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Abstract 
The article shows the methodology of reliable health diagnostic of compressor blades made of steel and titanium 
alloys. The methods and diagnostics symptoms for identification of blade cracks have been described. Widely 
described are theoretical foundations of: 

- blade modal analysis; 
- operational blade load; 
- influence of material crack and fatigue on blade modal characteristics; 
- influence of modal characteristics dispersion on fatigue and service conditions. 

The topic has been illustrated by practice taken during operation of the SO-3 and TW3-117 engines.   
The laser vibration measuring method which is now used at WZL-1 (Military Aviation Works no. 1) has also 
been described. New experimental possibilities, like early identification of material fatigue and blade crack 
initiation symptoms have been depicted. These issues has been illustrated by many examples of  damaged and 
proper blades' modal properties measurement (according to LCF and HCF profiles). It has been proven that the 
shape of the resonance (the level of non-linearity) rather than the natural frequency of the mode better described 
fatigue or blade crack. The new diagnostic symptoms are resistant (insensitive) to the effect of tuning blades 
under repair or in operation. 
The described symptoms are the basis for non-contact measurement of rotating blades and reliable prognosis of 
their health. They are also used in algorithms for active control of engine components fatigue. 
 
Keywords: aviation, compressor blades, material fatigue, non-destructive testing (NDT), laser measurement, 
modal analysis, repair technology, safety 
 
1. Introduction 
 
Rotating fan, compressor and turbine blades are critical elements of the rotary machine. The 
blades are exposed to accelerated fatigue and operational degradation – Figure 1, resulting 
from:  

- influence of complex real working loads (quasi-static and dynamic), including adverse 
dynamic phenomena (stall, flutter, surge); 

- modal properties of the blade (resulting from its geometry and material parameters), 
including very low damping of vibration in resonance ranges;  

- influence of the environment and operating conditions on the health of the blade surface 
(corrosion, erosion, foreign objects, icing, salinity); 

- errors in operation of the rotary machine, e.g. quality of the power system adjustment; 
- hidden defects in construction and repairs.   

Blades that broke off (end phase of the material degradation) is the most frequent source of 
secondary damages to the rotary machine (other blade palisades, rotor bearing, body) and in 
the case of aircraft engines, also a source of threat to the crew and other people's life. 
Non-Destructive Testing (NDT) and Structural Health Monitoring (SHM) of blades  are a 
challenge for a diagnostician both in operation and overhauls of rotary machines. Using visual 
methods it is possible to reliably assess only the health of the blade surface in respect to: 
erosion and corrosion, mechanical damages of the blade surface and detection of big cracks. 
Ultrasound flaw detection of blades performed within technical service (without disassembly 
of blades from a palisade) is effective only in a short period of time after stopping the 
machines. During stops residual compressive stresses occur in blades, which close the crack 
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and decrease the probability that even big cracks (ca. 15 mm) will be discovered after a few 
days from stopping the engine - in the SO-3 turbojet engine already after 3 days [1]. 

 

 
Figure 1. Process of the compressor blades' fatigue - issue of Low Cycle Fatigue (LCF), High Cycle Fatigue 
(HCF) and Very High Cycle Fatigue (VHCF); Tp – crack propagation time from nucleation to being wrenched 
off the 1st stage compressor blades of SO-3 engines [2-4] 

The effect of closing the crack on the NDT results is often omitted in scientific papers (the 
crack is simulated by a cut), but it is taken into account in repair technology. The blades are 
warmed directly before conducting the non-destructive testing using penetration (PT), 
ultrasound (UT) and/or eddy current (ET) methods for the purpose of decreasing residual 
compressive stresses and opening potential cracks. In such conditions the above mentioned 
NDT methods ensure the sufficient effectiveness of diagnosis of the current condition of the 
blades. However, this information is insufficient for providing high quality overhauls and low 
risk of a repair plant within the guarantee period (connected with bearing of unplanned costs 
related to removing of faulty blades from operation or results of their braking-offs). In repairs, 
the ability to detect and classify the early phase of material fatigue is expected, among others 
detection of cyclically overloaded or weakened blades without symptoms of open cracks 
detected by typical NDT methods. Only if this additional ability is acquired and implemented 
in the repair technology of a machine, the following is provided:  

- reliable determination of the degradation level of blade material structure and 
connecting NDT results to the expected material degradation mechanisms; 

- reliable evaluation of the real operational durability and horizon of blades' safe work 
within the assumed load conditions;  

- improvement of the quality of overhauls and lowering of the risk connected with 
unplanned costs.   



In the paper the modal analysis method used for objective automated control of the 
compressor blades' condition which can be applied during production and overhauls of 
various rotary machine is presented. The described method has been implemented in 2008 in 
Poland  in the repair technology of the TW3-117 turbojets. The obtained test results and 
verified experimental knowledge concerning modal symptoms of progressing material fatigue 
degradation have also been used in:  

- causal prevention of fatigue problems occurring in the Polish Air Force; 
- increasing the functional capabilities of non-contact monitoring of rotating compressor, 

aircraft engine turbine, industrial fan and steam turbine blades; 
- active control of the SO-3 engines' user over the fatigue process of blades' material – 

Figure 2. 

 

Figure 2. Active control of compressor blades' fatigue [2] 
 
2. Object of the tests 

 
The tested compressor blades are a poorly dumped constant structure working at temperatures 
from 208 K to 513 K, that is below 0.3Tm (melting point), within the range of occurring of 
the cold working or work/strain hardening [5-7]. The blades theoretically have (as  
a continuous object) infinite number of frequencies and forms of free (resonant) vibration – 
modes [8]. However, only the lowest N of modes create fatigue conditions, which results from 
the operational forces' spectrum and limit amplitude of blade vibration (stresses) for particular 
modes. Example forms of fatigue damages of compressor blades are depicted in Figures 1 and 
3. High and low cycle fatigue cracks are initiated in the place of the highest surface or 
subsurface stresses [4]:  

- near a given line of nodes of vibration (blades that were not subjected to the surface 
hardening used most often in ground rotary machines), 

- beyond the line of nodes of vibration (surface hardened blades used in aviation),  
- in the focus of erosion or corrosion (influence of a local stress concentrator).  

Very High Cycle Fatigue cracks are initiated inside the material (most often on soft 
inclusions) by low level of the material stress (below the fatigue limit) [3]. 



     

Figure 3. Example damages in compressor blades generated by various vibration modes [2] 
 
3. Theoretical premises of blade diagnostic on the basis of modal 

parameters 

Modal analysis is the process of determining the modal parameters of a structure for all modes 
in the frequency range of interest. The ultimate goal is to use these parameters to construct a 
modal model of the response [8]. 
A batch of blades of a given level of rotary machines is made of the same material or 
materials having similar mechanical parameters in dimensions and tolerances for dimensions 
determined in the design documentation. This set of new blades shows very high probability 
of modal properties, among others [2]:   yst static stiffness - bends and taking apart of the blade under the influence of 3D quasi-

static loads: centrifugal force, bending and torsion moments;  logarithmic decrement  絞 = 健券 岾 凋岫痛岻凋岫痛+脹岻峇 = 怠陳−津 健券 岾凋韮凋尿峇     (1) 

where A(t) i A(t+T) are dumped vibration amplitudes in moment t and subsequent T or 
amplitudes  An and Am with n and m of free vibration cycle (after the forces disappear);     free vibration frequencies frez of subsequent modes;   width of resonance areas f for a given mode;  amplification factor of vibration in resonance (Quality factor, Q) � = 捗認��Δ捗 = に�血追勅佃 �津勅追直槻�聴痛墜追勅鳥�津勅追直槻�鳥�鎚鎚�椎�鳥勅鳥�椎勅追�頂槻頂鎮勅   (2) 

 symmetry of resonance curve of a given mode (level of nonlinearity of the tested 
structure - blade material and conditions of its mounting).  

On the basis of frequency response of the above mentioned modal parameters the expected 
reaction of the tested blades on quasi-static loads (occurring by given rotational speed and 
environmental conditions) and dynamic loads (with the assumed spectrum) may be 
determined and their technical condition may be objectively assessed.  
For the whole batch of blades the modal parameters are described by the multivariate normal 
distribution. By definition, n-dimensional random variable 隙 = [捲怠, … , 捲津]脹 is subject to  
n-variate normal distribution if a random linear combination 桁 = �怠捲怠 + ⋯ + �津捲津 of its 



components has a normal distribution. The density function of n-dimensional normal 
distribution of a random vector X with a vector of expected values � = [�怠, … , �津]脹 and 
covariance matrix  is described by the following equation: 血�,Σ岫隙岻 = 怠岫態�岻韮/2|Σ|0.5 結捲�(−ど.の岫隙 − �岻脹Σ−怠岫隙 − �岻)   (3) 

whose shortened form is: 隙~�岫�, Σ岻      (4) 

For the analysed modal parameter PMi, the values i and i depend on the expected frequency 
of vibration of a given blade module fref (the design characteristics of the blades) and 
operational term t. The above observation is the basis for using algorithms of the statistical 
classifier of the condition, e.g. the ‘2-2-3 sigma’ test for the purpose of assessing the fatigue 
degradation level of a material [2]. Diagnostic criteria are specified with increasing volume of 
a measurement data base (number of tested blades). 

Modal parameters of blades from a given palisade of a rotary machine (from a single object of 
tests) are most often not described by the normal distribution, which results from intentional 
human interference in the statistical distribution at the stage of assembling blades in a 
palisade, e.g.:   

- adjusting of the 1st mode's blades' free vibration frequency at the production stage and 
overhaul of an engine, 

- completing blades for a given palisade in accordance with the criterion of the free 
vibration frequency of adjacent blades and the mass moment of inertia. 

The modal parameters determined on the basis of measuring blades of a tested palisade should 
lie in the diagnostic criteria resulting from the normal distribution determined for blades of  
a given palisade.    

Modal properties of blades change with:   time of operation - a parameter that is easy to measure by the user;   progressing material fatigue degradation (increase of the dislocation density and 
structural anisotropy level, disintegration of the basic phase of a microstructure, 
precipitation hardening of a microstructure, occurrence of voids in a microstructure, 
changes in the section area of a cracking blade) - a parameter that is indirectly 
monitored in the operation by counting working cycles of an engine;   influence of unknown history of material stress - a parameter that we do not know much 
about. Only an approximate operation profile of an engine/mission is most often known 
and the influence of the quality of power system adjustment and real environmental 
conditions on the blade vibration spectrum is poorly diagnosed. The user most often 
does not know modal parameters of blades and spectrum of dynamic phenomena. 

3.1. Naive method of using modal analysis in blades' diagnostic 

In scientific literature and old repair technologies we may find a description of diagnosing 
blades using chosen single modal parameters. As it results from the author's many years' 
experience, the control of a single modal parameter e.g. only the frequency of 1st mode 
identified after pulse excitation or during measurements on an exciter (readjusting with a 
sinus continuous force in the expected frequency range) is a naive method. The frequency of 
fractured blade depends on the condition of the crack tip (gap). For example, a frequency of 
1st mode for the titanium blade with a 12 mm crack was considered efficient under technical 
specification conditions – Figure 4.  



      
a) b) 

Figure 4. The following has been depicted [2, 9]: a) blade cracked in operation, for which the found frequency of 
1st mode f = 635 Hz was consistent with technical conditions (590 – 640 Hz) despite the 12 mm crack - influence 
of strengthening the material at the crack's tip on the free vibration frequency; b) influence of 
strengthening/weakening of the material at the crack's tip on the expected frequency of a blade by a given loss in 
the cross section - the free vibration frequency does not reliably reflect the crack's size!   
 
Blades’ frequency check does not guarantee safe prognosis, which is expected to ensure high 
level of the overhaul. So the question arises:  

“Can other parameters from the modal analysis be an efficient tool used for blade’s  
material fatigue level diagnosis and to supply quality inspection?” 

 
3.2. Theoretical bases of modal analysis 

 
Following the modal analysis theory [8], the response on diagnosed mechanical system 桁岫�岻 
on the force �岫�岻 is conditioned by resonance characteristics �岫�岻 of the object (that results 
from its shape, material, manufacturing technology and health)  

)()()(  FHY        (5) �岫�岻 is called Frequency Response Function (FRF). In a complex description, FRF has an 
amplitude |�岫�岻| and phase ∠�岫�岻 = �岫�岻. The FRF function describes dynamic 
properties of an object and is independent from force spectrum. The knowledge of the FRF is 
especially important when solving a reverse problem, e.g. during assessment of health of a 
tested object on the basis of determined characteristics �岫�岻.  
Compressor blades may be analysed as a beam or a plate fixed on one side, depending on the 
proportion between the blade's height, blade's chord and blade's maximum thickness (the 
parameters changing at subsequent compressor stages). The blade model concerns long and 
thin blades. Structural response of the blade can be represented in different domains. The 
modal description relates to descriptions in the spatial, time and frequency domain. 
Physical domain – the complex geometrical deflection pattern of the blade can be represented 
by a set of simpler, independent deflection patterns, or mode shapes. 
Time domain – the vibration response of the blade is shown as a time history, which can be 
represented by a set of decaying sinusoids. 
Frequency domain – analysis of the time signal gives us a spectrum containing a series of 
peaks, shown below as a set of Single-Degree-Of Freedom (SDOF) response spectra.    



Modal domain – we see the response of the blade as a modal model constructed from a set of 
SDOF models. Since a mode shape is a pattern of movement for all  points on the structure at 
the modal frequency, the single model coordinate q can be used to represent the entire 
movement contribution of each mode. Each SDOF model is associated with a frequency, 
clamping and mode shape. An important property of modes is that any forced or free dynamic 
response of the structure can be reduced to a discrete set of modes. The modal parameters are: 

- modal frequency; 
- modal damping; 
- mode shape. 

Modal parameters of all analysed modes (within the frequency range of interest) constitute  
a complete dynamic description of the blade structure:  

 blade material;   blade geometry;  
 influence of surface treatment and adding protection coating;  
 technical health (structural heterogeneity, crack and fatigue).  

Hence, the modes of vibration represent the inherent dynamic properties of a free structure  
(a structure on which there are no forces acting). 

3.3.  Modal model of a healthy blade 

A blade without cracks, well fixed (in a technological handle on an exciter or in a disc slot of 
a given palisade) is a linear object, for which the superposition principle may be used and 
constant values of the resonance frequencies of particular modes, independently from the 
blade vibration amplitude, that is �岫�岻 may be expected. The expected response of the blade 
on the constant sinus excitement is periodic  vibration with only the excitement frequency �, 
which is shifted in phase in respect to the force by the radian �. The amplitude and phase shift 
of the blade vibration depend on the forcing frequency and modal properties of the blade. We 
are to expect pure resonance frequencies for the following modes illustrated by bending or 
torsion vibration – Figure 5.  

 
Figure 5. Frequency characteristics and vibration forms of steel blades of the 1st stage compressor of  

the SO-3 engine determined by the PSV-400 scanning vibrometer [2].    



The tested linear system is described by the following equation [2,8]:  
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Every mode of the blade can we modelled as a SDOF object with mass m, stiffness K and 
damping coefficient C. In frequency domain the system can be described as: 

KCjm
H  

2

1
)(      (7) 

In time domain it is a force response function ℎ岫�岻: 

 teBh d
t   sin)( 0

      (8) 

where:  B0 – complex scale coefficient; �鳥 – damped vibration frequency; � = 系 岫に兼岻⁄   
– damping coefficient. 
The resultant influence of following modes on blade point movement is the vector 
superposition. Hence, the movement equation takes the matrix form:  

    F(t)K[C][m 
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in which the first part is inertial forces, second – energy dissipation forces, third – resistance 
forces and the last – external forces.  

The main limitation of using equation (9) to data analysis is a lack of knowledge about mass 
models. Modal mass is not equivalent to the blade mass. However, the measurement data 
includes necessary information that describes blade in a modal domain. That is why we can 
translate equation (9) into:  

    [q]φ[y]         (10) 

where: [y]  – physical coordinate system; [�] – modal matrix; [q]  – modal coordinate system. 

By assumption of elementary modal mass the blade movement equation in the modal  
coordinate system can be described as: 
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For each observed mode in chosen blades' point the equation (11) looks like:  
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Characteristics of subsequent modes remain continuous under resonance conditions and 
exhibit good symmetry around the resonance frequency (within the band-width of 3 dB). The 
blade displacement at the measuring point can be described with [2]:  vibration amplitude: 稽岫�岻 = 槻濡禰√[怠−岾 ��0峇2]2+岾罵� ��0峇2      (13) 

 phase angle of vibration �岫�岻 = �堅�建�券 (岾弟� ��0峇 (な − 岾 ��0峇態)⁄ )    (14) 

where: �待 – free vibration frequency, δ – logarithmic damping decrement. 
 
3.4.  Modal model of a cracked blade 

 
A cracked blade is a nonlinear object, for which significant influence of the blade vibration 

amplitude on the resonance frequency of given modes, that is �岫�, 稽岻, is expected [10]. The 
nonlinearity of the blade results from:  

- additional phenomena occurring on the crack during its closing and opening; 
- local changes in mechanical properties of a material near the crack's tip (in the 

plasticized area),  
which are a source of additional energy dissipation. The expected response of the blade on the 
constant sinus excitement is periodic  vibration with the excitement frequency and its 
harmonics, which is shifted in phase in respect to the force. The measure of the non-linearity 
is the energy dissipation ration THD (also called total harmonic distortion) defined as a sum 
of amplitudes of the following harmonics to the force amplitude ratio:  

1

1

B

B
THD

n

i
i       (15) 

The obtained characteristics of the cracked blade cannot be described with a SDOF linear 
model. The blade crack forms a two-degrees-of-freedom (2DOF) non-linear system for any 
form of blade vibration. The equivalent linear equation that satisfies the non-linear equation 
with accuracy ε takes the following form: 

鳥2槻鳥痛2 + にℎ悌岫稽岻 鳥槻鳥痛 + �悌態岫稽岻 ∙ 検 = 綱�嫌�券岫�建岻�   (16) 

where:  - small parameter; p – amplitude of the exciting force; B – steady-state vibration 
amplitude; �悌岫稽岻 – equivalent natural (free-vibration) frequency; ℎ悌岫稽岻 – equivalent 
elementary damping coefficient. 

The measured and analysed parameters of the blade are described with the following 
relationships [2]:  vibration amplitude 稽岫�岻 = 悌�椎√[�芭2岫喋岻−�2]2+4ℎ�2岫喋岻�2    (17) 



 resonance frequency 

� = √[��態岫稽岻 − にℎ�態岫稽岻] ± √ねℎ悌態岫稽岻[ℎ悌態岫稽岻 − ��態岫稽岻] + 岾悌�椎喋 峇態
 (18) 

 vibration phase angle �岫�岻 = �堅�建�券 岾− 態ℎ�岫喋岻��芭2岫喋岻−�2峇    (19) 

3.5. Modal model of the progressive degradation of a material 

The progressing material degradation (cyclical strengthening, cyclical weakness/softening) is 
reflected in modal parameters of the blade by symptoms of passing of a given system from the 
properties of a linear to nonlinear object [1,2]. 

4. Measuring stand 

The identification of early fatigue and cracking of a blade (modified NACA-65 profile) made 
of 18H2N4WA steel and Ti5.8Al-3.7Mo titanium alloy was made on the B&K electro-
dynamic exciter 4802T, which is used during overhauls of the SO-3 and TW3-117 engines. 
The experimental stand included:  

- the MTI Instrument laser measurement system MicroTrackTMII with the CMOS 
measurement head LTC-120-40 [11]; 

- the Vibration Research Corporation VR-8500 controller that includes 24 bit A/D and 
D/A converters and RISC processor [12]; 

- the Vibration Research Corporation VibrationView software to control the exciter, data 
acquisition and analysis [12]. 

The main idea of the measurement is to illustrate the proportional blade amplitude at the 
CMOS matrix of a sensor – Figure 6. On the output we get analogue signal whose frequency 
is limited (be low-pass filter) to 20 kHz. The sensitivity of the measurement system is 100 
mV/mm. Such a stand gives the possibility to make precise measurements with the exact test 
profile and frequency step. The used measurement system gives almost laboratory accuracy 
(about 2 m). That is why it enabled [1,2]:   

- Precise identification of modal properties of the blade in the measured frequency range;   
- Analysis of the influence of metrological factors on the recorded resonance 

characteristics; 
- Analysis of the trends of modal parameters observed during the fatigue tests. 

Determination of the modal properties (sine test) was based on the transition function  
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where X(ω) – displacement of the exciter's head (blade root); Y(ω) – displacement of the blade 
tip. This function gives better resolution on high frequencies than the normally used flexibility 
function of acceleration. 

 



           

Figure 6. Laser blade vibration measurement [1] 

 

5. Research methodology  
 
The tests were conducted within an active and passive experiment. The active experiments 
were made in four stages in which [1,2]: 

- the measurement method and stand were verified, 
- cracking symptoms of the steel and titanium blades were identified in a controlled 

fracture (using defective blades, including cracked blades in operation),  
- early symptoms of material fatigue were identified for the steel and titanium alloy 

blades (the learning set contains 30 blades with various compressor palisades), 
- new diagnostic symptoms were verified for a titanium alloy blade during prevention 

pursued after finding crack in operation (a set of 2500 blades) .          
The passive experiment (objective, automatic control of the blades' health) has been 
conducted since 2008, after the method had been implemented in the repair technology of the 
TW3-117 engines.  

The control algorithm is used in the tests, which encompasses: 
i) fast search for the 1st mode resonance frequency;  
ii)  one-sided precise measurement of the resonance characteristics of the 1st mode in the 

frequency range determined in the relation 稽岫�岻 > ど.どの稽陳�掴; 
iii)  automatic analysis of modal parameters and classification of the blades' health. 

The activities from i) results from the previous overhaul technology. The labour consumption 
of the additional control activities from ii) and iii) does not exceed 2 min/blade.  
  
6. RESULTS 

 
On the basis of the active experiment (fatigue tests): 

a) reliable diagnostic symptoms (levels and direction of changes in modal parameters' 
values) of the progressing fatigue degradation of steel and titanium compressor blades, 
including the cyclic strengthening and cyclic weakening phases of a material preceding 
an open crack of a blade, have been determined; 

b) the jump cycle fatigue (JCF) effect of accelerated crack propagation during vibration of a 
blade within the range of the resonance characteristics' discontinuity of a given mode has 
been illustrated;     

c) very high effectiveness of the modal analysis for objective diagnostic of the following has 
been confirmed: 

2B2B



- geometric properties of the blades (resultant influence of the blade's high, profile 
thickness, changes in the blade's geometry along the height) changing under the 
influence of the history of loads, erosion and repairs, including adjusting of a given 
module to technical conditions; 

- cyclic strengthening of the material; 
- cyclic weakening of the material; 
- blade crack. 

The above observations have been confirmed in subsequent years of the passive experiment 
(diagnosing) on over 3,000 blades of the TW3-117 engine 1st stage compressor. 
 
6.1. Modal properties of a healthy blade 

Compressor blades can be considered as parallel narrow-phase filters. A blade is forced only 
around modal frequencies. The health of a blade close to the amplitude resonance frequency 
frA is well described by the linear SDOF model characteristics, Figure 7. 

6.2. Diagnostic symptoms of a cracked blade 

When analysing the resonance curve shape we can observe how different it is from a cracked 
blade, Figure 7. The blade has all nonlinear properties, which describe the nonlinear 2DOF 
model. Close to the resonance frequency we can observe two branches of the following 
characteristics:  resonance attractor – Sr, non-resonance attractor - Sn, and jumps between 
them. The shape of the cracked blade’s resonant curve is affected by the blade’s material and 
conditions existing on the edge of the crack gap. The characteristic curve is sloped to the left 
(towards lower frequencies) for the crack with material weakening. On the other hand, for the 
gap with material hardening, the curve is sloped to the right (towards higher frequencies) – 
Figure 8. The knowledge of the resonant curve inclination is essential for the correct 
interpretation of measurements, including the correct identification of the resonant and non-
resonant branches.  
There was no asymmetry symptom for a notch on a blade, which was used as a simplified 
crack model (no friction at a notch hole) – Figure 9. A cut blade is still a linear object 
differing from a healthy blade only in active cross section of the blade, which is a source of 
the difference in the blade's stiffness and frequency of particular modes. 
 

 
Figure 7. Effect of a crack on the 1st mode characteristics shape (steel blade, a = 19.62 m/s2) 



          

a)  b) 

Figure 8. Resonant curve of cracked blade [2]: a) gap with material weakening (steel and titanium alloys)  
b) gap with material hardening (titanium alloys)  

 
    

 
Figure 9. Influence of the blade's cutting on modal properties [1] 

The influence of the cracked blade’s resonant curve discontinuity on the propagation rate was 
investigated for blades made of titanium alloy. It was found that in the case of the constant 
frequency input (HCF tests without fine tuning to current resonant frequency), characteristic 
curve sloping to right and resonant curve discontinuity helps stopping the crack propagation.  

The discontinuity of the resonant curve (blade pulse input discharge and load) is a source of 
very fast crack propagation during the frequency transient phase – the phenomenon is called 
Jump Cycle Fatigue (JCF) [2,13]. This phenomenon is a reason for the serial material tearing 



during  decrease of the excitation frequency observed in the unstable phase of cracking, 
Figure 10. Those observations are fundamental to the prognosis of the crack propagation 
speed and determination of the safe prognosis horizon for blade operation. It also shows that 
the number of stop lines in the structure fatigue strength may be different than the number of 
registered force cycles. 

Figure 10. JCF phenomenon for a cracking blade (blade with Ti5.8Al-3.7Mo, sine sweep, a=const) [2,13] 

6.3. Early fatigue identification 

The LCF and HCF data analysis showed that blade modal properties could be used to observe 
the material strengthening phase [6,7]. Increase in the 1st mode resonance frequency of 
approx. 0.4% is a symptom of the initial resonance system quality factor growth – Figure 11. 
This phase can be described with the linear SDOF model. The orientation indicator of the 
maximum cyclic material strengthening is Rm/Re0.2 (like for the material magnet memory 
NDT) [14].   
The growing asymmetry of the resonance curve was observed only in the final fatigue phase; 
it preceded the 1st mode frequency decrease – Figure 11. The speed rate of its development 
was conditioned by the load history of a blade. The asymmetry is a symptom of the material 
weakening phase [6,7,10]. The speed rate of the resonance curve asymmetry development, 
from the very first symptom of an open crack, is determined by the blade's history of loads. 

 
Fig. 11. Symptoms of the material degradation early phase (cyclic strengthening and cyclic weakening phase) [2]  
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7. CONCLUSION 

On the basis of the active experiment and many years' passive experiment, a very high efficiency of 
the modal analysis method in NDT of compressor blades has been observed. 

The modal analysis enables identification and differentiation of reliable symptoms of a blade crack 
and early phase of material degradation - cyclic strengthening and weakening on condition that the due 
care of the measurement is preserved, which consists in: 

- repeatable way of exciting a blade to vibration, 
- control of the strength of fastening of the blade in a handle/slot, 
- control of temperature of the blade material, 
- selection of the registration method of vibration and measurement range, 
- use of the 24-bit resolution of the discretisation of the blade vibration analogue signal.  

Predicting the operational durability of blades requires additional knowledge of their real working 
conditions.  
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