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Abstract   This paper presents a method of identifying fatigue cracking of specimens made of material DD11 based 
on selected characteristics of the vibration signal. Acceleration of vibrations of the free end of a specimen 
was taken for an analysis of specimen properties during the process of fatigue cracking. Features which 
enable identification and monitoring of the process of specimen cross-section cracking were indicated for the 
diagnostic signal. The study was conducted on an original test stand in which the process of the destruction of 
material cross-section is caused by a specimen’s inertia force. The study results indicated that the presented 
method of identification of a specimen structure change can be applied to identify the technical condition of 
a structure in regard to a loss of continuity and structure properties (e.g., mechanical and fatigue cracking). 
The results of vibration analysis were verified by penetration methods and by microscopic observation.

słowa kluczowe:  pękanie zmęczeniowe, sygnał diagnostyczny, siła bezwładności, badania mikroskopowe.

streszczenie   W pracy przedstawiono metodę identyfikacji procesu pękania zmęczeniowego próbek wykonanych z mate-
riału DD11 na podstawie wybranych cech sygnału drganiowego. Do analizy właściwości przekroju próbki 
w procesie pękania zmęczeniowego jako sygnał diagnostyczny wybrano przyśpieszenie drgań swobodnego 
końca próbki. Dla tego sygnału diagnostycznego wskazano cechy umożliwiające identyfikację oraz moni-
torowanie procesu pękania przekroju próbki. Badania przeprowadzono na oryginalnym stanowisku badaw-
czym, w którym proces destrukcji przekroju materiału wywoływany jest przez siłę bezwładności próbki. Na 
podstawie przeprowadzonych badań stwierdzono, że prezentowana metoda identyfikacji zmiany struktury 
próbki może mieć zastosowanie do identyfikacji stanu technicznego konstrukcji w aspekcie utraty ciągłości 
i właściwości struktury (np. pęknięcia mechaniczne, zmęczeniowe). Wyniki analizy drganiowej weryfikowa-
no metodami penetracyjnymi oraz poprzez obserwacje mikroskopowe.

* University of Warmia and Mazury in Olsztyn, Faculty of Technical Sciences.
**  POLKAR Warmia Sp. z o.o. ul. Elbląska 3, 14-420 Mlynary.
 A research study carried out as part of the NCBR project no. POIR.01.01.01-00-1746/15 by POLKAR Warmia Sp. z o. o.

intRoduction

Brackets are among the structure elements most 
commonly used in technology. They are used widely, 
from simple constructions, such as manometer 
connectors on pipelines to more complicated structures, 
such as an airplane wing or propeller blades. Methods of 
monitoring such objects in order to identify and predict 
their technical condition have become an important area 
of research. Damage in the construction and elements 
of machines can be prevented by early detection 
of fatigue cracking by various non-destructive test 

methods. Traditional non-destructive test methods, such 
as penetration tests, magnetic, ultrasound methods, etc., 
have their limitations. They are often expensive and their 
results are inconclusive in the condition assessment. 
Alternative methods based on the identification of 
vibration forms and parameters can be an effective, 
rapid, and convenient diagnostic tool for detecting 
fatigue cracks in parts of machines and construction 
elements.

Construction cracks are identified in the literature in 
two ways: linearly and non-linearly. The linear method 
involves vibration tests conducted on objects in which 
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changes of modal parameters are taken into account in 
regard to the starting model; whereas, a crack in a non-
linear model is identified by an analysis of frequency 
characteristics [l. 1–6].

In the linear approach, a crack is always regarded 
as open, and it is modelled as a local elasticity [l. 7].The 
size of a crack and its location are tested and described 
by changes in the parameters of natural frequency [l. 8], 
damping coefficient [l. 9], or a rigidity coefficient 
[l. 10, 11]. However, there are two main limitations to 
this approach. First, a change in the natural frequency 
is significant only for large cracks [l. 12]; second, the 
measured shift in the natural frequency cannot be clearly 
attributed to the crack itself, because it can be caused by 
other factors, such as wear, relaxation, etc. [l. 13].

It is commonly accepted in the linear model that 
the vibration parameters are correlated with the modal 
parameters of a system, such as natural frequency, 
damping, and forms of vibrations. In other words, it is 
a physical system that comprises physical properties of 
the construction (mass, rigidity, and dampening). These 
model parameters are uniform systems described by 
differential equations of the movement of a physical 
model, expressed in regard to its mass, dampening 
and rigidity, acceleration, velocity, and dislocation. 
Therefore, all the changes of modal parameters are 
proportional to a change of a physical property of 
a modelled object with respect to damage.

The issue of the identification of structural damage 
based on vibrations has been discussed by many authors 
[l. 14–22]. In this approach, vibration parameters of 
objects are determined, and identification of structural 
damage is a function of a change in structural parameters 
of an object, such as rigidity and mass. The presence of 
damage affects the response of the vibration signal and 
the dynamic properties of a structure. The latter include 
natural frequency, shapes, and indexes of the dampening 
mode. The properties are used as indicators of structural 
damage. Detecting structural damage at an early stage 
enables timely maintenance and repairs that extend the 
lifetime of a system.

In order to ensure the safety and reliability of 
a structure, it is necessary to perform long-term, 
medium-term, and short-term monitoring of the technical 
condition of a structure during its use. Rigidity is one of 
the main dynamic properties, and its change can result in 
changes in the shape, changes in the natural frequency, 
and an increase in the dampening coefficient. 

This paper presents an attempt at using an analysis 
of a vibration signal to detect a loss of the continuity of 
a specimen’s structure. 

test  stAnd

Laboratory tests were conducted on a test stand for 
accelerated fatigue tests, presented in diagram fig. 1a. 

The test stand consists of a generator of to-and-fro 
motion (crank mechanism) with a fixed clamp on which 
a specimen is mounted, and the whole moves on linear 
bearings. The amplitude of the specimen movements is 
1 mm (double crank - 0.5 mm).

The stand is used to set a specimen in oscillation 
at a specific frequency (f) and constant displacement 
amplitude. The oscillations and the one-sided fixing 
of a specimen result in the forces of inertia causing its 
elastic strain.

The dynamic parameters of the system were 
identified with two piezoelectric sensors of vibration 
acceleration (ICP-100) and a sensor of the rotational 
speed of the motor shaft, which is controlled by an 
inverter. Data were recorded, visualised, and analysed 
by a multi-channel data recorder (KSD-400) based on 
a NI 6343 card-controlled by LabVIEW.

a)                                                               b)

fig. 1.  a functional diagram of a test stand for accelerated 
endurance testing – a), and the general view of 
a test specimen – b)

Rys. 1.  Budowa funkcjonalna stanowiska do przyśpieszo-
nych badań trwałościowych – a) oraz widok ogólny 
próbki badawczej – b)

Visual assessment was conducted at two stages. 
In the first stage, by identification of cracks with 
a penetration test as per PN EN ISO 3452-1:2013-08E 
and PN EN ISO 3059:2013-06E [l. 24, 23]. In the 
second stage of assessment of the surface of selected 
specimens, observations were made under an optical 
microscope and with a scanning electron microscope.

study  objects 

The study object was a flat rectangular specimen 
presented in fig. 1b made of metal sheet DD11. It is 
a material intended for deep pressing, which is commonly 
used to make plate wheel rims. The specimens under 
study were cut out of metal sheet strips with a sheet 
cutter along the rolling direction. Subsequently, a hole 
was bored through a specimen, being a sort of a notch, 
within which - due to the smallest cross-section - stress 
accumulates during the test.
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the  couRse  And  Results  of  the  test 

The laboratory test was conducted in two stages. The 
first stage involved the determination of the number 
of cycles until a loaded specimen was damaged at 
the frequency of forced vibration equal to the natural 
frequency. The loading weight was mounted at the free 

end of a specimen as the sensor mounting clamp and the 
acceleration sensor itself.

The second stage involved plotting an endurance 
curve for a specimen under study for the same loading 
weight, but for near- and non-resonance frequencies.

The parameters of the tests are listed in table 1.

table 1. technical and operation parameters applied during the tests of specimens made of dd11
Tabela 1. Parametry techniczno-eksploatacyjne realizowane podczas badań laboratoryjnych próbek DD11

NO. Feature determinant
Stage I

Series 1 Series 2 Series 3 Series 4
1 Specimen loading weight (with the weight of a sensor) [g] 303 275 240 203
2 Natural frequency of a specimen with the weight [Hz] 25 26 29 35
3 Forced vibrations frequency [Hz] 25 26 29 35

stAge ii
Series 5 Series 6 Series 7 Series 8

4 Specimen loading weight (with the weight of a sensor) [g] 303 275 240 203
5 Natural frequency of a specimen with the weight [Hz] 25 26 29 35
6 Forced vibrations frequency [Hz] 25 25 25 25

The number of replications for each measurement 
series was set at 6. The process of the destruction 
of a specimen cross-section was identified with an 
amplitude of accelerations and the form of vibrations 
within the domain of frequency (FFT analysis). 

The number of cycles before a specimen 
was damaged was determined from an analysis of 
a vibroacoustic signal, after which, a test was interrupted 
and the specimen was analysed visually. All of the 
samples were subjected to penetration examinations, 
and where the examinations indicated the presence of 
cracks, they were examined under a microscope. 

fig. 2 shows the changes of the number of test 
cycles in a specimen as a function of stress in the notch 
cross-section in the test specimen within the natural 
frequency range with highlighted mean values and the 
min. and max. values for each test series.

fig. 2. changes of the number of test cycles when 
a specimen was tested within its natural frequency 
range

Rys. 2.  Przebieg zmiany liczby cykli badawczych próbki przy 
eksploatacji jej w zakresie częstotliwości drgań własnych 

The maximum displacement of the specimen end 
is observed when the forced vibration has the same 
frequency as the natural frequency, and it is related to 

the modal parameters of a specimen, such as rigidity, 
dampening, and mass, as well as its distribution (distance) 
from the specimen notch. The maximum displacement 
of the specimen end corresponds to the largest stress in 
the notch cross-section and, consequently, the smallest 
number of test cycles until damage.

fig. 3 shows an example effect of changes of the 
specimen loading weight on the number of test cycles as 
a function of stress in the notch cross-section at a constant 
frequency of forced vibrations with a highlighted mean 
value and the min. and max. values for each test series.

fig 3.  the number of cycles until the specimen damage at 
the forcing frequency of 25 hz for various loading 
weights

Rys. 3.  Liczba cykli do uszkodzenia próbki przy częstotliwo-
ści wymuszeniu 25 Hz dla różnych mas obciążają-
cych 

An analysis of the damage curve for a specimen 
made of DD11 in accelerated fatigue tests with the force 
of inertia as a function of the load and the number of 
cycles has shown that it does not differ significantly 
from curves obtained on conventional fatigue testing 
machines. The number of cycles until damage of 
a specimen loaded with a weight of ca. 200 g, for which 
the calculation stress in the specimen cross-section is 
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ca. 110 MPa, reaches from 24.6 
to 28.9 ml cycles. Further tests 
for smaller weight loading the 
specimen were not conducted.

The increasing frequency 
of forced vibrations is 
accompanied by the increasing 
acceleration of the specimen 
end, but at the expense of the 
displacement (deformation) of 
a specimen; hence, a greater 
number of cycles is needed to 
damage a specimen at higher 
frequencies of forced vibrations. 
Acceleration of the specimen 
end increases with increasing 
frequency of forced vibrations 
to the level reached by the 
trolley with the specimen’s 
clamp. During this process, the 
displacement of the specimen 
end relative to the forcing 
system (trolley) is close to zero.

fig. 4 shows the terminal fragment (the last “life 
phase” of a specimen) on the amplitude-frequency time 
series in the response of a test specimen for the forcing 
frequency of 20 Hz, as recorded by the acceleration 
sensor mounted on the upper end of a specimen - Up 
(see fig. 1).

An analysis has shown that the process of the 
specimen cross-section damaging runs in the following 
manner:
• Initially, the amplitude of displacement during 

the specimen vibrations for the forced vibrations 
frequency (fo) is constant, shown as area A in fig.; 
at the same time, higher harmonic frequencies are 
visible with equally constant amplitudes. 

• The appearance of a change of the state of a specimen 
notch cross-section is signalled by a steady decrease 
in the amplitude of vibration acceleration for forced 
vibration frequency (shown as area B in fig. 4) and 
the disappearance of the vibration (f2) amplitude on 
the second harmonic frequency, and this stage of the 
cracking process is referred to as Phase 1.

• The start of cracking of the cross-section of 
a specimen notch corresponds to a rapid decrease 
in the amplitude of vibration acceleration for 
the harmonic frequency (fo), and this stage of the 
cracking process is referred to as Phase 2.

• Further forcing of a specimen vibrations results in 
a decrease in displacement amplitude relative to the 
nominal condition of a specimen, and this phase 
of the cracking process is referred to as Phase 3. 
Because of the aim of the study, further process of 
the specimen destruction was not identified.
Destruction of the specimen cross section was 

similar in all the specimens under study, regardless of 

the frequency of forced vibrations, and it only differed 
by the time of starting the process of physical destruction 
of the specimen surface or cross-section.

Tests were conducted at the beginning whose aim 
was to determine the number of cycles from the time of 
the identification of a specimen’s cross-section damage 
by a vibroacoustic method to the number of cycles after 
which the specimen separates from the clamp fixed 
in a vice. The test showed that the number of cycles 
accounts for 10-40% of the number of cycles determined 
by the vibroacoustic method with the number of cycles 
increasing at a smaller stress in the specimen cross-
section.

In all of the specimens under study in which the 
start of the cracking process was identified by the 
vibroacoustic analysis, the process was confirmed with 
an analysis of the specimen surface condition under 
a microscope; although, in many cases, it was not 
identified by penetration tests.

a visual analysis of the specimen surface condition

A visual analysis was conducted on specimens in which 
the test procedure was interrupted at different phases of 
the cracking process.

figure 5 shows a micrograph of the notch area in 
Phase 3. There is a distinct crack on the surface which 
runs through the notch cross-section on the one side of 
the hole (the crack is clearly visible with a naked eye) 
and partly on the other side of the hole.

The magnified area marked in fig. 5a is shown in 
fig. 6.

figure 7 shows the specimen surface during the 
second phase of cracking.

fig. 4. cascade view of the amplitude-frequency time series in the specimen 
of dd11, source of signal recording - acceleration sensor – up, loading 
weight 303 g, forced vibrations frequency 20 hz 

Rys. 4.  Widok kaskadowy przebiegu amplitudowo-częstotliwościowego próbki DD11, 
źródło rejestracji sygnału – czujnik przyśpieszeń – Up, masa obciążająca 303g, 
częstotliwość wymuszeń 20 Hz 



91ISSN 0208-7774 T R I B O L O G I A  6/2017 

 a)                                                        b)

fig. 5. the specimen surface in phase 3 of the cracking process. the notch area on the left (a) 
and the right (b) side of the hole. sem photograph

Rys. 5. Widok powierzchni próbki w fazie 3 pękania. Obszar karbu po lewej (a) i prawej (b) stronie 
otworu. Fotografia SEM

fig. 7.  the specimen surface in phase 2 of the cracking process. sem photograph
Rys. 7. Widok powierzchni próbki w fazie 2 pękania. Fotografia SEM

Cracks were not visible unless the surface was 
observed under a microscope. An analysis of the specimen 
surface in Phases 2 and 3 of destruction has shown that 
cracking was initiated on the hole edge and propagated 
inwards of the material, towards the outside edge.

Penetration tests of the specimen sample during the 
first phase of the destruction process did not reveal any 
cracks. A thorough microscopic analysis in the hole edge 
identified a small crack as shown in fig. 8.

fig. 6.  magnified specimen area marked in 
fig. 5a. sem photograph

Rys. 6.. Powiększenie obszaru próbki zaznaczo-
nego na rys. 5a. Fotografia SEM
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conclusions

The following conclusions can be formulated after the 
experiment and the simulations:
• The experiment results and their subsequent 

verification have confirmed the usability of the 
presented vibroacoustic method in detecting 
microcracks of the structure of material as modal 
parameters of the specimen under study, and testing 
a specimen within the natural frequency range as 
useful in accelerated fatigue testing of machine 
parts.

• The maximum displacement of the specimen end 
is observed when vibration is forced at the natural 
frequency of a specimen, and it is related to the 
modal parameters of a specimen, such as rigidity, 
dampening, and mass, as well as its distribution from 
the specimen notch. The maximum displacement of 
the specimen end corresponds to the largest stress 
in the notch cross-section and, consequently, the 
smallest number of test cycles until damage.

• Increasing the frequency of forced vibrations is 
accompanied by increasing acceleration of the 
specimen end, but at the expense of a displacement 
(deformation) of the specimen; therefore, a greater 
number of cycles is needed to damage a specimen 
at higher frequencies of forced vibrations. 
Acceleration of the specimen end increases with 
increasing frequency of forced vibrations to the 
level reached by the trolley with the specimen’s 

clamp. Acceleration of the specimen end relative to 
the forcing system (trolley) is close to zero during 
this process.

• An analysis of the damage process for a specimen 
made of DD11 with the use of accelerated fatigue 
tests with the force of inertia as a function of the 
load and the number of cycles has shown that it 
does not differ significantly from curves obtained 
on conventional fatigue testing machines.

• Changes of the vibration signal indicating the 
beginning of the cracking process are correlated 
to changes of the specimen surface condition 
associated with plastic strain and material cracking.

• Three phases were observed in the process of 
fatigue cracking:
– Phase 1 was signalled in a vibration spectrum 

by disappearance of the vibration amplitude for 
the second harmonic frequency.

– Phase 2 was the appearance of cracking in the 
specimen cross-section, signalled with a rapid 
decrease in the amplitude of the harmonic 
frequency in the vibration spectrum.

– Phase 3 was the propagation of a specimen 
cracking, signalled on a vibration spectrum as 
a decrease in the amplitude of displacement 
relative to the starting position.

• Identification of the start of physical destruction 
of specimens (Phase 1 of cracking), identified 
from specific signal features, is not possible by 
penetration methods.

fig. 8. the hole edge in phase 1 of the destruction process
Rys. 8. Widok krawędzi otwory próbki w fazie 1 procesu destrukcji
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