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Abstract: 
This report comprises an investigation of the non-linear ultrasonic crack 
detection method; Non-Linear Wave Modulation Spectroscopy, NWMS. 
Cracks in test objects were according to the NWMS method detected 
through their non-linearity. The non-linearity was observed as sum and 
difference frequencies for an ultrasonic signal interacting with a low 
frequency signal in the test objects. A test setup and test procedure was 
developed and an Excel program for a rational suggested quantification 
of non-linearity was written. The method was applied and evaluated on 
cracked and non-cracked rotor blades for jet engines. 
Keywords: 
NWMS, Rotor blade, Micro crack, Excel, Theoretical derivation, 
Experimental implification.  
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1 Notation 

Roman alphabet 
c wave speed 
f frequency 
h crack length 

j 1−  
n series numbers 
q charge displacement 
s crack surface area 
x coordinate 
z coordinate 
C capacitance, coefficient 
D crack thickness 
E Young’s module 
F force 
H transfer function, bar thickness 
I mass moment of inertia 
K stiffness constant 
L bar length 
Q quality factor 
R resistance 
S sensitivity factor, bar cross section area 
TA amplitude average 
TE energy average 
U deformation 
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Greek alphabet 

α non-linear coefficient 

π pi 

ρ density 

σ stress 

υ Poissons modulus 

ω angular velocity 

ξ variation of interface thickness 
 

Indices 
b break (frequency) 
A amplitude 
E energy 
 

Abbreviations 
FFT Fast Fourier Transform 
FRF Frequency Response Function 
HF High frequency NWMS-component 
IRAS Impulse Resonance Acoustic Spectroscopy 
NEWS Non-linear Elastic Wave Spectroscopy 
NWMS Non-linear Wave Modulation Spectroscopy 
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2  Introduction 

2.1 Background 

Detection of cracks in mechanical parts at an early stage is of course of 
high interest for aircraft industries to prevent failures with devastating 
consequences. The advantage of a quick, reliable and easy-to-use method to 
indicate micro cracks in complex geometries is one of the main motives for 
this thesis work. The new acoustical non-destructive testing methods 
NEWS (Non-linear Elastic Wave Spectroscopy) promise high sensitivity, 
speed of application and ease of interpretation.  
 

2.2 Purpose of the work 

The purpose is to develop a test procedure for detection of micro cracks and 
apply the method on jet-engine components, such as rotor blades. The work 
shall focus on a subset of the NEWS methods, NWMS (Non-linear Wave 
Modulation Spectroscopy) and thus introduce this for aircraft industry. 
Other non-linear and linear sonic and ultrasonic methods could also be 
investigated and used as complement and comparison. Descriptions of how 
NWMS results are obtained and interpreted as a test procedure shall be 
provided. 
 

2.3 Approach 

Decisions of adequate equipment (oscilloscope, spectrum analyser, 
piezoelectric elements, function generator etc.) and establishment of a 
suitable measurement setup are made in a first stage of the project. 
Discussions and experiments of piezo element attachment regarding gluing 
conditions and placement on test object are also done. A next part of the 
work is some basic investigations of the wave’s interaction and distribution 
in the material.  
To learn and explain the basic NWMS method it is first applied on simple 
test geometries made of well-known atomic elastic materials with and 
without micro-cracks. When relevant results and clear indications of micro 
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cracks are obtained the method is applied on engine parts. The method is 
applied on solid rotor blades and a suitable way of quantifying the rate of 
nonlinearity in the test objects is suggested. A suitable NWMS test 
procedure is established. An Excel program for rational calculations and 
averaging of NWMS results is developed. Experiments illuminating 
unwanted nonlinear sources and material dependencies are also an 
important issue in the work.  
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3 Methods for micro crack detection 

A number of well established methods for micro crack detection already 
exist in today’s industries. Some brief knowledge of existing methods can 
be good for understanding of the NWMS-method’s advantages and 
disadvantages and where it can be favourable to use.   
 

3.1 Present NDT methods at Volvo Aero 

In this section the majority of the Non-destructive testing (NDT) methods 
that are currently used at Volvo Aero are briefly presented. A main feature 
as in all non-destructive testing is to keep the test objects intact and not 
jeopardize their functionality. 
 
3.1.1 Ultrasonic testing 

Ultrasonic waves penetrate the object, bounce at surfaces and different kind 
of obstacles, diffract and are absorbed. The fraction of the returned sound 
energy gives information of abnormalities in the material.   
Since discontinuity both on surface and inside materials can be found at an 
early stage and ultrasonic testing works for both metallic and non-metallic 
objects the method is effective at a low cost. 
 
3.1.2 X-ray 

X-rays, electromagnetic radiation, penetrates the object and is exposed on a 
film showing a sharp image of defects, edges and discontinuities within the 
shadow of the test specimen. 
Sharpness and contrast affects the ability to trace small defects which in 
some cases is hard to detect. Since details often are 3D with complex 
geometry and are imaged on 2D films, the image of cracks can also be 
distorted. 
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3.1.3 Liquid penetrant testing 

Special fluorescent liquids are applied on objects surfaces. Cracks, folds, 
pores and similar discontinuities will be filled with the penetrating liquid. 
Unnecessary liquid is washed of. The object is then exposed to ultra violet 
light and the liquid in the discontinuities appears, exposing the surface 
cracks. Of course cracks inside the material can not be detected. 
Complicated geometries with surfaces that can not be seen are not 
favourable for the method. [1] 
 

3.2 Ultrasonic methods in research 

The ultrasonic methods for crack detection are an expanding field of 
research where the non-linear methods (including NWMS) are currently 
paid most attention. Below is presented linear and nonlinear methods that 
might be of future interest for industry.  
 
3.2.1 Linear methods 

Cracks in a material changes characteristic properties such as resonance 
frequencies and Q-factors and a non-cracked part generally shows higher 
resonance frequencies and higher Q-factor for most mode shapes. This can 
be observed in an ordinary FRF obtained from a hammer hit using a 
method called IRAS (Impulse Resonance Acoustic Spectroscopy). 
 
3.2.2 Non-linear methods 

A significant conclusion is made from experiments on numerous materials 
saying that damaged atomic elastic materials behave like non-linear 
mesoscopic elastic media.  
This has been basis for a new branch of micro-crack detection methods, the 
NEWS methods (Non-linear Elastic Wave Spectroscopy) consisting of a 
group non-linear, non-destructive testing methods used to quantify the 
presence of mesoscopic features and damage in a material.  
Subsets of the NEWS-methods have been recently proposed. One method 
called Single Mode Non-linear Resonance Acoustic Spectroscopy 



 14

(SIMONRAS) uses an experimental technique that interrogates the material 
resonance modes as a function of the driving amplitude. For an intact 
sample the resonance frequency is constant and there is also small evidence 
of harmonics generated by the material while in a damaged sample the 
resonance frequency shifts significantly and the level of harmonics in the 
material increases dramatically. The second experimental technique 
NWMS (which is this projects main area of investigation) uses the 
generation of sum and difference frequencies from two simultaneously 
excited frequency components when a crack is present. 
Another method is Non-Linear Vibrometry. By using a non-resonant state 
monofrequent sinusoidal excitation one can detect local sources of non-
linearities (i.e. cracks, delaminations) by studying originated harmonics 
(multiples, overtones) of the main frequency component interferometrically 
by a scanning laser vibrometer, or with piezo electric elements. 
Another interesting feasibility is the characterisation of defect by analysing 
the overtone spectrum. A clapping non-linearity results in a (sin x)/x decay 
with rising frequency. The extremum, a completely rectified sine wave, 
generates even harmonics only as the distance of nulls depends on how 
much is clipped from one half cycle (see Figure 3.1).  
A hysteretic non-linearity, e.g. friction, behaves differently. In the ideal 
case the distortion is symmetric with respect to both positive and negative 
half cycle thereby producing odd harmonics only.  

 

Frequency 

Amplitude 

ω 

 
Figure 3.1  Effect of clapping non-linearity using Non-linear Vibrometry 

showing the high frequency component and the generated overtones.   

In practice a combination of both above mentioned feasibilities are found 
(most of the times) since friction loss is always produced from clapping 
delamination under boundary motion. [2] 
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4 The NWMS method 

NWMS (Non-Linear Wave Modulation Spectroscopy), the central method 
in this thesis work, is here explained in more detail.  
 

4.1 Theoretical model 

NWMS is a method for detecting micro cracks in simple as well as 
complex geometry objects. The NWMS method consists of two 
simultaneously excited autonomous waves in an object which is confined 
separate ranges in frequency spectra. The sidebands, sum and difference 
frequencies, due to interaction of the two waves in the material are studied.  
The method can be applied in two different types of modes, continuous or 
impact mode In the continuous mode two sinusoidal waves are 
simultaneously input into the object with separate frequencies, one 
generating a low frequency signal and the other generating a high 
frequency wave, by using either speaker or piezoelectric transducers. At a 
separate location on the object the interacted signals are recorded and 
Fourier analysed in a spectrum analyser (often included in modern 
oscilloscopes). For an intact object one can expect a spectrum containing 
only the two frequencies (peaks) affected by linear processes of wave 
dissipation and scattering, and by small amount of non-linearity at atomic 
level illustrated in Figure 4.1 a). As for a damaged object with micro cracks 
present one can expect both the two frequencies, its sidebands and 
haromonics, generated by the non-linearity of the medium in addition to the 
linear effects as illustrated in Figure 4.1 b). 
By using the impact mode, the low frequency signal is transferred to the 
object by tapping with a hammer exciting the entire resonance mode 
frequency spectra at once. Simultaneously it is excited with the continuous 
high frequency signal produced from a speaker or a transducer. Expecting 
above mentioned sideband (and harmonics) phenomena when a micro crack 
is present and no side components when no micro crack is present, one can 
see the difference of the two excitation modes in Figure 4.1 below. [3] 
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Freq 

Ampl 
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Freq 

Ampl 

Freq 

Ampl 

a b 

c d 

 
Figure 4.1 Figure a) shows the two frequencies (peaks) generated from 
continuous low and high frequency component respectively for an intact 

object. In b) sidebands originates as the object is defect. c) shows the high 
frequency component and the hammer excitation for an  intact part 

whereas in d) the object is defect showing sidebands on each side of the 
high frequency component. 
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Figure 4.2 The figure shows the dependencies for a non-linear response 

with interaction of one low and one high frequency component .  

 
It is the presence of cracks in the areas where the modes, that are excited 
from the low frequency generator source, has their greatest oscillations that 
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generates the non-linearity in form of sidebands and harmonics (see Figure 
4.2 above) because of the clapping and rugging of the internal crack walls. 
Since the low frequency hammer impact excites the entire frequency 
spectra for an object, the probability of exciting modes where cracks can be 
present is greater than for a single sinusoidal excitation, which mainly 
excites one mode. The probability of finding a crack is lower with just a 
single sinusoidal and the need of knowing the mode shapes increases.  
Figure 4.2 above illustrates the relative frequency and amplitude 
dependence of generated sidebands and harmonics due to the interaction of 
the two frequency components at frequencies ω1 and ω2. [4]  
 

4.2 Theory 

Below presentation of theoretical approach is based on information in ref 
[5].  
 
 

H 

z 

x 

Bar 

 L 

ω1 

ω2 

ω3 ω3 

Defect 

 
Figure 4.3  Geometry of a test sample with a crack. 

 
4.2.1 Physical model of the defect non-linearity 

The developed Vibro-Acoustic Modulation NDT technique deals with 
contact-type defects, such as cracks, disbondings, delaminations, etc. The 
physical nature of the defect-related non-linearity can be most easily 
understood when two models of a contact-type interface are considered. 
The first model considers a crack or contact defect as a planar interface 
separating two semi-infinite elastic materials with the surfaces in contact 
but having no traction forces across the interface. As a longitudinally 
polarized elastic wave is applied to the interface, the surface will stay 
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together and move as one during the compression phase of the wave and 
then separate under the tensile phase. Such a periodic separation causes 
distortion of the passing wave (non-symmetry of the compression and 
tensile phase) leading to generation of higher harmonics.  
The second, more realistic model of an interface is two rough elastic 
surfaces in contact. The applied stress will vary the contact area within the 
interface due to deformation of asperities in contact, leading to a non-linear 
elasticity of the interface. Effectively, this interface behaves as a non-linear 
spring whose stiffness is proportional to the contact area within the 
interface. The linear model of the spring-type crack interface connects 
displacements and stresses on both sides of the interface using spring 
stiffness constant K. According to this model, the internal stress Δσ applied 
normally to the interface, can be defined by the relationship: 

ξσ K=Δ , (4.1) 

where ξ is the variation of the interface thickness −+ −= UUξ , ±U  are the 
deformations of the opposite sides of the interface. This simple model can 
be extended to include non-linear behaviour of the interface introducing 
dependence of the spring stiffness on the thickness ( )ξξ KK = ; . It means 
that the applied vibration effectively varies the stiffness of the interface. 
Using the Taylor’s expansion of the spring stiffness dependence and 
leaving only the first-order term, since stresses in acoustical signals used in 
NDT are rather small,   

αξ+= 0KK         and           2
0 αξξσ +=Δ K  (4.2) 

is obtained, where α is the non-linear coefficient ( )0K<<αξ . Such a 
simple non-linear model of a defect allows for description of various non-
linear effects, such as generation of the second harmonic and modulation of 
the ultrasound by vibration. The non-linear coefficient α could be used for 
the quantitative description of these effects as well as for the parameters of 
the interface. [5] 
 
4.2.2 Defect as a source of the non-linear acoustic waves 

Some aspects of the sound modulation by vibration can be understood 
using a simple theoretical model of a plane crack in a bar as shown in 
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Figure 4.3. As a non-linear element, the defect can transform part of the 
incident acoustic energy into non-linear acoustic waves having different 
frequencies (harmonics and combination frequencies), effectively 
becoming a source of the non-linear acoustic waves. In the case of 
modulation of ultrasound by vibration, a flaw is considered as a simple 
plane source of the acoustic waves with the combination frequencies 

123 ωωω ±= , where ω1 is the frequency of the applied vibration and ω2 the 
frequency of the incident ultrasonic wave. 
For simplicity, the interaction of waves propagating only in x-direction is 
analysed, having wavelength of vibration greater than bar thickness H<<L, 
where L is the bar length , so the thin plate approximation can be used. The 
crack interface is normal to the direction of wave propagation.  
Now consider the interaction at the crack interface of the low-frequency 
flexural vibration (modulating vibration) having longitudinal deformation  

( ) ( ) tzxUtzxu 111 cos,,, ω=  (4.3) 

with the high-frequency longitudinal ultrasonic wave, which has 
deformation  

( ) ( ) tzxUtzxu 222 cos,,, ω=  (4.4) 

Assume that the crack has an effective thickness D and a length h, which 
are smaller than the wavelengths of the incident waves, so the crack does 
not have significant effect on the distribution of strain and stress fields of 
both low- and high-frequency waves.  
The applied stresses change the thickness of the crack, so the crack 
thickness variation under the applied stresses can be determined as:  

( )
t

x
UDt

x
UD

x
uuD 2

2
1

121 coscos ωωξ
∂

∂
+

∂

∂
=

∂

+∂
=  (4.5) 

The non-linearity of the crack (leading to the modulation) is characterized 
by the coefficient α defined in formula (3.2). Substitution of equation (3.5) 
into equation (3.2) gives an expression for the stress 3σΔ  at the 
combination frequencies: 
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( ) ( )
t

x
zxU

x
zxU

D 3
0020012

3 cos,,
ωασ

∂

∂

∂

∂
=Δ , (4.6) 

where x0 and z0 are the coordinates of the crack. This stress applied to the 
surrounding crack material, produces the acoustical waves with sum and 
difference (combination) frequencies.  
The interaction between the standing longitudinal ultrasonic and vibration 
flexural is considered, which are common for many practical applications. 
The standing low-frequency flexural waves in thin elastic bar are 
determined by formula: 

xkAU 11 cos=  (4.7) 

where U1 is the deformation of the bar in the z-direction and A the 
amplitude of the deformation.  
Boundary conditions at the bar free ends define the wave number as: 

L
nk π

=1  (4.8) 

where n = 1, 2, 3,… The dispersion relationship for the flexural waves in 
thin elastic bar has the following form: 

( ) 4
1

2
1

2

1
1










 −
=

yEI
k ρωυ , (4.9) 

where E and υ are the Young’s and Poisson’s moduli of the bar material, 
respectively, ρ is its density and Iy the moment of inertia of the bar cross-
section.  

The longitudinal strain xU ∂∂ 1  produced by the flexural wave is 
determined as: 

xkAzk
x
wz

x
U

1
2

12

2
1 cos−=

∂

∂
=

∂

∂ . (4.10) 

Here z = 0 corresponds to the neutral surface of the bar.  
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Displacement in the standing longitudinal ultrasonic wave can be defined 
as: 

xkU 22 cos= , (4.11) 

where 122 ck ω=  and c1 is the speed of the probing longitudinal wave in 
the bar: 

( )2
1 1 υρ −= EIc , (4.12) 

Substitution of equations (3.10) and (3.11) into equation (3.6) yields the 
equation for the crack generated force F at the combination frequencies 

213 ωωω ±= :  

txkxkABDkkaszsF 30201
2

2
2

103 cossincos ωσ =Δ= , (4.13) 

where s is the crack surface area. 

Force F applied to the bar causes generation of ultrasonic waves tU 33 cosω  
at the respective combination frequencies ω3. Since the wavelength of these 
waves are greater than the bar thickness, the force F is assumed to be 
uniformly distributed across the bar cross-section at the crack location x 
=x0 and generates plane longitudinal waves.  

The resulting displacement distribution along the bar at the frequencies ω3 
can be presented in the form:  

( )



≥

<

−
=

0

0

32

31
3   

for
for

   
cos

cos
xx
xx

xLkC
xkC

U  (4.14) 

This form is chosen to satisfy free boundary conditions at the ends of the 
bar: 

0
,

3 =
∂

∂

= Loxx
U  (4.15) 

and at the cross-section at x = x0. The coefficients C1 and C2 can be fund 
from the displacement continuity condition at the cross-section x = x0: 
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−+ = 33 UU  (4.16) 

and from the stress “jump” condition due to the applied force F: 

SF /233 =− −+ σσ , (4.17) 

where S is the cross-section are of the bar. 
Using the stress-strain relationship for the longitudinal deformations in the 
bar  

( ) x
UE
∂

∂

−
= 3

23 1 υ
σ  (4.18) 

and substituting equations. (3.14) and (3.15) into equations. (3.16) and 
(3.17), the coefficients C1 and C2 can be found.  

Finally, the amplitude, ( )03 xxU > , of the longitudinal plane wave with the 
combination frequencies ω3 is defined:  

( )
( )[ ] ( ) ( )02013

33

2
2

2
103 sincoscos

sin
xkxkxLk

LkSk
ABsDkkzU −= α  (4.19) 

The tem ( )Lk3sin1  indicates resonant nature of the waves with 
combination frequencies. The dissipation of these waves can be accounted 
for by introducing the complex wave number: 

( )Qikk 2133 += , (4.20) 

where Q is the quality factor of the resonance oscillations of the bar at the 
frequencies ω3.  
Besides this resonance term, the solution (3.19) contains a few more 
frequency-dependent terms, which could complicate the interpretation of 
the measurement. This problem can be avoided by averaging of the 
measured non-linear response across the frequency range. There could be 
two types of averaging yielding two criteria TE and TA: 
The energy averaging 
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( )

N

fU
T

n

N

n
E

∑
=1

2
3

~ , (4.21) 

and the amplitude averaging 

( )

N

fU
T

N

n
n

A

∑
=1

3

~ . (4.22) 

There is a good reason using amplitude averaging. Near the resonance the 
amplitude is proportional to the quality factor Q while the width of the 
resonance curve is proportional to 1/Q. Therefore the amplitude integration 
(or averaging) of the frequency response is independent (or weakly 
dependent) on the dissipation in the system.  
As could be seen from equation (3.19), the amplitude of the modulation 
(sideband) components is linearly proportional to the amplitude of vibration 
A, amplitude of ultrasonic wave B and the crack area s. The dependence on 
the crack thickness is described by the factor D2α(D). Therefore, the 
modulation criterion TA  is also proportional to these values:  

ABDszUTA
2

03 ~~ α  [5] (4.23) 

 

4.3 Test setup variants 

Two different types of test setups are possible; contact and non-contact 
methods. The contact methods are advantageous because of being 
inexpensive and rather easy to use. The non-contact methods are preferable 
in production lines and for the elimination of non-linear sources that might 
disrupt the results like friction between piezo electric element and test 
object and between excitation hammer and test object. 
 
4.3.1 Non-contact test setup  

The non-contact setup involves more advanced equipment. The ultrasonic 
frequency is exciting the object through a high frequency loudspeaker and 
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the frequency response is read with a laser vibrometer. The low frequency 
excitation can be done with for example another loudspeaker or an airgun. 
 
4.3.2 Contact test setup 

The contact test setup uses piezo electric elements attached to the object by 
epoxy or wax to transform an electrical signal from a signal generator into a 
mechanical motion in the object. This can be used both for the high and low 
frequency component. The low frequency component can also be generated 
by hitting the object with a hammer. 
This thesis work is concentrated to the contact test setup using piezo 
electric elements for ultrasonic excitation and hammer for low frequency 
excitation. Figure 4.4 shows a schematic test setup. See chapter 4.4 for 
more detailed equipment discussion.  
 

 Signal Generator LapTop Computer 

PicoScope 
(Oscilloscope) 

Test Object 

Excitation  
 
Hammer 

Hammer Signal 
Conditioner 

 
Figure 4.4. Schematic illustration of test setup for hammer excitation. 

 

4.4 Equipment for test setup (contact) 

During this master thesis the contact test setup mentioned in chapter 4.3.2 is 
used. Below is presented a discussion about adequate equipment for a 
contact test setup.  
 
4.4.1 Oscilloscope 

Conventional analogue oscilloscopes and spectrum analysers are of course 
suitable choices but a digital oscilloscope with built-in real-time FFT 
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analyser is advantageous for analysing the obtained response. Digital PC-
based oscilloscope cards with additional software have also become a 
choice with an attractive price, ease of use and good functionality.   
 
4.4.2 Digital oscilloscopes 

A digital scope has a few more factors to consider than the traditional 
analogue scope. The input amplifiers of course set the physical limitation of 
the scopes bandwidth as for the analogue scopes. Most manufacturers 
define the physical bandwidth as the 3 dB limit i.e. the frequency where an 
original sinus wave is attenuated to 71 % of its original amplitude. [6] 
Further the digital oscilloscopes are limited by sampling frequency and 
buffer memory. The spectrum analyser must have a sampling frequency at 
least at the Nyquist frequency [7] for the acquired signal, although a higher 
sampling frequency is recommended..  
The buffer memory is also limiting the sampling frequency. Maximum 
sampling frequency equals buffer memory per captured time. If for 
example 400 µs of a signal shall be captured in the measuring window with 
16 k buffer memory, the scope is limited to 40 MSa/s (16 000/0.0004) even 
if the oscilloscope can sample with for example 100 MSa/s. [6] 
The resolution is often measured in bits, an 8-bit oscilloscope has a 
resolution of 28=256 points on both x and y axis and can therefore only 
measure signal changes down to 0.4 % (1/256). With a vertical range of ± 1 
V this gives about 8 mV per step or, for X axis in frequency domain with 
frequency bandwidth 25 MHz it gives about 98 kHz per step. [6]  
 

4.4.2.1 Choice of oscilloscope for NWMS 
It is hard to say what oscilloscope characteristics are good enough for 
NWMS measurements, but the following can be said as guidelines: Since 
frequencies are not studied above max 500 kHz, this is enough as 
bandwidth. More than 5± V is not necessary in vertical range. Since 
sidebands can be small in amplitude it is good if the resolution in y-axis is 
high. 28 points resolution as in example above is a bit too little. 212 is more 
fitting giving for 5± V dynamical range 2.44 mV per point. The frequency 
resolution should not be under 212 points either. Better frequency resolution 
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and better amplitude resolution of course gives more accurate 
measurements. 
 
4.4.3 Piezoelectric elements 

When transforming an electrical signal to a mechanical motion and vice 
versa a piezoelectric material is commonly used. The piezoelectric effect 
can be described as a charge displacement in the material that occurs when 
a mechanical load is present. The charge is proportional to the force as 
follows, 

FSq ⋅=   (4.24) 

where S is called the sensitivity factor. The piezoelectric effect is dependent 
on the direction and is usually explained as that the material is electrically 
dipolar in ascertain directions. In this direction the material is said to be 
piezoelectric. [8] 

4.4.3.1 Choice of piezoelectric elements 
Choices and evaluations of piezoelectric elements for best applicability and 
suitability are made from information obtained from a company called 
Ferro-Perm, Denmark. The piezo elements exist in two basic models. One 
model where the cables are connected on each side of the piezo and one 
model where both cables can be connected to the upper side of the piezo 
(called wrap around electrodes). Both models works for use but the latter 
model is of course best suited for current application to get a better 
attachment to the test object. Figure 4.7 shows a piezo element attached to a 
rotorblade with epoxy glue (cables connected to each side of the piezo).  
 
Disc dimension 10 mm in diameter and 1 mm thick is chosen for current 
application. 
 A lot of different piezo electric materials also exist. Below is presented 
three piezo elements with different sensitivity that can be used for NWMS 
testing. Pz26 is the least sensitive piezo which is suitable for higher 
voltages and thus slightly bigger test objects than in current exam thesis. 
P27 is a little more sensitive and well suited for test objects in current exam 
thesis (rotorblades, tensile test specimen etc). Even higher sensitivity is 
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obtained with Pz29 but this is not necessary. All three piezo materials could 
although be used because the slight difference in sensitivity is of minor 
importance of the results. The same piezo material should although be used 
during the whole test not to get unnecessary variances in the results because 
of different piezo materials. 
 
4.4.4 Low frequency excitation source 

The low frequency excitation can be performed in different ways. Relevant 
signals for the method are broadband excitation (random or deterministic) 
or single sinusoidals (fixed or stepped). Excitation with broad banded 
spectra has the advantage that a pre-investigation of what frequency that is 
best suited for the specific object is not needed. Thus a lower signal to 
noise ratio occurs than with a broad band spectra. Different excitation 
methods and possible spectras are below explained for the actual 
application. 
 

4.4.4.1 Impact hammer 
Impulse testing of the dynamic behaviour of mechanical structures involves 
striking the test object with an impulse hammer giving a broad spectra 
capable of exciting all resonances. The impact cap material generally 
determines the frequency content (wave shape), and the hammer mass and 
velocity at impact determine energy content.  
An ICP (Integrated Circuit Piezoelectric) sensor signal power unit 
conditioner supplies constant-current excitation to the sensor over the 
signal lead and debiases the output signal.   
Several hammer tips can be chosen. A harder tip gives a shorter impulse 
with higher amplitude. Further, the frequency spectra obtained with a 
harder tip has more energy in higher frequency components. Sidebands 
produced with a wider low frequency spectra can be seen more easily or 
seen with a lower frequency resolution on the spectrum analyser since, 
presumably more sidebands will be generated. One disadvantage when 
exciting with metal tips is the risk of getting double or triple hits that 
generates undesired and confusing sidebands.  
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4.4.4.2 Signal generator 
Excitation with signal generator and piezoelectric elements gives a very 
controllable and stable excitation signal. A quite high excitation voltage is 
needed to avoid that the sidebands are not hidden by the noise floor on the 
oscilloscope. An amplifier might be needed. Different excitation signals 
can be chosen. 
 

4.4.4.3 Shaker 
If not enough energy can be put in the test object with piezo element and 
signal generator a shaker can be used instead giving same advantages as 
mentioned for signal generator (although a little more complicated to deal 
with). This is not so well suited for smaller test objects or at higher 
frequencies. 
 
4.4.5 High-pass filter 

Striking an object with impact hammer often produces very high-amplitude 
transients, especially if the hit is performed close to the piezo element 
reading the signal. This can consequently affect the oscilloscope in form of 
overload, producing undesired misleading non-linearities as sidebands.  
To avoid overload of the scope with the hammer hit, a high-pass filter can 
be connected between scope and test object to attenuate the low 
frequencies. A simple RC filter (see Figure 4.5) is sufficiently good for the 
purpose. If needed, two filters can be cascaded to increase the damping 
further.  
 

 

R Vin 

C 

Vout 

 
Figure 4.5  Single RC high-pass filter connection scheme and included 

electrical components. 
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Vin Vout 
R R 

C C 

 
Figure 4.6  Two cascade connected RC high-pass filter connection scheme 

and included electrical components. 

 
The NWMS method needs to take into account the hardness of the hammer 
hit when estimating non-linearity. If the hammer hit is not damped so much 
that it is disappearing in noise, it can be compensated with help of 
following analytical expression derived below. 
For one filter equations 

RCj
RCjH
ω

ω

⋅+

⋅
=

11  (4.25) 

and 

fπω 2=  (4.26) 

are used. Combination gives 

fRCj
fRCjH
π

π

21
2

1 ⋅+

⋅
= . (4.27) 

Further using  

bf
RC

⋅= π21  (4.28) 

with (4.27) gives 
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Absolute value of equation (4.29) now gives 
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And for two cascade connected filters equation 

2
12 HH ≈  (4.31) 

can be used. [9] 
When comparing cracked and non-cracked test objects it can be sufficiently 
good or sometimes better to only use the filtered hammer hit without 
compensation if only the hardness of hammer hits will be compared with 
one another.  
 

4.5 Attachment of piezo electric element 

Attaching a piezo element to the object is not to be performed with 
common soldering techniques. The soldering process must be done very 
carefully, not to cause any unwanted amplitude modulation (sidebands).  
 
4.5.1 Soldering of the cables 

The piezo ceramic takes harm of high temperatures, so using a technique 
where the object to be soldered on is heated until the soldering tin melt with 
contact to the object, is not to prefer. Only a few seconds contact with the 
soldering pen is recommended. But the surfaces are prepared for such 
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soldering and the soldering tin can almost be painted on with a thin layer. 
Try not to take too much soldering tin or to get porosities or flaws in the 
soldering. 
 
4.5.2 Gluing of piezo elements 

Gluing of piezo elements should not be performed as in ordinary modal 
analysis where a thin glue layer is preferred. The glue layer must be thick 
(see Figure 4.7  Good piezo attachment) not to produce unwanted non-
linearity. The glue shall also rather be soft than hard, to get a smooth 
transfer of the signal without any produced non-linearity. 
Let the glue dry for a short while before using it so it does not float out 
when putting it on the test object. Further let it dry a while more on the test 
object so the piezo elements do not sink toward the test object and get in 
contact with it when attaching it.  
 
4.5.3 Cables 

Cables should be glued to the test object in a way that no tension in the 
cables occur making the amplitude of the piezo vary and produce sidebands 
(see Figure 4.7). Further the cables shall be very thin not to affect the piezo 
element with its weight. A small drop of glue shall also be put on the solder 
of the cables on the upper side to fix it steady to the piezo. 
 

 
Figure 4.7  Good piezo attachment. 
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4.5.4 Placement of piezo electric elements 

Placement of piezo elements is an important question. What can be said for 
sure is that same positions must be chosen for every test object if the 
amount of sidebands should be set in relation to the amplitudes in the low 
frequency components. The piezo element of course captures different 
amounts of different modes of vibration for different positions. The piezo 
elements still capture the low frequencies from the hammer hit very well. 
Vibrations are also to some extent captured even in directions perpendicular 
to the polarisation of the piezo element. Instead the hammer hit often 
causes a problem with overloading of the scope. Of course a filter can be 
used to avoid this, but then measuring the hammer hit energy appropriately 
becomes a problem. Filter compensation is of course sometimes suitable. 
The piezo element connected to the oscilloscope is best placed at a location 
where low amplitudes of vibrations is present. On rotor blades the root is a 
good place in order to not get too high amplitudes from the hammer hit see 
Figure 4.8. The other piezo element used for exciting the object with the 
ultrasound frequency should of course not be placed too close to the 
receiving piezo. If the piezo is very close, too much of the signal will go 
directly into the receiving piezo and the sideband frequencies will not 
appear as significant as the ordinary ultrasound signal if the material has 
high damping. This might disrupt the results if the sidebands are measured 
in proportion to the amplitude of the high frequency signal. Instead the 
piezo should be placed as far from the other piezo as possible. A place that 
is not vibrating too much is of course favourable also for the exciting piezo, 
because vibration is never good for cables and attachment of piezos in 
general.  
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Figure 4.8  Good piezo attachment locations. 
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5 Experimental tests 

A correct experimental setup for NWMS measurement is a very delicate 
matter involving many aspects. Below are presented a few important 
considerations so that misleading results are avoided.  
 

5.1 Piezo attachment media 

Attaching the piezoelectric elements to a test object is a procedure that 
ideally should be rational and easy, to fit in a production line. Gluing with 
epoxy is unfortunately a time consuming part of the NWMS method. Other 
media like wax could give shorter test times. 
 

 
Figure 5.1  RM8A stage 3 rotor blade with attached piezo elements. 

 
5.1.1 Purpose 

A practical experiment is made on an RM8A stage 3 rotor blade with the 
purpose to investigate whether wax can replace epoxy glue, which 
comprise a more comprehensive attachment procedure than wax, allowing 
one to easily move the piezo to different locations on the object. 
 

Swedish coin. 

Piezo elements 
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5.1.2 Procedure  

The rotor blade is excited with an ultrasonic frequency sine sweep from 0 
to 390 kHz through piezo elements attached at each end of the blade. The 
test is made with both Pz 26 and Pz 27 for wax attachment although it is 
only tested with Pz 27 for epoxy glue attachment since it’s exclusively the 
attachment media that is of interest.  
 
5.1.3 Results 

The result is a FRF for the spectral band 0 to 390 kHz and since it is 
exclusively the attenuation that is of interest the real spectra is hidden and a 
hundred point trend line is instead displayed for each spectra.  
 

Trend lines of spectra 0-390 kHz, Pz26 vs. Pz27 & Wax vs. Glue 
attachment
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Figure 5.2 Hundred points trend lines of frequency spectra, 0 – 390 kHz, 

illustrating the amplitude  differences of glue and wax attachment 
respectively.  

 
5.1.4 Conclusion 

The high frequency area around 200 kHz is the area of interest for the high 
frequency component excited with a signal generator, which for glue and 
wax attachment has about the same amplitude.   
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The damping effect of the wax for lower frequencies would only be 
advantageous in respect to avoid overload of the spectrum analyser. 
Unfortunately the following experiment will show that a thin layer of 
attachment media can produce unwanted non-linearity. Further the wax 
attachment is not sufficiently strong to hold when hammer hit excitation is 
used.  
 

5.2 Gluing conditions for piezo element 

For ordinary modal analysis a close attachment of the piezo element to the 
object with a thin glue layer presumably would be preferred. Unfortunately 
such an attachment suspiciously gives an unwanted non-linear response for 
the NWMS tests.  
 

 
Figure 5.3  RM8A stage 1 rotor blade with attached piezo elements. 

 
5.2.1 Purpose 

The practical experiment is made on an RM8A stage 1 rotor blade to 
investigate whether a thin layer of glue gives non-linear responses and how 
transfer of high and low frequency waves are affected of the thick glue 
layer.  
 

Swedish coin. 

Piezo elements 
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5.2.2 Procedure 

Piezoelectric elements are first attached with a thin epoxy layer on a non-
cracked RM8A stage 1 rotor blade (see Figure 5.3) and placed on a low-
damping foam rubber pillow. Three hammer hits at three different locations 
are averaged in Excel program NWMS.xls. Piezoelectric elements are then 
removed and attached again on same places with a thick epoxy layer and 
the same test procedure is performed.  
 
5.2.3 Result 

In the graphs below the results are presented generated in the Excel 
program NWMS.xls (linear scale) showing that, for the same non-cracked 
object, there is a significant difference of the sideband generation which 
indicates that for the test where a thin glue film is used, the results are 
distorted. The graph shows the averaged sidebands (red) and corresponding 
averaged low frequency resonances trigged by the hammer hit. The Excel 
program NWMS.xls moves the low frequency resonances up to the location 
of the high frequency component (black line) and then mirrors around this 
(dashed black line) to show the correspondence between hammer hit and 
left hand sidebands as well. 
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Figure 5.4  Non-cracked RM8A stage 1 rotor blade where the piezo 

elements are glued with a thin epoxy glue film giving distorted results. 
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Figure 5.5  Same non-cracked RM8A stage 1 rotor blade where the piezo 
elements are glued with a thicker epoxy glue film giving satisfying results. 
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Figure 5.6  Non-cracked RM8A stage 1 rotor blade where the (LiP) graph 
shows the result for a thin glue film and (RiP) graph shows the result for a 

thick glue film. 
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5.2.4 Conclusion 

A totaly unaccepted amount of sidebands for a non-cracked part is 
generated in the case with a thin glue film. Sidebands are also generated 
with a thick glue layer. This amount with some variations is always present 
and is generated by so far unknown sources. This makes detection of very 
small microcracks hard and not sufficiently reliable. This amount of 
sidebands must be eliminated before the method can be said reliable and 
sensitive for very small micro cracks. As can be observed in the logarithmic 
plots in Figure 5.6 above, the amplitude of the HF component does not 
decrease with the thick glue layer, actually it is slightly higher but this is 
likely coinsidence. In linear plots obtained in the Excel program one can 
see that the transfer of the low frequency resonances decreased with a thick 
epoxy layer. This is not disadvantageous for the results, acttually this is 
good for avoiding overload and non-linearities in the scope by the hammer 
hit. The piezo elements can namely give very high and quick transient 
peaks at the hammer hit, not always detected but disrupting the curves in 
the scope. So most likely a thick epoxy layer is prefered for the above two 
reasons.   
Caution must be taken to disruptions of the results originated by the 
equipment itself. The fact is that the equipment itself seems to provoke the 
same type of non-linearities as cracks in a material. As known, cracks 
generate non-linearities like sidebands and multiple frequencies. 
Experiments below show some examples of non-linearities coming from 
the equipment. 
 

5.3 Non-linearities coming from electrical circuits 

Unfortunately the same non-linear phenomenon can occur from other 
sources than contact surfaces. Electrical circuits can also produce non-
linearities as sidebands, especially when overloaded.  
 
5.3.1 Purpose 

The purpose is to show that the same non-linearities generated by cracks in 
a material (known as sidebands and multiple frequencies) can be provoked 
by the equipment itself at the same or lower amplitude values as is used for 



 40

the NWMS method, also a  non-linearity dependence on the settings of the 
oscilloscope will be investigated.  
 
5.3.2 Procedure 

First one single signal generator (Agilent 33250A) is connected directly to 
an oscilloscope to investigate generation of multiple frequencies. The signal 
generator is sending out an ordinary sinusoidal signal at 20 kHz with 
amplitude 400 mV. Changes of non-linearity are observed when changing a 
seemingly independent setting as scales on the y-axis on the oscilloscope 
(without overloading the scope). The tested scales on the y-axis are 0.4 
mV/div, 340 mV/div and 170 mV/div. Another signal generator (TG215 
2MHz function generator) is then connected to the same channel on the 
scope to see whether sidebands can occur from the equipment. 
 
5.3.3 Results 

Below is shown the result when connecting one signal generator (20 kHz, 
400 mV) directly to channel one on the oscilloscope with different y-scale 
settings. The change of settings on the scope although can not be seen on 
the diagrams below, but changes in non-linear response are obvious. 
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Signal generator directly to scope
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Figure 5.7  Frequency multiples generated  when oscilloscope scale is set 

to 0.9 V/div 

 

Signal generator directly to scope

-70
-60
-50
-40
-30
-20
-10

0
10

-50000 0 50000 100000 150000 200000 250000

Frequency (Hz)

Am
pl

itu
de

 (d
B)

 
Figure 5.8  Frequency multiples generated when oscilloscope scale is set to 

0.34 V/div 
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Signal generator directly to scope
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Figure 5.9  Frequency multiples generated when oscilloscope scale is set to 

0.17 V/div. 

 
The results below shows the spectra when connecting two signal generators 
directly to the oscilloscope and using a specific voltage scale.   
 

 Signal generator 1 

Signal generator 2 

Oscilloscope 

 
Figure 5.10 Connection scheme. 
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Two signal generators directly to oscilloscope
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Figure 5.11  The figure shows the non-linearities generated from the low 

and high frequency signal that is directly input to the oscilloscope from the 
two signal generators using 0.9V/div scale. 

 
Improvement is indicated when low frequency filter is used to filter the low 
frequency signal away before the scope. See figure below. 
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Figure 5.12  This figure shows the improved resulting spectra a high-pass 
filter is used filtering away the low frequency signal using 0.9V/div scale.  
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5.3.4 Conclusion 

Caution must be taken to non-linear responses from the equipment. The 
non-linear response is also dependent on oscilloscope settings in a not 
obviously logical way. It may be advantageous to test non-linear response 
in equipment at the settings and amplitudes that will be used in the NWMS 
test. Good equipment is necessary. It might be wise to try to minimise the 
occurrence of low and high frequency signals in the same scope by e.g. 
using a high-pass filter. The disappearance of sidebands can possibly also 
depend on that also the HF signal is slightly damped by the filter. This 
shows that a high disturbance elimination effort is needed before test 
should be carried out. Some elimination procedures are presented in chapter 
6.2 below. The results above favour the NWMS method before studying 
multiple resonances. If only one frequency is taken into the oscilloscope no 
sidebands can occur, only multiple frequencies.  Sidebands occurring then 
must be generated before the scope. Good equipment must be used for 
NWMS measurements. 
To avoid the overload transients that can damage the instruments, specially 
the oscilloscope, the use of filter is o high interest. Also filtering the low 
frequency signal minimizes the non-linear disturbance. 
 

5.4 RC filter test 

A simple RC filter is good enough since a wide frequency band exists 
between the low frequency resonances and high frequency domain of 
interest.  
 
5.4.1 Purpose 

The purpose of this test is to investigate how the low frequencies of a 
sinusoidal signal sweep is attenuated by one single and two cascade 
connected RC-filters with calculated cut of frequencies 70 KHz. One 
purpose is also to experimentally determine the cut off frequency for one of 
the RC filters above.  
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5.4.2 Procedure 

A signal generator is connected to one filter (see Figure 5.13) which then is 
connected to the oscilloscope. A 5 V sinusoidal sweep from 0 to 390 kHz 
with a sweep time of 500 s is done. The spectrum generated in the spectrum 
analyser is shown in Figure 5.15. Then two equal filters are cascade 
connected and the same sinusoidal signal is swept giving the result shown 
in Figure 5.16. 
An approximate break frequency for one filter of fB = 70000 kHz is desired. 
Choosing a resistor value at R = 10000 ohm gives from equation, 

RfC Bπ21= , an approximate capacitance of C ≈ 0.3 nF. The components 
are chosen from ELFA, Sweden. For the cascade connected filters, two 
single filters with above caracteristics are connected as shown in Figure 
5.14. This connection however increases the break frequency from ωB to 
2.67ωB but causes no problem for present applications. [9] 

 

R Vin 

C 

Vout 

 
Figure 5.13  Single RC high-pass filter connection scheme and included 

electrical components. 

 
 

Vin Vout 
R R 

C C 

 
Figure 5.14  Two cascade connected RC high-pass filter connection scheme 

and included electrical components. 
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5.4.3 Results 
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Figure 5.15  Sine sweep from 0 to 390 kHz using a filter consisting of a 
condenser and a resistor with a calculated break frequency at about 70 

kHz. 
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Figure 5.16  Sine sweep from 0 to 390 kHz using two cascade connected 

filters consisting of condensers and resistors showing that the break 
frequency is higher than 70 kHz as it should be. 
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5.4.4 Conclusion 

The result from the sweep using one single high-pass filter shows the 
attenuation of low frequencies. The experimentally obtained curve shows a 
cut off frequency about 70 kHz for the single filter and about 187 kHz for 
the two cascade connected filters. That the break frequency is higher does 
not disrupt measurements although a slight attenuation of the sideband and 
HF component amplitudes might also be obtained. 
 

5.5 Filter compensation test 

To avoid overloading the spectrum analyser by transients that can occur 
when hitting with excitation hammer, the use of high-pass filters is 
advantageous. The attenuation of the low frequency components minimizes 
the possibility of disrupting sidebands from the spectrum analyser itself. It 
may sometimes be advantageous to compensate for the filter attenuation by 
analytical expressions.  
 
5.5.1 Purpose 

The purpose of this test is to investigate how much a low frequency signal 
will be distorted if a the signal first is filtered with one RC filter (chapter 
4.4.5) and then compensated with an analytical expression (presented in 
chapter 4.4.5).  
 
5.5.2 Procedure 

A low frequency hammer hit spectra is first recorded without filter and then 
with one single RC filter. The filtered response is then compensated with 
the analytical expression derived in chapter 4.4.5. 
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5.5.3 Results 
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Figure 5.17  Graph showing a low frequency hammer hit spectra as it is 

generated from the hammer hit without filtering. 
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Figure 5.18  Graph showing the low frequency hammer hit spectra filtered 

with one filter. 
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Hammer hit filter comp:
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Figure 5.19  Filtered hammer hit spectra compensated, shows a reasonable 

similarity with the non-filtered graph in Figure 5.17. Although for low 
frequencies the compensation disagrees with the  non filtered hammer hit.   

 
5.5.4 Conclusion 

This test shows that the derived analytically calculated transfer function 
(see chapter 4.4.5) works as compensation for the RC-filter. The graphs 
show good similarity but are not totally accurate why the use of filters and 
filter compensation only should be used in a careful manner. For low 
frequencies the compensated curve is far to high so lower frequencies often 
has to be excluded when filter compensating. If only proportions between 
hardness of hammer hits shall be used the filtered low frequency spectra 
might be used without filter compensation. (Filter compensation curves are 
included in NWMS.xls and NWMS_pico4096.xls and can be used if 
suitable. One can also define a lowest frequency to be considered in 
calculations). 
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6 Signal to noise 

When measuring small amplitude values with an oscilloscope there is 
always undesired noise present and to improve measurement quality a high 
signal to noise ratio is of importance.  
 

6.1 Possible sources 

Noise comes from the electrical circuits in the instrumentation (random 
noise), from surrounding electric power cables (50 Hz), radio broadcast 
(about 1 MHz (AM) and 100 MHz (FM)), computer monitors (tens of kHz) 
and GSM cell phone signals etc. Noise also occurs in the sampling process 
of a digital scope if the measured signal is not periodic in the measuring 
window (leakage). Aliasing can also confuse the results in a digital 
spectrum analyzer (aliasing folds frequencies above the window bandwidth 
into the analysed spectra) fortunately anti-alias filters exists in many 
scopes. PicoScope; Pico ADC-212/50 does not have built-in anti aliasing 
filter. [6]  
 

6.2 Avoiding noise 

It is of high importance that the oscilloscope is well grounded. The input to 
the oscilloscope is mostly via a coaxial cable consisting of two wires, one 
center wire and one being the surrounding shielding wire braid covered 
with a black outer coating of the cable. The centre wire is the signal wire 
that should measure the signal and the surrounding shield wire braid is the 
ground. If ground is badly connected a very low signal to noise ratio is 
obtained. The measuring cables should further be well isolated not to take 
up signals in the air. It may also help to place the instruments on isolating 
media and separate measuring cables from power supply cables (or arrange 
them perpendicular to each other). Using the same ground wire (same 
outlet) for all instruments can also make differences. If a continuous signal 
is measured, random noise can of course be decreased if the signal is 
averaged. Noise from leakage in a digital oscilloscope (spectrum analyser) 
can be reduced by making the signal periodic in the measuring window or 
by windowing the signal with Hanning, Blackman etc. If no anti alias filter 
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exists one can se that if a sine wave is swept up in frequency it seems to 
turn back down when exceeding the bandwidth of the FRF.  An aliased 
signal mostly changes the position when a different bandwidth is chosen. 
By taking a look at a very broad spectrum one might see the original signal.  
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7 Automated measurements 

To make the method applicable in real industry a rational and reliable way 
to analyse the data and discriminate cracked parts from non-cracked is 
needed. A troublesome fact is that every analysed test object during this 
work shows some amount of sidebands even at a “non-cracked” state so a 
quantification of the sidebands is to be done by some calculation software 
connected to the spectrum analyser. Here Excel is chosen because of the 
following reasons. Excel is an accepted software at Volvo Aero 
Corporation where the master thesis is carried out. Excel is a very common 
and known software used by almost every company. It is very easy to deal 
with and is also quite powerful. Although during research more powerful 
calculation software as for example Matlab or Mathcad could be 
advantageous to use because of flexibility and greater calculation 
capabilities. For an established and optimized way of analysing the data as 
in a production line, Excel is seemed to be sufficient. 
 

7.1 Transferring of data 

The data obtained from the spectrum analyser must in a rational way be 
transferred to calculation software for analysis. Many spectrum analysers 
can communicate directly with Windows based calculation software as 
Excel and Matlab for example via a DDE link.  
 

7.2 Excel  

Development of a correct handling of the data in automated Excel programs 
has, beside the actual NWMS-method research, been an important question 
during investigations. Two versions have been developed. The first is 
NWMS_pico4096 (app. A) which is optimized for the Picoscope in 4096 
frequency band mode and is fast and reliable. The second,  NWMS.xls 
(app. A), has been made as general as possible. The program handles any 
frequency resolutions up to 25000 spectrum bands and is not restricted to a 
certain scope. The only restriction is that the data must be transferred to 
Excel in some way, either via DDE-link or by importing of saved spectra as 
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text files one at a time. The latter way is of course a little more time 
consuming.  
 
7.2.1 Principles of operation 

For an NWMS test procedure averaging of results obtained with different 
high frequency components (HF) has to be done because of different 
sources of unwanted variations in results  (see chap 8.1 and 8.3) . The Excel 
program therefore finds the high frequency peak and cuts out a specified 
frequency band with centre at HF to add in an average spectra. The 
program also normalizes the frequency vector so that zero Hz occurs at HF 
position. The corresponding low frequency resonances are also cut out and 
put at HF position for comparison. The low frequency resonances are also 
mirrored at HF to show correspondence of left hand sidebands as well. To 
be able to compare the low frequency resonances with the sidebands the 
low frequency resonances are scaled by a specified value. An example of 
the final plot can be seen in Figure 7.1. Further the program calculates the 
integral of the sidebands and the hammer hit and plots those two values 
against each other with low frequencies on the x-axis and sidebands on the 
y-axis. An example of the final plot can be seen in Figure 7.2. The program 
also calculates a ratio i.e integral of sidebands divided by integral of 
hammer hit to be used as a comparable value to determine a degree of 
damage. A more detailed explanation of the programs and how to use them 
can be found in appendices A and B. 
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Figure 7.1  Graph showing the high frequency (HF) component normalised 

at zero Hz and the low frequency spectra generated from the hammer hit 
which also is mirrored around HF. 
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Figure 7.2  Diagram showing the area under the sideband spectra vs. the 

area under the hammer hit spectra.  
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8 Basic investigations 

8.1 Wave energy distribution  

How ultrasonic waves behave in arbitrary complex geometries are with 
today’s technology unfortunately very difficult to calculate or analyse with 
commercial software or  finite element models. An experimental approach 
is therefore needed.  
To detect possible cracks anywhere in an object the high frequency wave 
component must be spread over the whole object without loosing too much 
amplitude.   
 
8.1.1 Purpose 

A practical experiment is made on an RM8A stage 1 rotor blade in purpose 
to get indications of how the energy in ultrasonic waves are distributed over 
a test object with complex geometry and to see variations in frequency 
responses. 

 
Figure 8.1  The figure shows the RM8A stage 1 rotor blade with one 

sending piezo at the top and three other piezos at three different locations. 

 

Sensing Piezo elements 
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8.1.2 Procedure 

The rotor blade is excited with an ultrasonic frequency sine sweep from 200 
to 220 kHz through a piezo element placed at the top of the blade shown in 
Figure 8.1. Three other piezo electric elements are placed at different 
locations on the object for sensing, giving the FRF for the object at each 
located piezo electric element. One piezo is then also glued just beside the 
sensing piezo at the top of the blade to see how the FRF changes just with a 
slight change in sensing position.  
The test is made on a RM8A stage 1 rotor blade with a macro crack (4 cm 
length) not visible for the eye located just beside the damper on the middle 
of the blade as illustrated in Figure 8.2. 
 

 
Figure 8.2  RM8A stage 1 rotor blade where the location of the macro 

crack (4 cm length) is pointed out. 
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8.1.3 Results 
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Figure 8.3 FRF at different sensing locations showing changes of 

resonance frequencies.  No drastic changes in overall amplitudes can be 
seen for the three different locations of the rotor blade. 

 

FRFs from piezos next to each other

-30
-25
-20
-15
-10

-5
0
5

200 000 205 000 210 000 215 000 220 000

Freq. (Hz)

Am
pl

. (
dB

)

1
2ida

 
Figure 8.4 FRF at sensing locations next to each other on top of the rotor 
blade showing some similarities in spectra characteristics but not exactly 

the same.   
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8.1.4 Conclusion 

As can be seen from frequency responses in Figure 8.3 the amplitude of the 
wave has not decreased when recorded far from the excitation point as in 
the root or in projecting parts as the damper, indicating that the wave 
propagates well throughout the entire object. The amplitude is not the same 
at every measured point but some similarities in curves can be seen.  
As for frequency responses in Figure 8.4 where two piezoelectric elements 
are placed next to each other without any significant distance in between (2 
mm) it can be seen that the frequency response curves have more similar 
characteristics. Although, many differences can be observed indicating a 
rapidly changing frequency response even for slight movements of the 
piezo elements.  
When performing NWMS tests the result for a certain chosen HF 
component may differ from time to time because of small movements of 
excitation point or sensing point and thus changes in obtained frequency 
response. This variation must be minimized by averaging of results for 
many HF components. (For example results for HF components in a 10 
kHz range with 2 kHz intervals can be used).  
 

8.2 Connection between hammer hit and sidebands  

8.2.1 Purpose 

The purpose is to investigate the dependence between the hammer 
excitation hit and the generated sidebands to determine weather a linear 
proportionality can be assumed. From theory a quadratic dependence of 
second order sidebands also exist (Figure 4.2) but this will presumably be 
possible to neglect in practise. 
 
8.2.2 Procedure 

A test setup which will be presented in more detail in chap. 11.2 is used.  
Two piezo elements are attached to the rotor blade. One is used to excite 
the object with an ultrasonic frequency coming from a signal generator and 
one is used to transfer the signal to the pico scope for spectral analysis. 
Nine hammer excitation hits are performed at the same spot but with 
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different force to generate different amplitudes. The HF component is held 
at a constant frequency. A high-pass filter (se chap 5.4) with cut of 
frequency 70 kHz is used not to overload the scope with hard hammer hits. 
Amplitudes of clear low frequency resonances and sidebands are used for 
comparison.  
 
8.2.3 Results 

Figure 8.5 presents an example of low resonances and corresponding 
sidebands. Amplitudes of clear low resonances at 572, 1049, 1717 and 9252 
Hz are compared with corresponding sidebands in Figure 8.6. 
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Figure 8.5 Example of frequency peaks of a hammer excitation hit and 

corresponding sidebands. 
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Hammer vs. Sideband Dependence
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Figure 8.6 Amplitude of low frequency resonance peaks versus amplitude 

of sideband frequency peaks. 

 
8.2.4 Conclusion 

A comparison of the amplitudes of the frequency peaks from the hammer 
excitation hit with the amplitudes of the frequency peaks from the 
generated sidebands shows a mainly linear trend. The small tendency of 
quadratic decrease can presumably be neglected. This makes it possible to 
compensate differences in sideband generation because of different hammer 
forces by dividing the amplitudes of the sidebands by the amplitudes of the 
low resonances from the hammer excitation. This simplifies the 
quantification of damage in the material.  
The quantification of the damage in the material by mathematical 
connections as above and according to chapter 4.2 is in practice not 
completely reliable since geometrical properties of test object and crack 
location also influences the result. 
The possibility that the curves converges towards a certain value on the y-
axis (sideband axis) for large forces does not disrupt the assumption of 
linearity since larger forces than in Figure 8.6 is not needed for NWMS 
tests. 
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8.3 Connection between sidebands and FRF 

8.3.1 Purpose 

The purpose is to investigate if a clear connection between sidebands and 
the high frequency response curve can be observed and thus determine if 
other parameters like crack location and orientation is of much higher 
importance. 
 
8.3.2 Procedure 

RM8A stage 1 with a large crack is used as test object (Figure 8.2) and is 
placed on a low damping rubber pillow. A frequency sweep from 190 kHz 
to 215 kHz is first made to be put in the NWMS result diagram for 
comparison (the sweep time is set to 200 seconds). Results for HF 
components from 200 kHz to 205 kHz with 1 kHz intervals are recorded. 
Five hammer hits at one distinct point are averaged for each HF component 
and plotted with Excel program NWMS.xls. The hammer hits are tried to 
be held at same amplitude for all frequencies to minimise the influence of 
differences in the hammer hits. 
 
8.3.3 Results 

The recorded frequency sweep is put in the same diagram as the high 
frequency band from the NWMS tests to show variations of sideband 
generation when the high frequency component is moved along the curve 
from the frequency sweep.  
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Frf influence on sidebands
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Frf influence on sidebands
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Figure 8.7  Above six graphs are shown to illustrate the FRF influence on 

the sidebands. 

 
8.3.4 Conclusion 

As can be seen in diagrams above the sideband spectra have large 
differences for different HF components. Some indications of higher 
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sideband amplitude when the sideband occurs on a resonance peak (shown 
by the frequency sweep) can be seen. Indications of higher sideband 
amplitudes can also be observed when the HF component itself is placed on 
a resonance. Still, no clear and definitive connection between the frequency 
sweep and sideband amplitudes can be seen. This means that other factors 
that cannot directly be observed here is of high importance for the sideband 
generation at different frequencies. This could for example be the location 
of energy concentration of the high frequency waves in the test object or 
the directions of the waves in relation to the crack. Again averaging of 
results from several HF components is recommended to obtain reliable 
results.  
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9 Linear tests using IRAS 

To confirm the information obtained from Volvo Aero of which test objects 
that are in cracked and non cracked state the linear method IRAS, Impulse 
Resonance Acoustic Spectroscopy is used. IRAS software version 1.5 
draws the frequency response curve for objects in a simple operation of 
tapping it and recording the signal with a microphone. 
 

9.1 Test 1 - RM8B stage 1 rotor blade 

Linear method IRAS is used as complement to the NWMS tests on rotor 
blades RM8B stage 1 where no cracks can be seen by the eye. 
 

 
Figure 9.1  Cracked and non-cracked RM8B stage 1 rotor blade. 
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9.1.1 Purpose 

The purpose is to investigate whether the RM8B stage 1 rotor blade with 
the supposed crack shows higher resonance frequencies than the non-
cracked part according to the IRAS method.   
 
9.1.2 Procedure 

The blades are placed on a foam rubber pillow. For each rotor blade three 
hammer hits are recorded with a microphone and a computer soundcard and 
then averaged. Frequency response data are obtained with software IRAS 
and the plotted in Excel.  
 
9.1.3 Results 

Non-cracked vs cracked (cracks in damper and root) RM8B stage 1 is 
shown in Figure 9.2. The first eight resonance frequencies can be seen.  
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Figure 9.2  The figure shows the first eight resonance frequencies for a 
cracked and a non-cracked RM8B stage 1 rotor blade. 
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Table 9.1  Values of the eight first resonance frequencies for a cracked and 

a non-cracked RM8B stage 1 rotor blade 

Resonances (Hz), Cracked: Resonances (Hz), Non-cracked: 

223 231 

563 589 

678 684 

1112 1147 

1225 1251 

1820 1849 

2065 2091 

2323 2369 

 
9.1.4 Conclusion 

An increase of all resonance frequencies can be observed for the cracked 
part. This supports the fact that one is cracked and one is non cracked. Q-
factor measurements (also possible to use for crack detection according to 
the IRAS method) are not well suited for current measurement because the 
placement on the rubber pillow affects the damping too much at low 
frequencies.  
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9.2 Test 2 - RM8A stage 3 rotor blade 

Linear IRAS test is used as complement to the NWMS tests for RM8A 
stage 3 where no cracks can be seen by the eye. 

 
Figure 9.3  Cracked and non-cracked RM8A stage 3 rotor blade. 

 
9.2.1 Purpose 

The purpose is to investigate whether the RM8A stage 3 rotor blade with 
the supposed crack shows higher resonance frequencies than the non-
cracked part according to the IRAS method.   
 
9.2.2 Procedure 

The blades are placed on a foam rubber pillow. For each rotor blade three 
hammer hits are recorded with a microphone and computer soundcard and 
averaged. Frequency response data is obtained with software IRAS and 
plotted in Excel.  
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9.2.3 Results 

Non-cracked vs. cracked RM8A stage 3 (cracks in damper and root). First 
eleven resonance frequencies can be seen in the graph.  
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Figure 9.4  The figure shows the first eleven resonance frequencies for a 

cracked and a non-cracked RM8A stage 3 rotor blade. 

 
Table 9.2  Values of the ten first resonance frequencies for a cracked and a 

non-cracked RM8B stage 1 rotor blade 

Resonances (Hz), Non-cracked: Resonances (Hz), Cracked 

272 291 

662 718 

877 921 

1330 1497 

1453 1563 

2137 2374 

2435 2812 

3033 3334 

3329 3636 

3558 3908 
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9.2.4 Conclusion 

A significant raise in resonance frequencies is obtained for the cracked part. 
This supports the information obtained from Volvo Aero that there is one 
cracked and one non-cracked part. Q-factor measurements are 
unfortunately not well suited for current measurement because the 
placement on the rubber pillow affects the damping too much at low 
frequencies. 
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10 Introductory tests - NWMS 

The introductory tests were carried out during one week at the department 
of mechanical engineering, BTH, with guidance of Dr Alexander Sutin. 
The tests were made on test objects with simple geometries with the 
purpose to confirm the sideband generation from cracks as physical 
phenomena and to show the functionality of the NWMS method. 
 

10.1 Test setup 

Setup for NWMS-tests used at BTH.   
 

 
Figure 10.1  Test setup for hammer excitation. 

 
 Signal generator Agilent 33250A  
 Oscilloscope LeCroy waverunner-2 LT262 
 Modally Tuned Impact Hammer, PCB Piezotronics 086M76 
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10.2 Test 1 – Small tensile test specimen 

Two tensile test specimen shown below are used for introductory NWMS 
testing. The cracked part has been pulled in a tensile test machine until pull-
force has decreased to 50 %. 

 
Figure 10.2 Non-cracked (LiP) and cracked (RiP) pull test specimen, with 

attached piezoelectric elements. 

 
10.2.1 Purpose 

The purpose is to investigate the difference in response from a cracked part 
with response from an identical part without cracks. 
 
10.2.2 Procedure 

An impact hammer is used for low frequency excitation. Ten hits are 
averaged for each frequency going from 190 kHz to 200 kHz in steps of 1 
kHz. Results obtained with the different HF components are normalized to 
zero at HF position and also averaged. This is done for both the cracked 
and non-cracked part.  
 
10.2.3 Results 

Figure 10.3 shows the higher generation of sidebands for the cracked part. 
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Figure 10.3  Cracked vs. non-cracked test specimen comparison. Higher 

sideband amplitudes for the cracked part can be seen.  

 

10.3 Test 2 – Big tensile test specimen 

Two of the tensile test specimens shown below are used in a second 
introductory test. Cracks have been generated in the specimen by sawing 
and bending several times. The large open crack is possible to see in the 
picture and is of course not a micro crack, open cracks of this size gives a 
lower response than micro cracks because of smaller contact area between 
the crack sides. Micro cracks are of course also present around this large 
crack because of the bending.  
 

 
Figure 10.4 Non-cracked (LiP) and. cracked (RiP) test specimen. 

 

Cracked 

Non-cracked 
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10.3.1 Purpose 

The purpose is to investigate the difference in response from a cracked part 
with response from an identical part without cracks. Also correspondence 
of low frequency resonances from the hammer hit and sideband generation 
shall be investigated. 
 
10.3.2 Procedure 

An impact hammer is used for low frequency excitation. Ten hits are 
averaged for each frequency going from 190 kHz to 200 kHz in steps of 1 
kHz. Results obtained with the different HF components are normalized to 
zero at HF position and also averaged. This is done for both the cracked 
and non-cracked part.  
 
10.3.3 Results 

Figure 10.5 shows the right hand sidebands for the cracked and non cracked 
part for comparison. A higher amount of sidebands is clear for the cracked 
part but one sideband is unfortunately obtained also for the non cracked 
part. This must be subject for further investigations. 
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Figure 10.5 Right hand side spectra of sidebands centred around zero 

frequency showing differences of sidebands for the cracked and the non-
cracked part respectively. 
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Figure below shows the sidebands occurring at the same position as the low 
frequency resonances when sideband spectra are moved to set HF position 
to zero HZ.  
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Figure 10.6 Right hand sidebands compared with low frequency hammer 

hit excitation showing peaks at the same frequencies. 

 
 



 76

11 Further tests – NWMS 

The Following tests were carried out mainly at Volvo Aero Corporation. 
 

11.1 Signal generator for low frequency excitation 

If a pure sine wave from another signal generator could be used for low 
frequency excitation instead of hammer hits, a more controllable, 
repeatable and measurable response can be obtained.   
 
11.1.1 Purpose 

The purpose is to investigate whether enough energy for the low frequency 
excitation can be obtained with a second signal generator and a piezo 
element (Pz27 with 1 mm thickness and 10 mm width) and if it is possible 
to discriminate between non-cracked and cracked test objects with this 
equipment.  
 
11.1.2 Procedure  

The test objects are simple tensile test specimen of same kind as presented 
in Figure 10.2. Two cracked and two non-cracked specimens are tested for 
three different low frequency resonances. The test specimens are placed on 
a low-damping foam rubber pillow and the hammer used for low frequency 
excitation is replaced by another signal generator connected to a third piezo 
element glued on the test object beside the piezo used for the HF excitation. 
The low frequency resonances are found by sweeping with the signal 
generator over the low frequency domain. When the low frequency 
resonance is found the ultrasonic frequency is stepped from 190 KHz to 
200 KHz with 2 kHz intervals and amplitudes for first order sidebands, 
high and low frequency component amplitudes are then documented. 
Amplitudes for each test object are averaged for each low frequency mode. 
Since excitation amplitudes varies from test object to test object one must 
use the fact that the first order sidebands are linearly dependent of both 
high and low frequency component (see chapter 4.1). A damage ratio is 
calculated by first adding the amplitudes of the first left and right sideband 
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and then divide by amplitudes of high frequency (HF) and low frequency 
(LF) components as:  

LFHF
sidebandsideband

damage rightleft

⋅

+
=  (11.1) 

 
11.1.3 Results 

Mode A (about 4.1 kHz): 
 
Table 11.1  The table shows the amplitudes of the high and low frequency 

components as well as the sum of sidebands and the damage ratio for mode 
A having resonace frequency about 4.1 kHz. 

 HF (V) LF (V) Sum. Sideb. 
(V) 

Damage 
ratio 

Non-crack 
N9 

Not found Not found Not found Not found 

Non-crack 
OA-9 

0.081044 0.095881 1.24534E-4 0.090583 

Cracked N4 0.254235 0.0857377 1.46736E-4 0.006732 

Cracked N5 0.273853 0.035045 1.424062E-4 0.014838 
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Mode B (about 6.3 kHz) 
 
Table 11.2  The table shows the amplitude of the high – and low frequency 
component as well as the sum of sidebands and the damage ratio for mode 

B having resonace frequency about 6,3 kHz. 

 HF (V) LF (V) Sum. Sideb. 
(V) 

Damage ratio 

Non-crack 
N9 

0.219757 0.029242 3.60723E-4 0.056185 

Non-crack 
OA-9 

0.080770 0.160009 1.20503E-4 0.0093241 

Cracked N4 0.286677 0.182181 1.561332E-4 0.0029895 

Cracked N5 0.274074 0.074304 1.62064E-4 0.0079581 

 
Mode C (about 7.3 kHz): 
 
Table 11.3  The table shows the amplitude of the high – and low frequency 
component as well as the sum of sidebands and the damage ratio for mode 

C having resonace frequency about 7.3 kHz. 

 

 HF (V) LF (V) Sum. Sideb. (V) Damage 
ratio 

Non-crack 
N9 

0.219557 0.12274  0.000330745 0.012273 

Non-crack 
OA-9 

0.080771 0.08761 1.04669E-4 0.014791 

Cracked  
N4 

0.28691 0.026363 9.76638E-5 0.012912 

Cracked  
N5 

0.27445 0.018889 1.43502E-4 0.027681 
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11.1.4 Conclusion 

As can be seen the results from the above experiment correlates badly with 
cracked and non-cracked parts. Many reasons of the bad results are 
possible. The most plausible reason is that too small amount of energy is 
actually obtained for the low frequency component with a signal generator 
and thus no clear rise in modulation from the cracks can be seen. This 
favours the hammer hit excitation which will be used instead where lots of 
energy can easily be put into the object in many different locations. (A 
shaker might be a better choice than a signal generator in respect of 
generated amount of energy.) Another disturbing fact is the small amount 
of sidebands obtained for non-cracked parts as well as for cracked. 
Investigations must be done to find non-linearities generated from other 
sources like equipment or attachment of piezo elements.  
 

11.2 Establishment of NWMS test setup 

Since experiment in chapter 11.1 with a signal generator and piezo element 
used for low frequency excitation was not successful, the ordinary 
excitation hammer is recommended and used in following NWMS tests. 
Figure 11.1 shows a schematic picture of the established test setup with 
adequate equipment to perform NWMS measurements. The picoscope and 
connected computer can of course be replaced with an ordinary 
oscilloscope as in test setup shown in Figure 10.1. 
 

 Signal Generator LapTop Computer 

PicoScope 
(Oscilloscope) 

Test Object 

Excitation  
 
Hammer 

Hammer Signal 
Conditioner 

 
Figure 11.1 Schematic illustration of test setup for hammer excitation. 

 
 Signal Generator, Hewlett Packard 33120A 



 80

 PicoScope, Pico ADC-212/50 
 ICP Sensor Signal Conditioner, PCB Piezotronics 480E09 
 Modally Tuned Impact Hammer, PCB Piezotronics 086M76 
 LapTop Computer 

 

 
Figure 11.2 Established test setup with adequate equipment used for 

NWMS tests  at Volvo Aero. 

 

11.3 NWMS test on rotor blade RM8A stage 1 

The NWMS method is applied on two rotor blades type RM8A stage 1 
(Figure 5.3). One rotor blades has a large closed crack invisible for the eye 
with a length of approximately 4 cm and one rotor blade is intact. 
 
11.3.1 Purpose 

A main purpose is to confirm that the NWMS non-linearity phenomena can 
be observed with current test object and current experimental setup. 
Investigation of differences in amount of sidebands shall be done for the 
heavily cracked rotor blade RM8A stage 1 and the intact rotor blade of 
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same kind. Another purpose is to determine a suitable width of frequency 
band around HF to be considered for sideband measurements.  
 
11.3.2 Procedure 

The Experimental setup presented in chapter 11.2 is used. The rotor blades 
are placed on a low-damping foam rubber pillow and are excited with a 
metal impact hammer tip at one distinct point only (for detection of smaller 
cracks with unknown placement, a roving hammer excitation is 
recommended). The hammer excitation force is tried to be hold at same 
level to avoid unnecessary variations in measurements. Three hits for each 
of the six high frequency steps between 200 and 210 kHz are averaged and 
automatically assembled in the DDE connected Excel program 
“NWMS.xls” taking data directly from the oscilloscope. (The choice 200 to 
210 KHz is based on a frequency sweep on the object where a high and flat 
level of amplitude is obtained at this frequency interval). The signal 
generator is held at 10 V. Wrap around electrodes Pz27 are attached with a 
thick epoxy glue film at locations shown in Figure 5.3 above. Here small 
attention is taken to slight differences in amplitude of the high frequency 
component between the two objects because of crack properties that is 
assumed to give very strong indications (a closed crack gives stronger 
indications than an open one because of larger contact area between crack 
surfaces). 
 
11.3.3 Results 

In the graph below the averaged sidebands (red) and corresponding 
averaged low frequency resonances trigged by the hammer hit for the non-
cracked part are shown. The Excel program NWMS.xls has moved the low 
frequency spectra of interest up to the position of the HF component (black 
line) and has then mirrored the low frequency spectra around this (dashed 
black line) to show the correspondence between hammer hit and left hand 
sidebands as well. The frequency axis is normalized to zero Hz at HF 
component position.  
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Figure 11.3  The resulting graph for a non-cracked RM8A stage 1 rotor 

blade showing a low amount of sidebands. 

 

A way to get a more easily measured value of sideband generation is to 
compare the averaged area under the graphs for low frequency resonances 
and sidebands respectively shown in Figure 11.4 below. The diagram below 
can be represented as a ratio sideband divided by hammer hit area. This is 
calculated by NWMS.xls to 0.202 for the non-cracked part.  
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Sidebands vs hammerhit (area under graphs)
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Figure 11.4  Resulting “area under graph”-diagram for the non-cracked 

RM8A stage 1 rotor blade. 

 
Sidebands and low resonance frequencies trigged by the hammer hit are 
shown below for the cracked RM8A stage 1 rotor blade. 
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Figure 11.5  The figure shows the obtained graph for cracked object. 

Significantly larger amount of sidebands can be seen.  
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The figure below shows the area contents for cracked part. The ratio 
between sidebands and hammer hit is calculated to 0.84.  
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Figure 11.6  Resulting “area under graph” –diagram for the cracked 

RM8A step 1 rotor blade.  

 
11.3.4 Conclusion 

As can be seen there are significant differences between cracked and non-
cracked parts. A complete absence of sidebands on the non-cracked part is 
desirable and the source of spurious sidebands is wished to be determined 
and if possible also eliminated. If spurious sidebands cannot be totally 
eliminated on non-cracked parts, a statistical basis is needed to determine a 
maximum sideband value for undamaged parts. 
 

11.4 NWMS test on RM8A stage 3 rotor blade 

The initial micro cracks that must be detected before risk of failure arises 
are very small and very hard to detect. The NWMS method as it was 
performed on the forgoing RM8A stage 1 blades with large cracks is here 
performed on RM8A stage 3 blades where only such very small micro 
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cracks are present. Their presence were established by existing test methods 
on Volvo Aero corporation. 
 
11.4.1 Purpose 

The purpose is to investigate whether the NWMS method can indicate 
micro cracks in RM8A stage 3 rotor blades and give clear indications of 
those even at very small crack sizes. 
 
11.4.2 Procedure 

Rotor blades (see Figure 9.3) are suspended with rubber bands and excited 
at three different places with a metal impact hammer tip; at the top, in the 
middle and at the root. The hammer excitation force is tried to be held at 
same level for all hits to avoid unnecessary variations in the measurements. 
Three hits for each of the six HF components between 200 and 210 kHz in 
steps of 2 KHz are averaged and assembled in Excel program “NWMS.xls” 
taking data directly from Picoscope. “Damage ratio” is calculated by Excel 
program NWMS.xls as the integral of sidebands divided by integral of low 
resonances and HF amplitude. The signal generator voltage is held at 10 V. 
Wrap around electrodes Pz27 are attached with a thick epoxy glue film at 
locations shown in Figure 5.1 above. The NWMS.xls program is taking 
away amplitudes below 0.0003 V because small disturbances are present. 
The low frequency spectra from the hammer hit is scaled down with a 
factor 0.02. (The scaling of the low frequency spectra does not affect the 
proportional difference between cracked and non cracked part). Sidebands 
up to 10 kHz on each side of HF are considered and amplitudes below 400 
Hz are ignored to prevent disruptions from leakage of HF.  

 
11.4.3 Results 

As before the Excel program NWMS.xls has moved the low frequency 
spectra of interest up to the position of the HF component (black line) and 
has then mirrored the low frequency spectra around this (dashed black line) 
to show the correspondence between hammer hit and left hand sidebands as 
well. The frequency axis is normalized to zero Hz at HF component 
position. In Figure 11.7 the result for a non-cracked rotor blade is presented 
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The maximum voltage shown in Figure 11.7 is only 0.02 V so the averaged 
amplitude of HF component is unfortunately cut of but was documented as 
0.927 V. 
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Figure 11.7  The figure shows spurious sidebands for a non-cracked part, 

together with the low frequency spectra from the hammer hit. 

 
In the diagram below the NWMS-result from above graph is presented in 
an “area under graph” diagram.  
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Figure 11.8  Resulting “area under graph” –diagram for non-cracked part. 

 

The graph in Figure 11.9 shows the result for a cracked part. The amplitude 
of the HF component was documented as 0.56 V. 
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Figure 11.9  The figure shows generated sidebands, for the cracked part 

together with the low frequency spectra from the hammer hit.  
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Figure 11.10  Resulting “area under graph” – diagram for the cracked 

part 

 

The diagram in Figure 11.10 shows a “damage ratio” or non-linear ratio as 
area under sideband curve divided by area under low frequency curve and 
HF amplitude.  
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Figure 11.11  Diagram shows a slight indication of higher non-linearity in 

the cracked part. 
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11.4.4 Conclusion 

As can be seen in diagrams above a non-linear response is obtained also for 
the non-cracked part. Just looking at the sidebands the results seems to 
indicate higher non-linearity in the non cracked part. If one looks at the 
diagrams showing sidebands vs. hammer hit one can se that the hammer hit 
is a bit stronger for the non-cracked part. Since the sidebands are mainly 
linear dependent of the hammer hit (see chapter 8.2) it is possible to divide 
with the area under low frequency spectra to eliminate for hammer hit force 
variations. Since the sidebands are linear dependent of the HF component 
amplitude when averaging for several HF components to minimize 
influence of frequency response curve (see chapter 8.3) it is also necessary 
to take this into account by division. When this is done one can observe a 
slightly stronger non-linear response in the cracked part. To be noticed is 
that the results may be hard to interpret because of the unknown crack 
characteristics. If the crack is open, more like a porosity the NWMS 
method will not be well suited for the purpose.    
 

11.5 NWMS test on RM8B stage 1 rotor blade 

11.5.1 Purpose 

The purpose is to investigate whether the NWMS method can indicate 
micro cracks in an RM8B stage 1 rotor blade and give clear indications of 
those even at very small crack sizes. 
 
11.5.2 Procedure 

Rotor blades (see Figure 9.1) are suspended with rubber bands and excited 
at three different places with a metal impact hammer tip; at the top, in the 
middle and at the root. The excitation intensity is tried to be hold at same 
level for all hits to avoid unnecessary variations in the measurements. Three 
hits for each of the six high frequency steps between 200 and 210 kHz are 
averaged and assembled in Excel program “NWMS.xls” taking data from 
oscilloscope Lecroy waverunner-2 LT262. Same frequency resolution as in 
the picoscope is used to get same quality in measurements. Signal generator 
Agilent 33250A is held at 10 V. Wrap around electrodes Pz27 are attached 
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with a thick epoxy glue film at locations shown in Figure 5.1 above.The 
NWMS.xls program is taking away amplitudes below 0.0003 V because 
small disturbances are present. The low frequency amplitudes are then also 
scaled down with factor 0.02. (As mentioned before the scaling of the low 
frequency spectra does not affect the proportional difference between 
cracked and non cracked part). Sidebands up to 10 kHz on each side of HF 
are considered and amplitudes below 400 Hz are ignored to prevent 
disruptions from leakage of HF. A “non-linear ratio” or “Damage ratio” is 
calculated by Excel program NWMS.xls as integral of sidebands divided by 
integral of low resonances and HF amplitude.  
 
11.5.3 Results 

In the figure below the result, for a non-cracked rotor blade, is presented in 
a graph showing the high frequency component and the hammer hit. HF 
amplitude cut of in graph at 0.004 V is actually 0.322 V. 
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Figure 11.12  The figure show the high frequent component and the small 
generated sidebands, for a non-cracked part, together with the hammer hit 

which is mirrored to the left side (dashed line). 
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In the diagram below the NWMS-result from above graph is presented in 
an “area under graph”-diagram showing that the quantity, sidebands vs. low 
frequency, is low  
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Figure 11.13  Non-linearity for non-cracked RM8B stage 1 rotor blade. 

The graphs in the diagrams below shows results for the cracked part. HF 
component amplitude is documented as 0.552 V.  
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Figure 11.14  The figure shows generated sideband for the cracked part 

together with the hammer hit. 
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Figure 11.15  Resulting “area under graph” -diagram for the cracked part. 
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Figure 11.16  Figure shows the “damage ratio”  for the two test objects. 
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11.5.4 Conclusion 

Like in the preceding experiment (chapter 11.4) spurious sidebands are 
obtained also for the non-cracked part. The results are not indicating 
stronger non-linear response until both hammer hit and HF amplitude is 
taken into account by division.  
 

11.6 Variations in results 

To be able to use the method for crack detection in industry the method 
must be very accurate, repeatable and reliable. The results must not be 
influenced by chance or unexplained sources.  
 
11.6.1 Purpose 

The purpose is to investigate variations in results and if the method is stable 
enough for drawing a line between cracked and non-cracked parts.  
 
11.6.2 Procedure 

The experiment is carried out with one non-cracked and one cracked 
RM8A stage 3 rotor blade. The results can however not be directly 
compared with results in forgoing test of RM8A stage 3 rotor blades 
because of some differences in measurement settings. Here two cascaded 
RC filters are used (chap. 5.4) to minimize risk of overloading the scope. 
Filter compensation for two RC filters are used. The hammer hits are then 
scaled down by factor 0.005 (this makes no difference for proportions 
between results for cracked and non-cracked part). “Damage ratio” is 
calculated by Excel program NWMS.xls as before by taking integral of 
sidebands divided by integral of low resonances and HF amplitude.  
NWMS tests on same rotor blades are done three times with exactly the 
same conditions.  
Rotor blades are suspended with rubber bands and excited at three different 
places with a metal impact hammer tip; at the top, in the middle and at the 
root. Three hits on each place. The hits are averaged by the oscilloscope. 
The excitation intensity is tried to be hold at same level for all hits to avoid 
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unnecessary variations in the measurements. HF frequency steps of 2 kHz 
between 200 and 210 kHz are averaged and assembled in Excel program 
“NWMS.xls” taking data from oscilloscope Lecroy waverunner-2 LT262. 
(Same frequency resolution as in the picoscope is used to get same quality 
in measurements).The Signal generator (Agilent 33250A) is held at 10 V. 
Wrap around electrodes Pz27 are attached with a thick epoxy glue film at 
locations shown in Figure 5.1. The NWMS.xls program is taking away 
amplitudes below 0.001 V to reduce influence of noise. Sidebands up to 10 
kHz on each side of HF are considered but amplitudes below 400 Hz are 
ignored to prevent disruptions from leakage of HF.  
 
11.6.3 Results 

Below are shown damage ratios for cracked and non-cracked RM8A stage 
3 rotor blade for the three equally performed tests. 
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Figure 11.17  The Non-linear ratio of the non-cracked part in test number 
three is unfortunately higher than the non-linear ratio for the cracked part 

in test number two. 
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11.6.4 Conclusion 

It can be seen that there are unwanted non-linear variances in the results of 
the three tests that must be eliminated. Non-linear ratio for non-cracked part 
in test 3 is higher than non-linear ratio of cracked part in test 1. There is 
although a clear tendency for a higher non-linear ratio in the cracked part. 
More accurate measurement techniques is needed to be able to draw a line 
between parts that are guaranteed free from cracks and parts that is cracked 
when very small cracks are in question. A somehow better approach than 
dividing with only the average of the HF component amplitude might be to 
also divide with the median of a high frequency sweep in the frequency 
band where sidebands are studied. This will further minimize variations 
because of differences in attachment of piezo element. It will also further 
minimize the problem that if HF component is on an anti resonance the 
sidebands often occurs on resonances, division with HF amplitude can then 
be misleading. The averaging of 6 results from 6 HF components might not 
sufficiently remove this influence. This is recommended for further 
investigations.    
 

11.7 Material dependence for NWMS tests 

Indications of some amount of non-linearities i.e. sidebands in materials of 
“non-cracked” state has been observed during former experiments. Whether 
this depends on extremely small micro cracks existing in the materials 
natural state or other non-linear sources in, for example, the equipment is 
unknown. Some differences in behaviour for different materials have also 
been indicated. Following experiment can of course not establish the above 
assumptions because of lack of statistical basis but although give some 
documented support. 
 
11.7.1 Purpose 

To investigate the non-linear behaviour in cracked and non-cracked state 
for two pairs of test specimen made of high carbon steel and austenitic steel 
respectively.   
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11.7.2 Procedure 

Piezo electric elements Pz26 are glued with epoxy on the short sides of the 
four test specimen. Signal generator Agilent 33250a is connected to one 
piezo element to give the ultrasonic signal. A Lecroy waverunner Lt 262 is 
reading the frequency responses. Frequencies from 200 to 210 kHz in steps 
of two kHz are used with three averaged hammer hits on each frequency. A 
frequency band of 10 kHz on each side of the high frequency (HF) 
component is further cut out for each frequency. Amplitudes at those 
frequencies are then averaged. The area of sidebands is also plotted vs. the 
area of the hammer hit (black line) moved up to the HF component and 
mirrored (dashed black line) to see the correspondence for left hand 
sidebands too.  
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11.7.3 Result 

Graph and diagram for non-cracked carbon steel specimen is shown below. 
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Figure 11.18  Result for a non-cracked carbon steel specimen.  
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Graph and diagram for cracked carbon steel specimen is shown below. 
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Figure 11.19  Result for a cracked carbon steel specimen. 
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Graph and diagram for non-cracked austenitic steel specimen is shown 
below. 

Sidebands vs low freq. resonances (ave.)

0
0,001
0,002
0,003
0,004
0,005
0,006
0,007
0,008
0,009
0,01

-10000 -5000 0 5000 10000

Freq. (norm. Hz)

Am
pl

itu
de

 

Nonlinearity (Average)

0

5

10

15

20

25

30

35

40

0 5 10 15 20

Area low freq. resonances

Ar
ea

 si
de

ba
nd

s

 
Figure 11.20  Result for a non-cracked austenitic steel specimen. 
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Graph and diagram for cracked austenitic steel specimen is shown below. 
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Figure 11.21  Result for a cracked austenitic steel specimen. 

 
11.7.4 Conclusion 

Large differences in results for cracked and non-cracked carbon test 
specimen are obtained. The non-cracked specimen shows relatively small 
amounts of sidebands compared to the strongly non-linear response for the 
cracked part. The austenitic steel on the other hand only gives a slightly 
higher non-linearity for the cracked specimen. The establishment of above 
results needs a wider experimental investigation with many more test 
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objects of respectively material. The carbon steel specimen is harder and 
stiffer than the austenitic steel specimen. Do macro mechanical properties 
as stiffness and hardness affect the NWMS results? Does micro mechanical 
properties like extremely small porosities or dislocations in the atom layers  
give those spurious sidebands which makes the results hard to interpret? 
Those questions can unfortunately not be answered by this master thesis but 
will hopefully get an explanation by further research. 
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12 Conclusion 

The phenomenon of a strong increase in sideband generation for materials 
with macro cracks or large numbers of micro cracks present has been 
clearly indicated in chapter 10 and chapter 11.3. The possibility to detect 
such defects is most useful when the cracks are inside the material or by 
other reasons invisible for the eye. To prevent engine failures, also small 
amounts of micro cracks must be detected early in the degradation process.  
The method has several practical issues that needs to be further developed 
and investigated before the NWMS method can be used in industry for 
micro crack detection. In the present master thesis it has been of importance 
to illuminate problem areas with for example introductory experiments and 
to give suggestions for future investigations for use of a contact test setup 
(see chapter 4.3.2). To be practically usable the method must be very 
accurate, reliable and fail safe. 
One important problem area is the generation of spurious sidebands from 
non-cracked parts. Tests are done indicating possibilities of sideband 
generation from piezo attachment (chapter 5.2), electrical equipment 
(chapter 5.3) and certain materials (chapter 11.7). (Disrupting sidebands is 
obtained both with BTH:s experimental setup and with experimental setup 
at Volvo Aero). Another similar problem area is the variance of test results 
(chapter 11.6). The variances can occur from differences in piezo 
attachment, slight changes of locations of piezo elements and differences in 
hammer hit as well as reasons mentioned above for the spurious sidebands 
in the non-cracked parts. The results ought to be done more stable to be 
reliable. Another important problem area is the way of attaching the piezo 
elements. The epoxy gluing might be well suited for method research but is 
unfortunately too time consuming and “dirty” for use in a production line. 
A wax attachment of the piezo elements is neither recommended (chapter 
5.1).  
An important question when “some” amount of sidebands is obtained even 
for non-cracked parts is the quantification of sidebands. When trying to 
detect micro cracks experiments indicates that consideration of both the 
force in the hammer hit and the amplitude of the HF component is 
necessary (see chapter 11.4 and 11.5).   
If spurious sidebands could be sufficiently minimized for non-cracked parts 
and a quicker method for exciting and reading frequency signals could be 
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developed, the method would presumably be rational and well suited in a 
production line. Assembling and treatment of data can be made very easily 
with equipment already available in most industries. For analysing of data 
and quantification of “damage” Excel can be sufficiently capable.  
A general requirement when developing a final test method, like for 
example NWMS-method,  for real use in practice a very large amount of 
statistical data is needed to get reliable values. This can only be obtained 
with a large amount of test objects. Tests done in this master thesis has 
mostly only been carried out with one cracked object and one non-cracked 
of same type. For this reason no definite limits between cracked and non-
cracked could be carried out. Tests only show comparison between cracked 
and non-cracked parts to see the actual increase in non-linearity and to see 
whether it could be possible in further work to determine fixed values for a 
guaranteed non-cracked parts and cracked parts.  
The different amounts of non-linearity both in cracked and non-cracked 
parts is obtained for different test objects and materials indicating that in 
application of the method to a new material and new test object,  pre-
investigations of the object in question is necessary.   
Speculations for use of the method to locate crack positions are a future 
work.   
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13 Further work 

The most prominent problem during investigations has been the non-
linearity obtained with non-cracked test objects. This must be thoroughly 
investigated if clear and stable test results shall be obtained. Investigations 
of which materials that are suited for NWMS measurements must be made. 
Is it extremely small cracks in varying amount and size naturally existing in 
almost every material that is producing the non-linearity? Can the 
equipment itself produce the non-linearity that disrupts the results? In what 
extent does the attachment of piezo elements with epoxy glue contribute to 
the non-linear response? Efforts must be done to obtain a more failsafe test 
setup. A more rational and clean way than attaching piezo elements with 
epoxy must also be found for the method to be applicable in real industry. 
Using wax to attach the piezo is also not recommended.  
Is the way to quantify the sidebands sufficient? Is it sufficiently good to 
neglect the second order dependence of low frequency components and 
divide with integral of hammer hit? Could dividing with averaged HF 
amplitude be misleading? Those questions cannot be answered until the 
amount of spurious sidebands is negligible. A large statistical basis is also 
needed to be able to answer that question.   
A somehow better approach for further investigations might be to also 
divide results with the median of a high frequency sweep in the domain of 
interest to minimize for variations in piezo attachments (a sweep from 190 
kHz to 220 kHz if HF frequencies is between 200 and 210 and 10 kHz on 
each side of HF is considered).  
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Appendix A: Excel programs, settings and 
expressions. 

Explanation of Excel program NWMS.xls  
An optimized version of NWMS.xls for use with the PicoScope with 4096 
frequency points is done to make the calculations quicker. This is called 
NWMS_pico4096. The program has almost similar command lines as 
NWMS.xls. but with some simplifications made possible because of the 
fixed frequency resolution.  
Program settings 
A13 allows user to define the reference voltage for zero decibel for the data 
coming from the spectrum analyser since this often varies from scope to 
scope.  
 
A16 allows user to define the frequency band on each side of HF to be 
considered when calculating the sideband integral.  
 
A19 allows user to define a frequency band on each side of  HF to be 
neglected. HF itself shall of course not be included when calculating the 
integral al of the sidebands. The leakage of the HF component varies 
depending on resolution and windowing type. This value must be large 
enough to guarantee that nothing of the HF component is included in the 
calculation of sideband integral. 
 
A27 allows user to define a lowest level of amplitudes to be considered 
when calculating the sideband integral. There is often a lot of noise present 
on the spectrum floor. This noise can be excluded from calculations and 
plots by defining a value above this noise floor.  
 
B13 allows user to scale the low frequency part. Value typed in this cell is 
multiplied by the amplitudes of the low frequency components. Often the 
low frequency components are enormously larger than the sidebands. To 
get nice plots one may have to scale down the low frequency part. The 
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scale value is also scaling down the integral of the low resonances so same 
scale factor must be used when comparing cracked and non-cracked parts 
to get comparable results.  
 
B22 Since high-pass RC-filter is used to damp the amplitudes of the low 
frequency resonances to avoid overloading of the scope a filter 
compensating curve is included in the program. If this value is one, the 
program compensates for one single RC-filter. If this value is set to two the 
program compensates for two cascade connected RC-filters. One must be 
very careful when doing filter compensation. This is not recommended if 
the low resonances are very low. Then the results can be even more 
misleading. If the filter is used for all test objects the filtered hammer hit 
presumably is good enough to quantify the hardness of the hit without filter 
compensation.  
 
B23 Allows user to define cut of frequency for RC filter.  
 
B24 Allows user to define damping for RC filter. (Linear amplitudes are 
divided with B24.) 
 
B25 Calculates damping if two cascade connected filters are used.  
 
=$B$24^$B$22 
 
Columns B and C: Used to receive data from a spectrum analysor. 
Frequencies in column B and amplitudes in decibel in column C. The 
columns of data values must start in row 4 and the first frequency value 
shall be zero. The data can be obtained for example by importing data as 
text files or by defining a DDR-link.  
Importing of data text file: mark cell C4. Chose “import extern data” on the 
data roll down menu. Change “Start import from row” to the row number 
where the actual data begins. Chose “next”. Change “delimiter” to what is 
separating the data columns (mostly tab or comma). Chose “next”. Click on 
“advanced” and chose what is used as decimal delimiter in the text file. 
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Chose “do not import this column” and mark the third column (this is not 
used here). Finally chose finish. Now the frequencies should be in row B 
starting with zero in B4 and the decibel amplitudes should be in row C 
starting in C4.  
Making a DDR connection with the picoscope. In the Picoscope software 
chose “copy as text” in “Edit menu”. Go to Excel and mark cell B1. Chose 
“paste special” in “Edit” menu. Mark “paste link”. Chose text. Chose 
finish. Now the data should be continuously updated in Excel when updated 
in the picoscope. 
 
Program formulas and expressions.   
Column F: Calculates the log scale into a linear scale as 

20

10__

dB

dBzeroVoltagevoltage ⋅= (red). It also says that values shall be set 
to zero if the amplitudes are lower than value specified in A27 or equal to 
the lowest value obtained from the spectrum analyser (black). The values 
are also set to zero below the last row containing data in the imported data 
columns (blue). The reason for doing this many steps in one formula is that 
Excel works faster with fewer cells to calculate. The reason for importing 
data in decibel and then convert into linear scale is mainly because it is 
preferable to look at the spectra with decibel scale in the spectrum analyser 
but preferable with linear scale when doing calculations. 
(NWMS_pico4096.xls is simplified by removing the if statements.) 
 
=OM(OM($H5<$J$8+4;$A$13*(10^($D5/20));0)<=$K$24;0;OM($H5<$J
$8+4;$A$13*(10^($D5/20));0)) 
 
Column G: Calculates the values for filter compensation using formula 
derived in chapter 4.4.5 (red). Divides with a factor compensating for 
damping (blue). ( it also says that values shall be set to zero below the last 
row containing data in the imported data columns (black)). (Also here 
NWMS_pico4096.xls is simplified by removing the if statements).  
 
=OM($H5<$J$8+4;$F5/($B$25*((($C5/$B$23)/(ROT(1+($C5/$B$23)^2))
)^$B$22));0) 
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Column H: Just a helping number of rows used by other formulas.  
 
J4: Finds the amplitude of the highest frequency component (HF) below 
line 200 to avoid finding a high amplitude low frequency peak from the 
hammer hit. If very high resolutions is used and high amplitude low 
frequency components is obtained this value can be increased.  
 
=STÖRSTA($D$200:$D$25010;1)  
 
K4: Finds the row number for HF in column H.  
 
=LETARAD($J$4;$D$1:$H$25010;5;FALSKT) 
 
L4: Finds corresponding frequency for HF.   
 
=INDEX($C$1:$C$15000;$K$4) 
 
J5: Calculates linear voltage for HF component.  
 
=$B$24^$B$22 
 
J8: Calculates number of frequency points in the imported columns of data. 
(For NWMS_pico4096 this is always 4096). 
 
=ANTALV($C$4:$C$25000) 
 
J11: Calculates the bandwidth of the imported columns of data 
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=INDEX($C:$C;$J$8+3)-$C$4 
 
J14: Calculates frequency step delta f. 
 
=J11/(J8-1) 
 
J17:  Finds the lowest frequency in the frequency band around HF to be 
considered in calculations.  
 
=LETAUPP($L$4-$A$16;$C:$C) 
 
L17: Finds the corresponding row number for the lowest frequency in the 
frequency band around HF.  
 
=LETARAD($J$17;$C:$H;6) 
 
J20: Finds the highest frequency in the frequency band around HF to be 
considered in calculations.  
 
=LETAUPP($L$4+$A$16+$J$14;$C:$C) 
 
L20: Finds the corresponding row number for the highest frequency in the 
frequency band around HF.  
 
=LETARAD(J20;C:H;6) 
 
J24: Finds the lowest amplitude in the imported data dB column.  
 
=MIN($D:$D) 
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J25: Calculates linear voltage value for lowest amplitude in the imported 
data dB column. 
 
=$A$13*(10^($J$24/20)) 

 
K24: Shows minimum value for amplitudes to be neglected in calculations.  
 
=OM($A$27>$J$25;$A$27;$J$25)  
 
Column N: Gives a column starting with the frequency band around HF 
and normalizes the frequencies to zero at HF position. 
 
=$J$17-INDEX($C:$C;OM(($K$4-$H1+1)>=0;$K$4-$H1+1;1)) 
 
Column O: Finds corresponding amplitude values for above frequencies.  
 
=(LETARAD(INDEX($C:$C;$L$17+$H1-1);$C:$G;5)) 
 
Column Q: Cuts out only amplitudes for frequencies inside the frequency 
band around HF.  
 
=OM($N2<=$A$16;$O2;0) 
 
R1: Finds row for the highest frequency in imported data frequency 
column.  
 
=$J$8+2 
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R2: Finds upper frequency for the low frequency band (Hammer hit) 
 
=LETAUPP($A$16;$C:$C) 
 
R3: Finds highest frequency in imported frequency data column.  
 
=INDEX($C:$C;$R$1-$H1+1) 
 
R4: Row number for value in R2 
 
=LETARAD($R$2;$C:$H;6) 
 
Column S: Scaled Low frequency band.  
 
=$B$13*$G4 
 
Column T:  Reversed Low frequency band (to be plotted with left hand 
sidebands).  
 
=OM($H2<=$R$4;$B$13*INDEX($G:$G;$R$4-$H2+2);0) 
 
V2: Number of averages of imported data files. A value one is added as 
part of macro 1 (ctrl x) 
 
V3: Value one added to V2 by macro 1 
 
Column X, Y and Z: Values in columns Q, S and T respectively are 
summed here by macro 1 (ctrl x). 
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Columns AB, AC and AD: Average values for imported data files are 
calculated by dividing columns X, Y and Z by V2 (number of averaged 
data files).  
 
Column AF to AS: Used for plots. 
 
AT3: Calculates the area under the frequency curve up to specified 
frequency in A16, minus area below specified value in A19.  
 
=SUMMA($T:$T)*$J$14-SUMMA.OM($AX:$AX;"<1";$S:$S)*$J$14 
 
AT5: Calculates the area under the frequency curve in the high frequency 
band minus area below and above specified value in A19 to avoid influence 
of area of HF itself. The width of HF varies with choice of window and 
frequency resolution.  
 
AT7: Divides AT5 with AT3 to obtain a ratio as quantification of damage.  
 
Area AT9 to AU20: Used to store calculated integrals of low frequency 
graph and sideband graph. Values are moved down one step for each added 
value as part of macro 2 (ctrl c). Eleven values can be stored and plotted in 
figure 3 (upper right).  
 
AT23: Calculates the average of  low frequency integrals.  
 
AT25: Calculates the average of  sideband integrals. 
 
AT27: Calculates the average ratio sideband integral divided by low 
frequency integral. 
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AT29 and AU29: Used for summing low frequency integrals and sideband 
integrals as part of macro 2 (ctrl c).  
 
AU23: Finds the highest amplitude in column AB. I.E averaged HF 
component.  
AU:27: Divides the ratio sideband integral/low freq. integral with 
amplitude of HF to obtain a “dammage ratio”.  
 
AV5: Number of averaged integrals in plot 3 (upper right) and plot 4 
(lower right). Value one added for each pair of integrals with macro 2 (ctrl 
c).  
AV6: Value one used by macro 2 to add in AV5 for each pair of added 
frequency integrals.  
 
Column AW: Used by formula in AT5 to determine frequency values to be 
ignored on both sides of HF with limits specified in A19.  
 
Column AX: Used by formula in AT3 to determine what frequency values 
to be neglected with upper limit in A19.  
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Appendix B: Excel programs, macros.   

Specifications of macros used for data treatment in Excel program 
NWMS.xls 
Macro 1:  “ctrl  x” adds frequency response data to average values in plot 2 
(lower left).  
 
“Copy” values in column Q:Q. “Paste special” “add” “value” into column 
X:X. Adds the HF values (sidebands) to an accumulated value used later on 
for averaging. The same from column S:S to Y:Y for hammer hit and T:T 
to Z:Z for a reversed hammer hit also used in the plot. Finally the same is 
done from cell V3 to V2 to update the number of hits used for averaging.   
 
Macro 2: “ctrl c” adds calculated energy contents in LF and sidebands into 
plot 3 and 4 (upper and lower right). 
 
“Copy” value in AT3 and “paste” “value” in AU9. The same is done for 
AT5 to AT9. The same is then also done for the area between AT9 and 
AU19 to the area between AT10 and AU20 to “move down the values and 
thus save them in plot 3 (upper right). AT3 and AT5 is then “copied” and 
“paste special” “add” “value” to AT29 and AU29 to use for averaging in 
plot 4 (lower right). Same is done with a number 1 in AV6 to AV5 to 
update the number of hits used for averaging.  
 
Macro 3: “ctrl z” runs both macro 1 and 2.  
 
Macro 4: “ctrl s” sets plot 2 to zero.  
 
Deletes values in columns X to Z to clear plot 2. Value in cell V2 is also 
deleted to set the number of averages to zero.   
 
Macro 5: “ctrl d” sets plot 3 and 4 to zero.  
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Deletes values in area AT9 to AT20 to clear plot 3. Deletes values in AT29 
and AU 29 to clear plot 4. Also deletes the number of averages for plot 4 in 
cell AV5.  
 
Macro 6: “ctrl a” runs both macro 4 and 5. 
 
 



 118

Appendix C: NWMS procedure. 

Measurement procedure – Recommendations to make an impact 
NWMS measurement 
 

 Solder thin cables cables with good length to to each pole of the 
piezo electric element as explained in 4.5.1with a solder machine 
for no longer than 3 seconds at a temperature of about 200 degree C. 
Be gentle with the piezo element since it is sensitive. The piezo 
elements is unfortunately not advantageous for reuse because of 
easily getting damaged. 

 
 Glue the piezo elements at locations recommended in chapter 4.5.4 . 

The piezo to record the signal should actually be placed in a 
location taking up as little of the low frequency components as 
possible not to overload the scope. The ultrasonic exciting piezo 
should be placed as far away from the recording piezo as possible so 
that not too large amount of the signal goes directly into the 
recording piezo when the object has high attenuation. 
Recommendations for gluing of the piezo is given in chapter 4.5.2. 
A thick glue film shall be used to get a very smooth transfer of the 
signal to the object. The cables shall be fixed as recommended in 
chapter 4.5.3 in order to not pull the piezo element and give rise to 
amplitude modulation i.e sidebands. Do not dabble with the epoxy 
at crack areas or locations where cracks might exist because if it 
goes into the crack it might not be detected. Depose appropriate 
cure time optimising the coupling. 

 
 The test object should be hanged up as with ordinary modal analysis 

in for example rubber bands. Placing the object on a low-damping 
foam rubber pillow is not as good because some parts of the object 
may be damped and thus missed.  

 Connect signal generator and oscilloscope cables to the soldered 
cables on the piezo element preferably with crocodile clamps. The 
cables must not come in contact with the test object. The cables 
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must also not pull the piezo elements and cause amplitude 
variations.  

 The connection should look like the connection scheme below.  
 

 Signal Generator LapTop Computer 

PicoScope 
(Oscilloscope) 

Test Object 

Excitation  
 
Hammer 

Hammer Signal 
Conditioner 

 
Figure 0.1 Schematic illustration of test setup for hammer excitation. 

 
 Elliminate disturbing noises. GSM cellular phones, FM or AM radio 

and other possible noise generating instruments should be turned of.  
 
 Adjust suitable settings for experimental setup. For Picoscope 

following settings can be recommended: frequency resolution = 
4096, Bandwidth 390 kHz, dynamic range 2V or 5V, Hanning 
window, average spectra, signal on ch. 1 and hammer on ch. 2. It 
could be devastating to compare tests done with different 
oscilloscope settings so save setting for use during entire test. Set 
the signal generator to suitable voltage (about 10 V is 
recommended).   

 
 To get a rational transfer of data from the oscilloscope to Excel one 

can establish a connection between those. With the PicoScope used 
in the present exam thesis it is possible to establish a DDE 
connection.  In the Picoscope software chose “copy as text” in “Edit 
menu”. Go to Excel and mark columns B and C. Chose “paste 
special” in “Edit” menu. Mark “paste link”. Choose text. Choose 
finish. Now the data should be continuously updated in Excel when 
updated in the picoscope. 
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 Choose two or three different places for hammer hit excitation on 

the test object for averaging in the scope. Hit three times on each 
place. The HF components can be placed around 150-300 KHz. A 
frequency sweep can be done to see where a desired flat response 
with high amplitudes is obtained. Obtained spectra from at least six 
frequencies in a 10 KHz range is recommended. Those can then be 
averaged in for example Excel programs NWMS.xls or 
NWMS_pico4096.xls.  

 
 This can now be done for cracked and non-cracked parts for 

comparison and eventually to find a certain non-linear ratio or 
“damage ratio” where cracked parts always goes over and non-
cracked always goes under.  
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