. [138] studied the dynamic characteristics and the steady response of a centrifugal compressor impeller under
fluid excitation and estimated the impeller fatigue life according to the results of frequency response, and the fluid excitation re-
sulted in the local resonance of the impeller. In 2008, Mao et al. [139] computed the first fourteenth order modals of a centrifugal
compressor impeller blade and the static stress of a blade under centrifugal load using the finite element method, and they com-
puted the equivalent alternating stress of a blade under unsteady aerodynamic loads using the one way fluid–solid coupling
method. The results showed that local resonance appears in the area near the leading edge, and the large equivalent stress in
this area results in high cycle fatigue of the blade. In 2009, Ding [148] conducted resonance analysis and harmonic response anal-
ysis of a cracked aero-engine blade, and studied the change of the blade harmonic response caused by the crack. The amplitude of
harmonic response increased with the increase of crack depth when the crack was in the same position. The amplitude of the
harmonic response decreased with an increase of the distance between the location of the crack and the blade root when the
crack depth was constant. The crack also changed the phase of blade response. In 2012, Zhao et al. [133] studied vibration
mode localization of a large centrifugal impeller. They pointed out that vibration spread throughout whole structure when the
excitation frequency was in the “frequency pass band”, and the vibration amplitude and energy were mainly confined within a
local area when the excitation frequency was in the “frequency forbid band”. Numerical analyses showed that a large vibration
amplitude appeared on the blade inlet which was consistent with the actual failure position of the impeller when the excitation
frequency was close to the “frequency forbid band”.

3.3. Numerical simulations of fatigue crack growth in the I&B

Numerical simulation of fatigue crack growth in I&B is a complex problem and has not been widely described in the literature.
The stress intensity factor K is one of the most important parameter in fracture mechanics, which can be computed using the FEM
or BEM [149].

The meshes are distorted in the numerical simulation of fatigue crack growth by the FEM. It is necessary to refine meshes
near the crack tip and re-meshing in each step of crack growth, andwhich consume a lot of pre-processing time. In 2005, Hutson
et al. [150] confirmed the efficacy of a fracture mechanics method to model the fretting fatigue cracks growth under test condi-
tions similar to those found in turbine engine blade attachments, and the crack propagation lives were calculated using stress
analysis results of the FEM. In 2009, Hu [151] calculated fracture mechanics parameters of an aero-engine turbine disk such
as K, J integral and further simulated crack growth by FEM. A relation between the parameters and crack length was obtained
and used to determine critical crack length. In 2012, Mohammad Rahim Nami [152] studied the mixed mode fracture induced
by a semi-elliptical surface crack lying at the stress concentration zone of a rotating impeller under general loading condition.
Different values of the crack geometrical parameters were considered. The problem of rapid changes in the geometrical param-
eters in the vicinity of the crack front, which needs to incorporate very high mesh density, was solved by applying the sub-
modeling technique. The calculated Ks in the mixed mode were reasonable and could be used to predict the crack growth
rates. The distributions of Ks along the crack front were studied and the effects of the aspect ratio and relative depth of the
crack were investigated. In 2014, Gao et al. [153] analyzed the crack characteristics in the tenon of nickel-based single crystal
superalloy turbine blade by a rate-dependent crystal slip finite element program, and the influence of crystallographic orienta-
tions was also taken into account. The Mises stress distributions of the crack tip in the tenon under an isotropic condition
combined with different crystal orientations were studied, and the crack propagation trend was examined. In 2014, Liu [154]
analyzed the fatigue crack propagation base on the 2D simplified model of the impeller contact surface with through-
thickness cracks in different locations, and the Ks of the cracks in different locations and different working conditions were cal-
culated by the J-integral method. The crack growth rate and the residual life of the cracks under different rotational speeds were
computed by the Paris model. The computations made a contribution to the determination of the critical threshold of impeller
remanufacturing. In 2014, Witek [155] presented results of crack growth analysis of an aero-engine compressor blade subjected
to resonant vibration. An original hybrid method was used for crack dynamic estimation. The proposed procedure connects
threemethods: analytical, numerical and experimental fatigue analysis of the blade tested in high cycle fatigue conditions. During in-
vestigations only the first mode of transverse vibration was considered. The K for the simplified blade model with a half-
elliptical crack was calculated using the Raju–Newman method. The bending stress used in the Raju–Newman solution was
computed for the real blade model by the FEM, and K values were substituted into the Paris–Erdogan equation. Simulation results
were compared with the experimental crack growth analysis results performed for the first stage compressor blade of a helicopter
turbo-engine.

The boundary of solution domain is divided and the function meeting control equations approaches the boundary condition in
the BEM. Compared with the FEM, the calculation accuracy of the BEM is greatly improved, which is more suitable to deal with
the crack problem. In addition, the BEM significantly reduces the computing time. However, the BEM is still a numerical
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simulation method base on mesh, and meshes are revised in the crack growth simulation. In 2005, K. W. Barlow [156] computed
the 3D fatigue crack growth rates in a typical military aircraft engine fan blade attachment under centrifugal and aerodynamic
loads. The crack growth simulations utilized FRANC3D, which uses boundary elements and linear elastic fracture mechanics.
The displacements and Ks were calculated on the crack's leading edge to yield crack propagation trajectories and rates. The sim-
ulations indicate a strong interaction between KI and KIII at the contact edge. E. Poursaeidi did a lot of works on the numerical
simulation of crack growth in I&B by BEM. In 2007, E. Poursaeidi [47] evaluated Ks along 3D crack fronts by the FRANC3D. The
calculated Ks indicated that KI plays a strong role in propagation, and this is due to that the stresses were perpendicular to the
crack area. The research also indicated that the average K along the crack front exceeds the critical K and ductile fracture could
occur. In 2009, E. Poursaeidi [157] simulated crack propagation and further predicted the fatigue life of the blades. The displace-
ments and Ks were computed on the crack near the leading edge to calculate crack propagation trajectories and rate. The mod-
ified Paris model and Forman–Newman–de Koning (FNK) model have been used to estimate the fatigue crack growth rate. In
2014, E. Poursaeidi [158] conducted analyses of static and dynamic stress by Abaqus software. In addition, the fracture mechanics
criterion was used to simulate fatigue crack growth using Franc3D. First, Ks for one semi-elliptical surface crack and then Ks for
two semi-elliptical surface cracks were taken into account. Second, the Paris and FNK models were used to predict fatigue life. Ks
results indicated that insertion of a second crack has no effect on the final K, however, the second crack facilitates the process of
reaching the critical length. Witek also did much work in this area by the BEM. In 2011, Witek [159] used a dual boundary ele-
ment method to calculate K of a semi-elliptical crack in blades. In 2014, Witek [149] presented results of numerical crack prop-
agation analysis of compressor blades subjected to transverse vibrations. For K calculation in the half-elliptical crack, a dual
boundary element method was used. Simulation results were compared with experimental results of PZL-10W engine compressor
blades tested in resonance conditions.

The XFEM overcomes the difficulty of high mesh density in the high stress and strain concentration area such as the crack tip,
and re-meshing in the crack growth simulation is not needed for the XFEM. But the XFEM is more complex than the FEM in the
computation of the element stiffness matrix, and this problem is more prominent in 3D cases. In addition, the freedom degree of
node and scale of overall equations are increased because of the introduction of the discontinuous displacement field and singular
displacement field. In 2014, Matthias Holl et al. [160] proposed a new multiscale technique to investigate advancing cracks. This
technique is designed to efficiently take into account cracks of different length scales, by locally enabling fine scale domains in
regions of stress concentrations and high stress gradients. Cracks are modeled using the XFEM, which invokes the partition of
the unity method, combined with the level set method (LSM), and allows us to follow the advancing crack fronts independent
of the finite element mesh. The J-integral yields an accurate solution of the Ks, and with the criterion of maximum hoop stress,
a precise direction of growth. Once the most damaged quadrature point in the gas turbine blade is localized, the proposed
crack propagation model is applied, to determine the crack growth at the microscale.
3.4. Summary of numerical simulations of the I&B fatigue

The I&B in service suffer complex loads such as the centrifugal load, the aerodynamic load, the temperature load, and the vi-
bration load. Also, the I&B are affected by the service history. So it is difficult to obtain the accurate fatigue load, or the load spec-
trum. In fact, the contributions of some loads to fatigue failure of I&B are extremely small. Therefore, we can determine the main
loads which lead to the fatigue failure of I&B according to the service characteristics of different turbomachines. The relevant anal-
yses of main loads are conducted through the finite element method. Then we can obtain the preliminary conclusions of fatigue
load and fatigue failure of I&B.

The vibration mode localization of impellers usually leads to fatigue failure of I&B. For an impeller with periodic structures,
slight mistuning can lead to a large change of impeller dynamics, and the mistuning of the impeller is almost unavoidable in re-
ality. The relevant dynamic analyses of a mistuned impeller are necessary for the determination of fatigue load. Also, the quanti-
tative numerical analysis of vibration mode localization of I&B needs to be further developed. The statistics of typical mistuning of
I&B, the perfect analysis method for the mistuning response, the fast multi-parameter calculation method for mistuning sensitiv-
ity, the standards of the natural frequency and the dynamic strength of a mistuned impeller are rare in engineering. So we need to
introduce a nominal equivalent mistuning parameter to characterize the degree of mistuning, and build a relationship of dynamic
response after mistuning with the equivalent mistuning parameter. By measuring each order's natural frequency of mistuned I&B
and comparing them with an ideal impeller, we can determine the extent of mistuning, and then estimate the stress distribution
in order to repair the I&B and avoid strength fracture or the fatigue of I&B in operation.

Although the numerical simulations of fatigue crack growth reduce a lot of experiment costs, there is little literature about nu-
merical simulations of fatigue crack growth in I&B because of the lack of fatigue crack growth rate equations for specific materials
under different loads, the difficulty of establishment of 3D finite element model of I&B particularly the crack model, the immatu-
rity of fatigue crack growth theory, the uncertainty of fatigue crack growth direction under multiaxial loads, and other reasons.
Currently, the FEM, BEM, and XFEM have been applied in numerical simulations of fatigue crack growth in I&B. The application
of the FEM and BEM are more common, but are restricted by meshing technology. The meshless method which is based on
the discrete node to obtain the interpolation function, has a great advantage in the dynamic simulation of crack growth. But
the meshless method has not been applied in the numerical simulation of fatigue crack growth in I&B. In addition, the meshless
method greatly increases the computing time. The coupling of the discretizing crack tip region by the meshless method and in the
remaining area by the FEM can harmonically improve the simulation precision and efficiency.
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4. Fatigue tests of the I&B

Fatigue tests are the basis of intensive research on fatigue behavior and mechanism of I&B. The most important issue in fatigue
tests of I&B is how to realize the accurate simulation of complex loads. Current fatigue tests of I&B mostly focus on the aero-
engine blade, and there are relatively fewer fatigue tests of centrifugal compressor impellers.

The key point of fatigue tests of I&B is the simulation of fatigue load in the assessment position, especially for the stress field
and the temperature field. The low cycle centrifugal load is usually equivalent to the pull–pull load. The lever weight loading, the
hydraulic servo loading, and the electromechanical servo loading are the most important loading methods [161]. Yan et al. [162]
mounted an impeller on a high speed spindle, and simulated the centrifugal load through spindle turning. Vibration load is the
main reason for I&B failure. The pulses gas excitation, beam electromagnetic excitation and the moving coil electromagnetic ex-
citation are the main methods to provide vibration load. The electromagnetic vibration table and the vibration exciter are the
most important devices for high cycle fatigue tests of I&B. The temperature load is provided by electric heating, and the high tem-
perature environment is usually simulated by the uniform temperature field in the assessment section. Isothermal simulation can-
not produce the thermal stress caused by the temperature gradient, so the thermal stress is replaced by the appropriate increase
of load in the test. The heat furnace which is used in the simulation of high temperature environments of I&B usually includes the
resistance furnace, the high-frequency induction furnace, and the vacuum furnace. The resistance furnace is usually used in high
temperature fatigue tests of standard specimens because of the convenience of use and good uniformity of the temperature field.
The heating of local I&B, the fast speed of heating and cooling, and the convenience of observation are the main advantages of the
high-frequency induction furnace. However, it is only suitable for heating of ferromagnetic material, and the heating effect is poor
for weak ferromagnetism material and non-ferromagnetic material. The vacuum furnace is usually used in higher temperature fa-
tigue tests (e.g. 2000 °C which is the upper temperature limit of a vacuum furnace at Texas A&M University [163]) to prevent the
oxidation of the specimen. The thermocouple, the measurement of the exhaust temperature, and the thermal point are the main
methods of measuring the temperature field of I&B. For example, Wang et al. [164–166] established a thermo-mechanical fatigue
test system of blades which was based on high-frequency induction heating equipment, and conducted relevant thermo-
mechanical fatigue tests of the test device as shown in Fig. 20.

A special fixture is needed to ensure that the stress in the assessment position is the same or close to the actual stress of the
blade. The simulation of the stress field is verified through the calibration of the stress field and fracture analysis. The fixture at
high temperature which simultaneously provides the axial tensile load and the bending moment to the I&B with complex geom-
etries faces the following difficulties: the fixture should simultaneously provide the tensile load and the bending moment, the
magnitude of bending moment should be adjustable, the blade material in and near the assessment position should be undam-
aged and unchanged, the fixture at high temperatures should have sufficient strength and clamping force, and the fixture cannot
affects the loading system of the test machine.

Fatigue tests of I&B are divided into three types according to the specimen: the standard specimen fatigue test, simulation
specimen fatigue test, and actual I&B fatigue test [163]. The fatigue life data of blade material in the service environment are
Fig. 20. Thermo-mechanical fatigue test system for blades [164].

Image of Fig. 20
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obtained by the standard specimen fatigue test. The standard specimen fatigue test has the advantages of the simple shape of the
specimen and the convenience of loading and stress–strain description. In addition, the standard specimen fatigue test results are
beneficial to the establishments of the basic constitutive relation and fatigue damage model. However, the test results of standard
specimens are very different from I&B because the material properties and the stress states of I&B with complex geometries and
various molding processes are different from that of standard specimens. The design of the simulation specimen which represents
the typical geometry, processing techniques, stress, and other characteristics of I&B is the first step of the simulation specimen
fatigue test. Nie et al. [163] studied the differences of fatigue life at different locations of a directionally solidified turbine blade
using the simulation specimens of blade tips shroud, blade, platform, and tenon. The European PREMECCY program [167] and
the relevant research on the fatigue life of turbine blades in Germany also involved simulation specimens [12]. Compared with
the I&B fatigue test, the simulation specimen fatigue test has the advantages of easy loading and convenient testing. Also, the re-
sults of the simulation specimen fatigue test are beneficial to theoretical modeling and the increase of prediction accuracy of the
life model. But there are some differences between the simulation specimens and the actual I&B such as the geometry, processing
techniques, and stress state. In addition, the design of simulation specimens is difficult. The difficulties of actual I&B fatigue tests
are different. The high cycle fatigue test of a blade can be conducted by a vibration table, but the tests of multiaxial fatigue and
combined fatigue are more complex. The actual I&B fatigue test is the development direction and the research focus of the future,
and the technical difficulty is the accurate simulations of load and service environment of I&B. Complete research information in
this area has not been produced.

4.1. Vibration fatigue tests of the I&B

Vibration fatigue is the main method of I&B fatigue tests. In 1984, Gao et al. [168] conducted fatigue tests of specimens which
suffered different anti-water erosion processes using a 10 kW beam vibration fatigue test table. The plate specimen was equiva-
lent to the straight blade with uniform section, and the holder section and the test section were equivalent to the blade root and
the blade profile, respectively.

The fatigue testing system is the basis of I&B fatigue tests. In 1985, Lu [169] proposed a new fatigue testing system with
closed-loop control, which significantly improved the accuracy of the loading system and basically realized the automation of
the vibration fatigue test. In 1987, Xu [170] developed a new type of blade vibration fatigue tester according to the principle of
the electromagnetic eddy current. The excitation force was directly applied on the specimen, and the position of excitation
point was adjustable. The test capability of high mode vibration fatigue of this equipment was powerful. In 1988, Hou et al.
[171] studied the vibration fatigue characteristics of the third stage TC11 titanium alloy blade in a turbojet engine compressor
and the blade material by the vibration fatigue method. In 1990, Sun et al. [172] studied the fatigue life of blades whose leading
edge had pits caused by FOD using test equipment which included the excitation system and the test system. The vibration am-
plitude of the blade tip was monitored by a reading microscope, camera, and closed circuit television, and the blades were tested
under the resonance condition of the first order bending mode. In 1998, Kang et al. [173] tested the remaining vibration fatigue
life of TC4 plate blades with pits caused by FOD using the vibration fatigue test system which was established according to the
electromagnetic eddy current excitation principle. Cai et al. [174–179] studied the fatigue behaviors of relevant blades using
the vibration fatigue test method. In 2005, Zhang et al. [180] proposed a new method for the vibration fatigue test of blades at
high temperature through the combination of electronic induction heating and electromagnetic vibration table. In 2006, Ge
[181] developed a blade vibration fatigue testing device to simulate the forced vibration of a blade by an eccentric wheel, and test-
ed the fatigue limit of 2Cr12MoV turbine blades with three surface treatment states by the small sub-sample lift and drop method.
In 2009, Shao et al. [182] proposed a vibration fatigue testing method with high frequency, and the inertia load with a fixed fre-
quency on the specimen was applied by the vibration table and a rigid mass block. The vibration fatigue test with high frequency
around 1000 Hz was carried out under a symmetrical load. L. Witek [159,183,184] conducted vibration tests of blades in a heli-
copter engine. The device is shown in Fig. 21. The blades were retired and included two kinds, i.e. with and without stress
Fig. 21. Blade vibration fatigue test device [183].

Image of Fig. 21


227M. Zhang et al. / Engineering Failure Analysis 62 (2016) 208–231
concentration. The tests were conducted under the resonance condition of lateral vibration and the propagation of crack was
monitored. In addition, the blade vibration stress was computed by the nonlinear finite element method when the first mode
transverse vibration of the blade occurred. The crack initiated from the position of the maximum principal stress. In 2011, Li
et al. [185] conducted the first mode bending vibration fatigue tests of aero-engine compressor blades at room temperature by
the ES-50 electromagnetic vibration table, and determined the blade vibration fatigue limit at 107 cycles. The fatigue life analysis
showed that the Basquin equation predicted the blade vibration fatigue life as well at lower vibration stress and also at higher
vibration stress when the Basquin equation was corrected by introducing a new strain ratio factor. In 2012, Li et al. [186] devel-
oped a cantilever bending vibration ultrasonic fatigue test system. The system can simulates blade vibration through the special
specimen and is suitable for the bending vibration fatigue tests in a very high cycle regime. The bend vibration fatigue tests of
titanium alloy TC17 in the very high cycle regime were carried out by this system. In 2013, Wang [187] invented a vibration fa-
tigue test device for the whole impeller. A rubber damper was placed in the clearance of adjacent blades, so the other blades can-
not freely vibrate when the vibration fatigue test of one blade was conducted. This method not only avoids the trouble of cutting
the whole impeller, but also avoids the change of blade natural frequency because of the stiffness change of the disk, and which
ensures the reliability of vibration fatigue test results.

4.2. Combined fatigue tests of I&B

The I&B in service not only suffer centrifugal load, aerodynamic load, and temperature load with large amplitude and low fre-
quency, but also suffer vibration load with small amplitude and high frequency. When vibration load and low cycle load simulta-
neously act on the I&B, it is a combined fatigue problem which is different from low cycle fatigue and high cycle fatigue. Research
on combined fatigue of I&B faces important difficulties as follows: simulation of the superposition of low cycle load and high cycle
load, determination of high cycle load, and theoretical prediction of the combined fatigue life [163].

In recent years, many studies on the test methods of multiaxial fatigue have been conducted such as the simulation of multi-
axial load by the shape change of a specimen under uniaxial load. A new generation of electro-hydraulic servo multiaxial fatigue
test machines can simulate complex loads of several components in service such as the combination of tension and torsion, and
which powerfully supports the study of multiaxial fatigue. Multiaxial fatigue test researches on I&B are imperfect at present. In the
early stage of multiaxial fatigue test researches on blade material, the shapes of specimens were usually the crisscross pattern or
the thin wall tubular, and which were very different from the actual blades. Up to now, relevant scholars have conducted some
combined fatigue tests of aero-engine blades and blade material.

In 1992, Xu et al. [188] developed a combined fatigue test machine to simulate the actual loads of a blade, and conducted a
series combined fatigue tests under different loads and different frequencies with this machine. This fatigue test machine provides
the combined load of tension and bend. The low cycle load is the pulsating tension provided by a hydraulic actuator and the high
cycle load is the bending vibration which is vertical to the direction of the low cycle load and is provided by an eccentric shaft
driven by a DC motor. The heating system works through electromagnetic induction with high frequency, and the cooling system
works through the intermittent supply of water. Since 1996, Yan et al. [189–196] proposed a combined fatigue testing method for
turbine blades and conducted relevant tests. The centrifugal load of the blade is simulated by the pulling force of a rod, the vibra-
tion load of the blade is provided by the electromagnetic vibration exciter, and the high temperature load of the assessment po-
sition is applied by the electromagnetic induction coil. The fixture overcomes the disadvantage of the easy slippage of the blade
according to the rubbing principle. In 2000, NASA studied blade fatigue through a combined redesigned fixture and standard spec-
imens [197]. In 2001, the Portugal Materials and Surface Engineering Research Institute proposed a new combined fatigue testing
method [198]. Through installing an electronic exciter in a traditional fatigue test machine to simulate the blade vibration, a plat-
form for the pull–bend fatigue test of plate specimen and rod specimen was established. The combined fatigue property of an en-
gine blade was effectively tested by this method for the accurate simulation of blade load. In 2004, Xie et al. [199] developed a
combined fatigue testing system for blades. The vibration load of bending or twisting is applied to the blade under the action
of tension. The radial centrifugal load is provided by a large vibration exciter and the vibration loads are provided by two
small vibration exciters on other axes. The magnitudes of bending load and torsion load are adjustable through the changes of
angles of two small vibration exciters. In 2006, R. Rajasekaran et al. [9] conducted combined fatigue tests of blade tenon roots
under the actions of tension and bending vibration. The fatigue loads of the compressor blade in service were simulated by
this method, and the fatigue life predicted by the relevant model very well fit the test results. In 2011, B. W. Lee et al. [11]
invented combined fatigue testing equipment to simulate centrifugal load and blade vibration. The fretting fatigue test of a
tenon was conducted with this equipment, and the fatigue crack initiated from the contact edge. In 2014, Wang et al. [200] pro-
posed a combined fatigue test method which was based on the vibration table and relevant fixtures. The fixtures were assembled
on the vibration table to provide various loads such as tension, compression, bending moment, twisting moment, and a combina-
tion of above loads. The test frequency range of this method is 5–4500 Hz, and this method seems suitable for the combined
fatigue tests of I&B.

4.3. Summary of I&B fatigue tests

The fatigue tests of standard specimen, simulation specimen, and actual I&B complement each other, and provide comprehen-
sive test data for the theoretical prediction of fatigue life of I&B. The fatigue test of actual I&B has important significance for fatigue



228 M. Zhang et al. / Engineering Failure Analysis 62 (2016) 208–231
mechanism research and the fatigue life prediction of I&B for the actual I&B without any deviation of material property, geometry,
and processing technique.

According to the service characteristics of I&B such as high excitation frequency, long service life, complex loads, and the great
effects of the environmental medium, it is necessary to propose a new fatigue test method which is suitable for the fatigue test of
I&B. Intense study of the fatigue of I&B which is based on the combined fatigue tests of I&B in a complex environment gives
powerful supports to the design, use, safety assessment, and life prediction of I&B.

5. Conclusions

It can be concluded that:

(1) High cycle fatigue caused by vibration is the main failure mechanism of I&B. Fatigue failures of I&B are induced by the
structure, material defect, processing techniques, corrosion, erosion, FOD, and other causes. Fatigue cracks usually initiate
from the location of stress concentration. Fatigue failures of I&B can be prevented from aspects of design, material, manu-
facture, assembly, operation, and overhaul.

(2) The resonance caused by the aerodynamic load is the main cause of fatigue failure of I&B in a steady operating condition.
The mistuning of the impeller caused by the processing technique or service may result in a change of impeller dynamic
and vibration mode localization. The local resonance caused by vibration mode localization may leads to fatigue failure
of I&B. The application of the FEM and BEM are more common than the XFEM in numerical simulations of fatigue crack
growth in I&B, which is restricted by meshing technology. The coupling of the meshless method and the FEM is the devel-
opment direction of the numerical simulations of fatigue crack growth in I&B.

(3) The fatigue tests of standard specimens, simulation specimens, and actual I&B complement each other, and provide com-
prehensive test data for the theoretical prediction of fatigue life of I&B. The vibration fatigue test and the combined fatigue
test are the main methods of I&B fatigue tests. The combined fatigue test of actual I&B without any deviation of material
property, geometry, and processing technique is the development direction and research focus of the future.
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