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GENERAL DESCRIPTION OF THE DOCTORAL THESIS

Topicality of the Doctoral Thesis

Aviation structure failures mostly relate to fatigue damage accumulation and fatigue crack
development. Therefore, one of the most important issues in assessing fatigue is development of
scientifically based methods for fatigue damage evaluation and structural elements’ lifetime
calculation in variable load conditions. These methods make it possible to choose the optimum
shape and size of the structure at the design stage and to control the real process of damage
accumulation in structures during their operation.

In point of structure load-bearing capacity, when a large part of its resource structural
material is operated with defects but the operation time is determined by defect development time
until its critical dimensions, the methods that make it possible to detect the defects at an early
stage and to predict the remaining structures with cracks resources become actual.

One of the perspective diagnostic methods that allow dealing with these tasks is the
acoustic non-destructive testing method based on the acoustic emission (AE) signal parameter
analysis. The practical use of this method is related to the interpretation of the diagnostic
measurement data.

Protruding problem must be solved by theoretical and practical research of defect
origination and development obtained from AE information reading, interpretation and

localization, which is recorded in the diagnostic object.

The Aim and objectives of the Doctoral Thesis

During analysis of fatigue defects in aircraft structures and diagnostic methods used for
their detection, the following aim of the Thesis is set: to develop acoustic diagnostic methodology
with defect localization for a helicopter structure. To achieve this aim, the following objectives
are defined:

1) to perform a helicopter operating defect analysis and evaluate the non-destructive
testing and diagnostic methods used for defect detection;

2) to develop a multi-channel acoustic emission measurement and data processing
methodology for the material and structure defectology analysis at static and dynamic
load conditions;

3) to develop a mathematical model of material and structural fatigue defect localization
based on the AE measurement data and taking into account the real impact of structural

elements;



4)

S)

6)

7)

8)

to evaluate the AE parameters informativity for the metallic and composite material
structures defectology control at static and dynamic load conditions based on the
experimental studies;

to determine AE parameters for defect localization in the helicopter structure taking
into account the real impact of structural elements based on the experimental studies;
to perform fatigue defect diagnostics in the helicopter fuselage and tail boom jointing
frames with defect localization in bolts based on the AE measurement data;

to develop a rivet and bolt joint AE testing methodology in real structures based on AE
measurements;

ao make fractographic analysis of the fatigue fracture of structure elements and to
identify AE parameter correlation by means of fracture kinetics during helicopter bench

tests.

Research methods

Research methodology and research methods:

theoretical methods:

mathematical modeling,
rigid body physics,
mathematical statistics and correlation analysis,

probability and reliability theory;

experimental methods:

AE signal measurement with AE equipment according to the standards LVS EN
13554:2011 and LVS EN 1330-9:2009,

AE data processing using specialized software,

material fatigue fracture fractographic analysis,

material microstructure experimental research,

experimental research of material chemical composition,

statistical processing of experimental reaserach results.

Research objects

Aluminum alloy and composite samples
Helicopter structures

Full-scale helicopter fatigue bench

Scientific novelty and principal research results

The following innovative solutions were developed during the research:



mathematical model of structural fatigue defect localization taking into account the real
impact of structural elements;

methodology of structural rivet and bolt joints control using AE method;

results of AE diagnostics of helicopter fuselage and tail boom jointing bolts based on
an experimental research;

defect fractographic analysis and their feature identification with the AE measurement

methodology.

Practical application of the Doctoral Thesis

Results of the Doctoral Thesis has a broad practical relevance and application, as within

its framework the new and highly efficient defect localization by AE signal amplitude method

was developed. This method makes it possible to determine the location of the defect cluster center

coordinates. In addition, this method can be deployed in defect localization for real structure bench

tests. The obtained results are the basis of the development of diagnostic methodology for the

helicopter structures in operation.

The results of the Thesis can be used in scientific fields such as technical diagnostics, non-

destructive testing, rigid body mechanics, fracture mechanics, etc.

Topics to be defended in the Doctoral Thesis

The author in this Thesis defends:

1)
2)
3)
4)
S)

experimental methodology for assessing structure damage with defect localization;
results of the diagnostics of the helicopter fuselage and tail boom joint bolts;
mathematical model of structural fatigue defect localization;

results of the metallic and composite sample experimental studies;

results of fractographic research.

Thesis approbation

Research results have been reported in 7 international scientific conferences:

D

2)

3)

4)

Mechanika 2015: 20th International Scientific Conference, Lithuania, Kaunas, 23—
24 April;

17th International Conference of Transport Means, 23-24 October, 2014, Kaunas,
Lithuania;

11th International Seminar “Research and Education in Aircraft Design 2014, 15—
17 October, 2014, Vilnius, Lithuania;

16th International Conference Transport Means, 25-26 October, 2013, Kaunas,

Lithuania;



S)

6)

7)

International Congress on Engineering and Technology, 25-27 June, 2013 Dubrovnik,
Croatia;

Riga Technical University, 53rd International Scientific Conference, 11-12 October
2012, Riga;

Composite Mechanics, Riga, 28 May — 1 June 2012.

The research results have been published in 9 scientific papers:

1))

2)

3)

4)

5)

6)

Urbahs, A., Banov, M., Carjova, K., Reédmane, A., Feshchuk, Y., Banov, L. Features
of the Acoustic Emission Control for the Monitoring of Pipeline System of Oil Heater
Boilers. In: Mechanika 2012: Proceedings of the 17th International Conference,
Lithuania, Kaunas, 12—13 April 2012. Kaunas: Technologija, 2012, pp. 334-337. ISSN
1822-2951;

Urbahs, A., Shanyavskiy, A., Banovs, M., Carjova, K. Evaluation of an Acoustic
Emission Criterion of Under Surface Fatigue Cracks Development Mechanism in
Metals. In: Transport Means 2012: Proceedings of the 16th International Conference,
Lithuania, Kaunas, 25-26 October 2012. Kaunas: Technologija, 2012, pp. 131-134.
ISSN 1822-296X;

Urbahs, A., Banovs, M., Carjova, K., Turko, V. The Characteristic Features of
Composite Materials Specimen’s Static Fracture Investigated by the Acoustic Emission
Method. Applied Mechanics and Materials, 2012, Vol. 232, pp. 28-32. ISSN 1660-
9336. Accessible at: doi:10.4028/www.scientific.net/ AMM.232.28;

Urbahs, A., Banovs, M., Nasibullins, A., Carjova, K. Analysis of the Mechanism of
Destruction of Aircraft Components. Journal of Engineering and Technology, Vol. 1,

2013, pp. 167-172. ISSN 1338-2330;

Shaniavski, A., Urbahs, A., Banovs, M., Nasibullins, A., Carjova, K. Analysis of the
Mechanism of Destruction of Aircraft Components. In Proceedings: International
Congress on Engineering and Technology, Croatia, Dubrovnik, 25-27 June 2013,
pp. 167-172. ISBN 9788087670088;

Carjova, K., Urbaha, J. The Experimental Research of Titanium Alloys with Fragile
Inclusions Mechanism Destruction. In: Transport Means 2013: Proceedings of the
17th International Conference, Lithuania, Kaunas, 24-25 October 2013. Kaunas:
Technologija, 2013, pp. 197-200. ISSN 1822-296X;



7)

8)

9

Urbahs, A., Savkovs, K., Urbaha, M., Carjova, K. Heat and Erosion-Resistant
Nanostructured Coatings for Gas Turbine Engines. In: Aviation, Vol. 17, Iss. 4, 2013,
pp. 137-144. ISSN  1648-7788; e-ISSN  1822-4180. Accessible at:
doi:10.3846/16487788.2013.861225;

Urbahs, A., Valberga, A., Banovs, M., Carjova, K., Stelpa, I. The Analysis of
Efficiency of Acoustic Emission Diagnostic Method for the Determination of Defect

Coordinates. In: Transport and Aerospace Engineering, No. 1, 2014, pp. 32-36. ISSN
2255-968X. Accessible at: doi:10.7250/tae.2014.006;

Urbahs, A., Carjova, K., Fescuks, J., Stelpa, I. Development of Theoretical Model for
Aircraft Structural Health Monitoring by Acoustic Emission Method. In: Mechanika
2015: Proceedings of the 20th International Conference, Lithuania, Kaunas, 23—
24 April 2015. Kaunas: Kaunas University of Technology, 2015, pp. 262-267. ISSN
1822-2951.

The research results have been submitted in 9 scientific papers:

1))

2)

3)

4)

S)

6)

Urbahs A., Banov M., Carjova K., Fescuks J. Structural health monitoring of helicopter
bolted and riveted joints by acoustic emission method. Submited in: Aerospace

Science and Technology, 2016;

Urbahs A., Banovs M., Carjova K., Turko V., Feshchuk J. Research of the
micromechanics of composite materials with polymer matrix failure under static

loading by the acoustic emission method. Submitted in: Aviation, 2016;

Urbahs A., Carjova K. Research on bolting elements of helicopter fuselage and tail
boom joints using acoustic emission amplitude and absolute energy criterion.

Submitted in: Advances in Acoustics and Vibration, 2016;

Urbahs A., Carjova K., Fescuks J., Lama M. Research on Aluminium alloys static

testing using Acoustic Emission testing. Submitted in: Mechanika, 2016;

Urbahs A., Carjova K., Fes¢uks J., Stelpa I. Analysing the results of acoustic emission

diagnostics of a structure during helicopter fatigue tests. Submitted in: Aviation, 2016;

Urbahs A., Carjova K., Nasibullins A., FeScuks J. Research on fatigue fracture kinetics
of helicopter fuselage bolting elements. Submitted in: 7ransport Means 2016:

Proceedings of the 20th International Conference;
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7)

8)

9)

Urbahs A., Carjova K., Nasibullins A., Nedelko D., Millere E. Research on AE signal
propagation in helicopter structural elements. Submitted in: 7ransport and Aerospace

engineering, 2016;

Urbahs A., Carjova K., Urbaha M. Acoustic emission criterion during dynamic test of
Aluminium alloys. Submitted in: 20/6 AES-ATEMA International Conference

“Advances and Trends in Engineering Materials and their Applications”;

Urbahs A., Carjova K., Urbaha M. Acoustic emission diagnostics of fuselage and tail
boom jointing bolts during helicopter bench tests. Submitted in: /CAETM 2016:

18th International Conference on Aviation Engineering, Technology and Management.

Received patents:

1))

2)

3)

RIGAS TEHNISKA UNIVERSITATE. 4 method for renovation of steel precision pair
parts. Urbahs A., Savkovs K., Urbaha M., Nesterovskis V., Carjova K., Urbaha J.,
Kulesovs N. (inventors). Int. Cl.: C23C14/02, B23P6/00, C23C14/06, C23C14/34,
C23C14/58. Application date: 2013-09-19. Patents and trade marks. EP2851450. 2015-
03-25;

RIGAS TEHNISKA UNIVERSITATE. Method for ultrasonic testing of bolted and
riveted joints in structures. Urbahs A., Banovs M., Urbaha M., Carjova K., Fes¢uks J.
(inventors). Int. Cl.: GOIN29/14. Application date 2013-10-31. Patents and trade
marks. LV14971B. 2015-08-20;

RIGAS TEHNISKA UNIVERSITATE. Method of defect localization using acoustic
emission. Urbahs A., Carjova K., Fescuks J., Urbaha M. (inventors). Int. C1.P-16-35.
Application date: 26-04-2016. Patents and trade marks. P-16-35.

The results of the Doctoral Thesis have been used in 6 scientific projects:

1))

2)

3)

European Space Agency project “Development of the prototype of autonomous
aerospace vehicle for comprehensive monitoring (DREAM) — Feasibility Study” —
researcher (2015-2016);

Wear resistant nanostructured coatings for titanium joints, No. LZP 12.110 —researcher
(2014-2016);

ERDAF project “Development of an experimental long flight distance unmanned aerial
vehicle prototype for multi-purpose environmental monitoring (LARIDAE)”,

2014/0029/2DP/2.1.1.1/14/APIA/VIAA/088 — researcher (2014-2015);

11



4) FP 7 “Transport (including Aeronautics)” programme (Call FP7-AAT-2012-RTD-LO0)
project “A novel concept of an extremely short take-off and landing all-surface
(ESTOLAS) hybrid aircraft: from a light passenger aircraft to a very high payload
cargo/pasenger version” — research assistant (2012-2014);

5) LZP 10.009 “Development of nanostructured multicomponent coating deposition
technology” — research assistant (2012-2014);

6) ERDF project “Development of an unmanned aircraft system and creation of the
industrial prototypes of unmanned aerial vehicles for performing the tasks of Latvian

national economy” — research asisstant (2011-2013).

The structure and content of the Doctoral Thesis
The Doctoral Thesis is written in Latvian. It consists of an introduction, 5 chapters,
conclusions, bibliography with 213 sources, 3 annexes, 193 figures, 6 tables, and 38 formulae.

The total volume of the Thesis is 205 pages.

The content of the Doctoral Thesis

Introduction

Taking into account the aircraft loads during flight time, especially helicopter load during
maneuvers, it is important to evaluate both the static and dynamic structural strength of the
structure. Selected damage evaluation method must be such that in addition to the loads acting on
the helicopters, other factors that may affect the structural strength and lifetime would be taken
into account. The applied calculation method of loads differs from the calculation method for the
flight tests, because there are different types of helicopters and the effect of loads on their structure
is also different. Besides, even the load values obtained in real experiments cannot be assigned to
particular helicopter flights.

Evaluating the non-destructive testing and diagnostic methods it is concluded that AE
methods have advantages over other methods used for helicopter structure control. The nature of
the AE method is analyzed in relationship with the informative capacity of registered parameters.
The following main defect analysis AE parameters — AE signal amplitude, sum counts, absolute
energy and intensity — are set forward as defect-characterizing criterions.

Despite the fact that there exist theoretical models that link AE parameters with defect
occurrence and its stage of development, due to complex data processing they are still incomplete

or their application for different materials and real structures in operation is not possible.
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1. ANALYSIS OF AIRCRAFT FUSELAGE FATIGUE DEFECTS
AND METHODS USED FOR THEIR DETECTION

1.1 Helicopter load analysis during operation

In order to ensure flight safety, an aircraft structure must be sufficiently safe and resistant
to the pressures exerted on it during operation. It is necessary that strength and toughness is
ensured throughout the entire aircraft exploitation at the potentially lowest construction weight
[10, 12, 87-89].

Under these circumstances, the following conditions may be added to the baseloads acting
on the parts of the aircraft [15, 24, 27, 34-36, 45, 53, 64, 65, 85, 86, 89]:

e raised pressure loads in sealed compartments;

e loads associated with the structure part fluctuations and large deformations (fluctuations
caused by engine unbalance; acoustic oscillations; bearing surface deformation and
fluctuation increment at interaction of acrodynamic and elastic forces, etc.);

e strength exposure that arises from the heated structure (in engine mounting area during
supersonic flight).

When assessing the structural condition, the following factors affecting structural strength,
reliability, and durability should be taken into consideration along with loads: wear and tear of
parts, environmental effects (various forms of corrosion), change in material properties because
of the heat, radiation, and other factors.

Different aircrafts have different load specifics. Helicopter load peculiarities are analyzed
when helicopter is in flight. During the flight, the helicopter’s flight curve is exposed to the surface
and mass forces [15, 24, 27, 34-36, 45, 53, 64, 65, 85, 86, 89].

1.2 Helicopter structural element defect in operation analysis

Structural changes in the aircraft are caused by such factors as multiple load recurrence
and thermal and environmental physico-chemical properties. Each of these factors creates a
certain unfavorable effect on aircraft structures. Multiple load exposure creates [1-4, 5, 7, 8, 10,
28, 89, 90]:

e fatigue cracks and development, movable joint wear;

e free movement occurrence, slackening of riveted joints, and negative allowance

connection.
The most common defects of aircraft fuselage structural parts are fatigue cracks and

corrosion damage [73].
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Helicopter structural elements defects in operation are known and analyzed already
during the design stage, thus giving an insight into the expected defects and their timely
elimination and repair.

Apart from the MI group, helicopter manufacturer's warnings about the MI-2, MI-24, MI-6
and MI-8 [3, 76-81, 84, 94] type helicopter tail boom jointing elements are very much prone to
fatigue cracks.

These examples show the need to establish a fatigue damage likelihood of helicopter
operation in between the repair periods. Also fatigue crack growth duration and kinetics are
determined on the data of the existing model helicopters [94].

The fatigue cracking forecasting approach is very relative and can be applied only to a
particular helicopter type, specific load conditions, and a particular structure. Fatigue cracks
control in operation in real-time regime provides a more efficient crack appearance and growth
control, thus providing helicopter repair at the existing conditions rather than at certain in-between
repair periods when fatigue cracks growth in size is critical and may not be determined during the
repair using traditional methods.

The analysis of existing diagnosis and non-destructive testing methods used for
aircraft structure diagnostics. Recent scientific diagnostic and non-destructive testing methods
make it possible to evaluate and analyze the research object without causing damage to it.

The diagnostic and non-destructive testing methods are widely used in science and
industry including the field of aviation [1, 24, 6, 7, 13, 18, 22, 30]. The diagnostic and non-
destructive control method is of vital importance in the aviation field. The Doctoral Thesis is
devoted to the following non-destructive control methods: visual and optical, capillar, magnetic,
eddy current, radiography, and acoustic methods. The most widely used diagnostic method is the
vibration diagnostic method [39]. Nowadays, acoustic diagnostic techniques are particularly
developing in non-destructive testing of aviation structures [1-4, 67, 17, 30-32, 39-66].

Acoustic emission method in the diagnostics of aviation industry at experimental level is
used in different aviation structure diagnostics. AE has been used in the control of engine
combustion chamber and casing [37], aircraft landing gear [4, 40, 41] and fuselage elements [1, 6,
7,41, 69, 72, 96] for decades. Also, the acoustic emission method is one of the most advanced
methods for space equipment non-destructive testing — in rocket nacelle and casing control
[26, 37, 69, 72, 74], in multipurpose space craft thermal protection control [21], in assessment of
lightning impact [6, 93], etc.

From 1970s until present, special on-board AE control systems are being developed to

detect fatigue cracks and to control their development in the fuselage and other aircraft structural
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elements during the flight [25, 29]. These systems have high sensitivity and they allow reliable
determining of fatigue cracks in hardly accessible places; however, they are still not integrated [6,
93]. Taking into account its high potential, the acoustic emission method can be linked to the
future diagnostics method for aircrafts in operation. There is significant elaboration in structural
health monitoring (SHM) systems; however, because of the complex data reading they are still
being comprehensively developed in civil aircraft fleet only at approbation level [36, 50, 58].

The AE method provides only dangerous, i.e., existing in the development process, defect
identification and registration. AE method has a high sensitivity to the development process of
existing defects. Its sensitivity is by far the most sensitive compared to other methods [6, 9, 11,
14]. The AE method is integral, i.e., one or more AE sensors that are rigidly mounted on the
surface of an object can control the whole object without application of scanning. In such a way,
complicated aircarft structures can be controlled by providing presence of several sensors and
controlling the whole aircraft structure at the same time [7, 58, 63, 66].

The AE method, compared to other methods, has fewer restrictions for the material
structure and properties. The method has been successfully used in the diagnostics of the material
state, for which the use of other methods is impossible or difficult. It is possible to develop a
control methodology for the AE method. The results can be quickly and easily read, the method
is not time-consuming, and an object can be controlled without human presence.

For further research realization, the acoustic emission-destructive control method is
selected as the most appropriate for aircraft structure fatigue defect diagnostics with its
localization and methodology development. This is substantiated by the acoustic methods

physical nature, diagnostic pecularities and advantages in section 1.5 of the present Thesis.
1.3  Acoustic emission control method for structural fatigue damage

AE signals are characterized by some parameters, each of which is related to the physical
process accompanied by AE, and their measurements can provide information on the research
object or control condition. Let us analyze the informativity degree of the main parameters of the
AE signal.

AE signals are characterized by amplitude, duration, form, and rise time (Fig. 1.1.).
Similarly, the signal flow can be characterized by the event’s statistical average frequency,
spectral density, amplitude and time dispersion, average value, and dispersion. Each of the
mentioned characteristics is related to the physical process caused by AE, and its determination

can provide information on the condition of the object.
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Fig. 1.1. AE parameters.

Also, AE signals are characterized by the total number of impulses and the AE activity [6,
82, 83, 92, 93]. These parameters allow obtaining additional information on the deformation and
fracture process kinetics in the research object, which is exposed to external forces.

Despite the fact that research studies on the quantitative and qualitative link determination
between the AE parameters and defect concentration nature in material samples and structure
elements were launched decades ago [82, 93], there are still many unresolved issues due to
complex data processing and interpretation [45, 48]. This is related to the use of AE perspective
for early crack detection, the evaluation of crack growth kinetics, and the size of actual
measurements in their test time or operation when traditional control methods cannot be applied

[6, 93].

2. EXPERIMENTAL RESEARCH METHODOLOGY AND PROVISION
OF ACOUSTIC EMISSION MEASUREMENT EQUIPMENT

2.1 Acoustic emission signal recording and processing

During research, the following devices were used: the multi-channel AE control
equipment PAC Pocket AE-2 [71], and A-Line 32D (DDM) [97]. The AE control device PAC
Pocket AE-2, manufactured by Physical Acoustics Corporation, has ‘“hit-based” architecture and
is a portable, hand-held, 2-channel AE facility. A-Line 32D (DDM) is a digital multi-channel

acoustic emission measurement system for acoustic emission data recording and processing.
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Fig. 2.1. Possibilities of the PAC Pocket AE-2 graph.
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Fig. 2.2. A-Line 32D (DDM) visualization.
2.2 Characteristics of the research object

Aluminium samples

During the research [56, 61], aluminium samples (V95 alloy) were used.

Composite material samples

Two sample (made from glass fiber) groups were subject to tensile studies. The first group

consists of samples in which the base of the fibers is oriented in the transverse direction relative

to the force. The second group consists of the same samples but in which the fibers are oriented

in the longitudinal direction relative to the force. In addition, for the second glass fiber sample

group, the samples from carbon fiber were included. The samples are rectangular plates with

lining attached to the upper and lower end under traverse testing machine clamps/presses.

Tensometry transceiver and AE sensor were previously glued on the samples [49, 50].
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Characteristics of the helicopter fuselage and tail boom
In general, the fuselage (Fig. 2.3.) strength scheme includes a coating consisting of

longitudal and traverse bonding elements.
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Fig. 2.3. Helicopter fuselage structure.

Fuselage plating consists of a streamlined shape and protects the internal elements of the
fuselage against the environmental impact. It withstands local aerodynamic loads, skin deflects

loads to the strength stringers and frames.
2.3 Experimental sample bench testing and procedure methodology
2.3.1 Methodology of an experiment for the alumium alloy samples bench testing

Tests were made using INSTRON 5500 Series.
The sample test procedure (Fig. 2.4.) and limiting factors were as follows:
e the samples were loaded up to the collapse;

e cach sample was subject to a 5-kN load.
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Fig. 2.4. Location of AE sensors on a sample, and sample test scheme [56, 61]:
1 — sample; 2 — clamps; 3 — AE sensor or receiver; 4 — hydraulic cylinder; 5 — sensor cable;

6 — portable equipment PAC Pocket AE2; 7 — computer control unit; 8 — computer screen.
2.3.2 Methodology of an experiment for bench testing of composite material samples

The methods of specimens’ testing for determining the mechanical properties stipulated
their loading on the following programmes [49, 50]:

e loading up to a failure, without training with the longitudinal direction of fibres
(Fig. 2.5) and the transverse direction of the fibres;

e preliminary three-time training to a value of 10 kN or 22 kN for specimens with a
longitudinal direction of the fibres and up to 5 kN for specimens with a transverse
direction of the fibres, with a subsequent increase in load up to a failure;

e preliminary six-time training to a value of 6 kN (Fig. 2.5.b), with a subsequent increase
in load up to a failure for specimens with a longitudinal direction of the fibres.

The experiments were carried out in the thermostatical bench.

KN
30-
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40
20 E
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Fig. 2.5. The schedule of loading the specimen with longitudinal arrangement [49]:

a) fibres without training; b) fibres with six-time training.
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2.3.3 Methodology of fractographical research

The scanning electrone microscope SEM HITACHI-S3000N was used to carry out
fractographical research during the experiments. The scanning electrone microscope is envosaged
for research of arigid body surface by means of electrone sound. Fractographical research was
based on the methodology developed in [65, 74].

The microscope allows determining the fatigue mesoline nature and its sizes with high

precision as well as investigating other crack areas.
2.4 Helicopter structure bench testing methdology and equipment

Helicopter test bench in the laboratory “Aviatest LNK” was used to develop a defect
localization methodology for technical diagnostics of the helicopter structure fatigue damage. The
test object controlled structures and parts thereof:

1) helicopter tail boom as a part of helicopter structure;

2) helicopter keel as a part of helicopter structure.
Test bench [91] is attached to the strengthened floor, using the chassis power structures

(Fig. 2.6).

Fig. 2.6. Helicopter structure fatigue test bench:

a) view from the left side; b) view from above.
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Test bench is equipped with a special system that allows applying the static load
(Fig. 2.7.).
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Fig. 2.7. Applied load for a helicopter’s structure in time. Start cycle — 60 seconds;

ordinary cycle — 15 seconds.

The tests are performed sequentially re-adjusting the static load in order that object stress-
strain state complies with the established flight test time (air—ground—air). Maximum flight time
loads were recorded at the maximum take-off weight. The load is applied at the hub of helm

rotor — Ef! FJ' Ef!, at the fastening points of the stabilizer — F, as in Fig. 2.8.

Fig. 2.8. Applied distribution load on the keel for real construction [91]:

a) view against the flying direction from the left side; b) view in the flying direction from the left side.

During the bench tests for crack, fracture and other defects, the following parameters were

registered: number of loading cycles, load size, object dimensions, and precise defect location on
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the object. During the bench tests for crack, fracture and other defects, the following actions were
performed: detected defect was photographed, and an analysis was carried out using fractographic
research. In tail beam and keel, the following areas are the most critical points from the fatigue
strength point of view:

a) joint area of the sloping frame No. 13 (Fig. 2.9.c);

b) joint of tail boom and central fuselage part (Fig. 2.9.a);

c¢) joint of tail boom and keel (Fig. 2.9.b).

b) c)

Fig. 2.9. Tail boom and keel — the most critical points from

the fatigue strength point of view:
a) joint of tail boom and central fuselage part; b) joint of tail boom and keel;

¢) joint area of the sloping frame by frame No. 13.

Acoustic emission sensors on the helicopter structure were deployed as follows:
e RI5a sensors were installed on the skin of tail boom and keel from the outside (Fig. 2.10);

e J/5-150 RIC sensors with an internal amplifier were installed on the tail boom frame
No. 1 from the inside (Fig. 2.10).

A detailed deployment scheme of AE sensors is shown in the Doctoral Thesis.
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Fig. 2.10. Location of AE sensors on tail boom and keel [55, 57, 59, 62].

3. MATHEMATICAL MODEL OF FATIGUE DEFECT LOCALIZATION
FOR MATERIALS AND STRUCTURES

3.1 Defect localization on the plane based on time difference of signal arrival

The most common AE source localization is performed by a signal arrival-time difference
method, where the signal arrival time is determined by the maximum amplitude or reaching a
threshold.

In cases when the material is anisotropic, defect localization becomes more difficult [19,
20, 66, 68] because the oscillation propagation speed becomes dependent on the direction defined

by angle 6. This can be illustrated by the following equation:

d, d (x=x3)2+(y-y2)? (x=x1)%+(y-y1)?
At1,2=tz—t1=v—z—v_i=\/ SEIE Y SRR (3.1)

where d; — distance to the sensor i;

v; — speed of ultrasound in a particular direction with the direction vector

tan(g;) = L0 (3.2)

Ty

Thus, it is necessary to have three AE sensors in order to determine the AE source

coordinates on the plane; however, in practice, four or more AE sesnors are often used to reduce

23



methodological errors of the coordinates [66, 67]. Equilateral triangle-centred scheme [66, 70] is

more often used for AE sensor placement.

Zone detection method [66, 70] is based on the principle that a AE sesnor that has

registered the highest signal power or amplitude value is the closest to the AE source.

The coordinate calculation error is determined by the time difference of signal arrival

(TDOA) measurement errors. There may be many sources of error, for example [66]:

improper determination of sound propagation speed in the object;

incorrect determination of the coordinates of the AE sensor, which is a laborious
process. One of the possible ways to prevent these errors is the automation of the
coordinates of the AE sesnor;

time interval error that depends on the signal structure, its forefront growth in nature,
noise level, etc.;

actual propagation path mismatch [16, 66];

signal propagation velocity anisotropy existence;

changes in signal shape during spreading in a structure;

signal overlapping, as well as multi-source simultaneous operation;

registration of different types of waves, which spread at different speeds, with AE

SENSOors.

3.2 Mathematical model for fatigue defect localization

in aviation structures based on AE signal amplitude

As mentioned before, the defect coordination detection by means of AE is widely used

based on TDOA.

It is proposed to use the method of amplitude distribution analysis of AE signals for

different groups of AE sensors to solve the problem of determining the coordinates of the defects

such as fatigue cracks in these structures.

Py

Fig. 3.1. Acoustic emission direction during crack growth [58].
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The elementary process of crack growth is increase in its length / by a small value d/
(Fig. 3.1). This process is accompanied by the emission of AE signal of sufficiently high
amplitude. Impulse amplitude evaluation is done using the ratio that allows determining the

movement of the material particles in the vicinity of a crack in a generalized form (3.3), (3.4) [58]:

k.
Sin = \/;q)zjn(e.u, ), (3.3)

where Kj — tension intensity factor;

1,0 — polar coordinates of a considered point relative to the crack summit;
K; = pATy (), (3.4)

where
®ijn(0, u,7) — dimensionless function of the angle;
u — Poisson’s ratio;
T = % — the relative coordinate;

h — thickness of the structure shell with a crack;
J — Young’s modulus;
p j — external specific load component corresponding to the crack type;

Y; (1) — dimensionless correction function of the relative crack length;
A= % — ratio of the absolute length of the crack / to the typical size of the structure

L (length or width depending on orientation of the crack).

Function Y;(4) depends on several factors [58]:

e the type of a crack;

e configuration and orientation of a crack relative to the coordinate axes;
e geometric parameters of the object;

e characteristics of the loading etc.

Assuming that the amplitude of AE signals is proportional to the corresponding increment
of the displacement near the crack summit, 4;;, = §;y,.

Due to the known fact directivity of acoustic emission from surges of cracks in the material
under other equal conditions, the amplitude of AE signals A;, depends on the angular coordinate
. If the acoustic characteristics of the controlled object do not affect this property, it can be
defined as the coordinate of the crack and its orientation. Let us assume that the coordinates of

the summit of the crack were found through a system of stationary-spaced receiving transducers
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or sensors. Then two of them, P/ and P2, of the known distance r; and r, to the top of the crack
and the angle o characterize the directional diagram of the acoustic emission from the crack (see
Fig. 3.1). With exponential nature of the AE signal attenuation, orientation of the crack, for
example, with respect to the line OP1, characterized by the angle 6;, can be determined from the

results of the registration of the amplitudes A;;,;and A;j,,registered by transducers or sensors —

respectively P 1 and P2 (3.5) [58]:

Aijjn1 Pijn(OLl) _k(r,-13)
= : 3.5
Aijnz  @ijn(01+au) ¢ (3.3)
Taking into account the AE signal amplitude threshold, the limited signal propagation
radius and the limited step of AE changes for real construction diagnostics, the following can be
considered: in research areas, AE signal amplitude attenuation has linear character (Fig. 3.2),

where angle o describes the slope of the AE signal attenuation curve.

A

A jjnic.

Aiinip

’i (2
Fig. 3.2. Linear approximate curve of AE signal attenuation.

In the first case when signal propagates in the environment and is registered by two AE

sensors, the AE source location is characterized by the radii r; and r, (3.6 and 3.7) [57, 60, 98]:
= (Amax - Aijnl) “tana , (3.6)
2 = (Amax - Aijnz) "tana, (3.7)

where A4, — maximum amplitude of AE signal in a close proximity to AE sensor;
Ajjn1,2 — AE signal amplitude values from AE source to the AE sensors No. 1 and No. 2.

It is assumed (Fig. 3.3) that the AE source is located in cluster, described by square, its
centre is P (X, ¥,), and one side is m. The centre of this cluster is in distance PD;=r; from the

AE sensor No. 1 and in distance PD: = r2from the AE sensor No. 2. A square is chosen for cluster
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depiction because of aircraft structural elements (rectangular form areas between stringers and

frames) and their rectangular characteristics (see Chapter 5.1).

Y

Yp

D1 Xp Bz X
(0,0 (Xp2;0)

Fig. 3.3. AE source location in cluster with P as a centre.

In a general situation, tan a characterizes the attenuation curve of AE signal amplitude in

a construction material that doesn’t have a framing:

Ti

tanf = (3.8)

Amax—Aijnig’
then
tan f = Ky onstr tan a. (3.9)

It is possible to find the coordinates X, and Y, of the cluster centre P and obtain a

coefficient when two AE sensors are located symmetrically to structural elements [57, 60, 98]:

2 2
_ (Aijn2—Aijn1) 2Amax—Aijn1—Aijn2) +Kigonsertan? a+Xp;

Xp %o, , (3.10)
2 (Ai'n —Ajjn )(ZA —Ajjn1—Aijn )+X 2\2
Yp = \/(Amax - Aijnl) Klgonstr tan® a _< e m;;Dz e = ) : (3-11)

4. EXPERIMENTAL RESEARCH ON AVIATION STRUCTURAL MATERIAL
SAMPLES USING ACOUSTIC EMISSION METHOD

4.1 Experimental research on samples made from aluminium alloy

under static and dynamic loading

Research of aluminium alloy samples was carried out under static and cyclic loading [56,

61]. The goal of this research was to determine the AE parameters as a criterion for the material
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fracture process registration. AE parameters were registered using the AE equipment PAC Pocket
AE-2 and two KD32 sesnors. When applying static load, five samples were tensioned with a
maximum load up to their fracture using INSTRON equipment.

Analysing the character of the AE signal at the time of the collapse, the following can be
concluded — the rapid increase in the amplitude, i.e., for sample No. 3, the amplitude increases
from 35...47 dB to 100 dB, and afterwards the collapse successively decreases describing the static
breaking moment.

During the dynamic loading test, five samples were used. For the sample No. 2, one
loading cycle lasted 0.10 seconds (Fig. 4.1.a), which in total constituted 299 seconds (Fig. 4.1.b),
with the variable load from 0.5 kN to 1.5 kN.

Load_InstronkN Load_Instron kN

/ \
7 Al
7
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19989 19991 19993 19995 19997 19998 50 100 150 200 250 3¢o

a) b)
Fig. 4.1. Applied loads for the sample No. 2:

a — in one load cycle; b — during the entire test.

Such AE signal characteristics as sum count amplitude (Fig. 4.2) and energy reflect the
full cycle of all loading. The AE amplitude clearly reflects the collapse moment of the material,
when the AE signal amplitude reaches the maximum value from 90 dB to 100 dB, which is
characterized by the collapse in the immediate vicinity of the sensor and is obtained from the

experiment where samples were loaded with a static load.
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Fig. 4.2. Dependance of the AE signal amplitude on time for the sample No. 2.
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4.2 Experimental research on composite material damageability under cyclic loading

Composite material fracture mechanics was analysed using AE method. Tensile tests were
carried out on two groups of samples made from fiberglass (Fig. 2) having both warp and weft
fibers.

The results are displayed in graphs, where tension and AE parameter — total AE — are
compared. The results are obtained under static loading, when tensioned transverse sample had

no pre-training (Fig. 4.3.a) [49, 50].

strain, strain,

g 7 i j/

: strain . : strai\n /
03 — { 03 [

- L+ NAE“ %/ NAE/
OOW// | 005/ ‘‘‘‘‘‘‘‘‘ e eaas i AT

0,0 0,3 0,6 stress 0,0 0.3 0.6 stress

Fig. 4.3. Dependence of the cumulative AE and deformation on the stress-strain

of a sample with transverse fibers [49, 50]:
a) without pre-training (sample width: 20 mm); b) with triple training corresponding to 40%

of the breaking load (sample width: 20 mm).

The process depending on the deformation and total AE can be devided into two areas:

1) area where the parameters vary proportional to the strain;

2) area of intensive growth of the parameters.

The second area describes an irreversible process of a composite fracture, starting from
0.8 of relative strain according to the tension parameter, and from 0.75 according to the AE
parameter.

The experiments were carried out to evaluate the effect of pre-training on mechanical
characteristics of composite materials; samples were three times pre-trained. It is seen that the
whole process is similar to the previous test result (Fig. 4.3.a), i.e., there are areas of the
proportional change of deformation parameters and total AE voltage, and the phase of their
intensive increment, characterizing, similarly to the first case, the beginning of the process of
composite irreversible destruction. However, the beginning of the processes of irreversible
damage occurs earlier (starting approximately from 0.7 of the rupture stress by the deformation

parameter, and from 0.65 of destructive stress by the parameter of total AE).

29



All analyzed cases showed preference of AE parameter over tension parameter [49, 50].

When testing composite materials with longitudinal fibre orientation, the experiments
were conducted with and without pre-training. Graphical analysis determines three areas of the
fracture process [90, 91]:

1) the initial stage of total AE intensive growth;

2) the stage of total AE stabilization;

3) the stage of total AE secondary intensive growth up to destruction.

The character of a composite material sample with longitudinal fibre orientation is shown

in Fig. 4.4.

RTU-TTI kompozit14x70-1°
SE MAG: 70 x HV: 3.0 kV WD: 28.0 mm

Fig. 4.4. Fragment of a composite material sample

with a longitudinal-orientation fracture [49, 50].

Further results [90, 91] of sample testing with training of at least 20% of the ultimate load
showed that the S-shaped form remains both with different amounts of training and when the
width of the sample is changed, although in these cases the strain measurement, like in the case
without training, provides a rectilinear dependence of deformation on stress-strain (Fig. 4.3.b).

Research results [49, 50] allow concluding that pre-training of up to 20% from destruction
load does not effect the S-shaped line of total AE, but 2nd and 3rd deformation stages decrease.
Further experiments on the samples showed that S-shaped form is dependent neither on the
number of pre-trainings nor on the width of the sample. In the same tension, data in all load
conditions show constant linear dependance on tension (Fig. 4.3.b).

It is also concluded that three-times pre-training and six-times pre-training are reflected in
the total AE S-shaped line as a Caiser effect [33, 50]. In its turn, dependance of total AE does not
change. At the same time, when the load exceeds 35% of the burst load, pre-training affects the
character of the total AE. Caiser effect still continues to be present, but the dependance of total
AE changes sharply. The results suggest that the composite material fracture process is a two-
stage process, and it is important that most parts of microfracture processes are allocated to the

first proccess.
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5. HELICOPTER STRUCTURE FATIGUE DAMAGE DIAGNOSTICS
WITH DEFECT LOCALIZATION

5.1 Analysis of AE signal propagation features in helicopter structural elements
5.1.1 Analysis of AE signal propagation in helicopter skin with framing elements

AE signal amplitude evaluation and signal propagation speed measurements have been
made on helicopter skin taking into account such parameters as stringers, frames, and riveted and

glued joint influence (Fig. 5.1.a, b) [58, 60].
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Fig. 5.1. AE sensor displacement on the fuselage for the sound velocity

and amplitude attenuation research:

1, 2 — AE sensors; 3 — AE source imitation point; 4, 5 — stringers No. 4 and No. 5;

6 — frame No. 10; 7 — AE source imitation point.

Four sensors were simultaniously used for measuring ultrasonic speed and AE signal
amplitude attenuation. The measurements of AE signal for sound velocity and AE signal
amplitude were simulated by breaking a pencil lead eight times in one point by Hsu-Nielsen

method.

1st measurement model

In the first case, AE sensors were placed on the plating (Fig. 5.1.c) between frames No. 9
and No. 10 and stringers No. 4 and No. 5, 248 mm apart from each other, in order to obtain the
results of sound velocity and AE signal amplitude attenuation over the plating without framing

impact, but still taking into account the material properties and painting of helicopter plating.

2nd measurement model
In the second case, AE sensors were placed on the plating (Fig. 5.1.c) between frames

No. 9 and No. 10 and stringers No. 3, No. 4 and No. 7, No. 8, 400 mm apart from each other, in
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order to obtain the results of sound velocity and AE signal amplitude attenuation over the plating

with stringer impact.

3rd measurement model

In third case, AE sensors were placed in the same manner as in the second case, but AE
source imitation point was changed (Fig. 4) in order to obtain the results of sound velocity and
AE signal amplitude attenuation over the plating with stringer and frame impact. Helicopter
fuselage frames are riveted.

The relative error of the measurements is within the range of 0.63—-0.84%.

The characteristics of AE signal are shown in Table 5.1 [58].

Table 5.1
Average signal amplitude to sensors and attenuation of AE signal amplitude
in plating during different measurement models
Measurement Average AE Average AE Attenuation of Average
model No. signal amplitude | signal amplitude AE signal sound
to sensor No.1, to sensor No.2, amplitude in velocity,
[dB] [dB] plating, [dB/mm] [m/s]
1 82.88 70.50 0.050 5141.49
2 82.78 48.38 0.087 2193.02
3 3-7 65.58 66.75 0.040 —
3-8 69.33 67.89 0.030 —
3-9 68.89 70.78 0.017 —
3-10 57.27 56.55 0.055 —
3-11 60.00 54.78 0.042 —
3-12 58.29 50.00 0.040 —
3-13 55.73 45.45 0.039 —

The overall conclusion is that the attenuation of AE signal amplitude depends on the AE
source angle with respect to the AE sensor, and its reduction is [58]:
e 0.0019 dB/mm at sound imitation points 7, 8, 9 before the frame No. 10 for each
3 degrees of slope;
e 0.0019 dB/mm at sound imitation points 11, 12, 13 after the frame No. 10 for each
3 degrees of slope.
Consequently, the attenuation value depends not only on the distance from the sound point
to the AE sensor, but also on its location angle to the sensor — the signal amplitude is considerably

larger from the signal point that has steeper angle to the AE sensor.
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5.1.2 Attenuation card creation for AE signal amplitude in helicopter fuselage

In order to create the attenuation card for AE signal amplitude in helicopter fuselage,
experiments [60] were performed inside the fuselage taking into account the frame — stringers and
frames. Four AE sensors were used in the experiment — one sensor was placed on the stringer
No. 6 between frames No. 9 and No. 10; one sensor was placed on the stringer No. 10 between
frames No. 6 and No. 7; the third and fourt sensor were placed on the fuselage between stringers

No. 7 and No. 8 and frames No. 9 and No. 10, from inside and outside respectively.

Fig. 5.2. Location of AE sensors on helicopter fuselage.

During imitating AE signal on the fuselage between frames No. 9 and No. 10, the arrival
of signals was registered on all four sensors (Figs 5.3 and 5.4). Highest amplitudes were registered
in close proximity of the respective sensors. In overall, lowest amplitudes were noticed on sensors
that were placed on the frames. All sensors registered the signals initiated by stringers No. 16 and

No. 17, and their amplitude level was above the set threshold of 35 dB [60].
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Sensor on skin inside
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Sensor on skin outside
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45.00 /
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Fig. 5.3. Imitated AE signal amplitude, dB (y axis) on stringers Nos 1-22 ( x axis)

between frames No. 9 and No. 10.
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The charts of AE signal amplitude attenuation were created after summarizing the signal receiving
amplitudes (Fig. 5.4). They illustrate the registered AE signal amplitude from the source located
in a particular distance; besides, the amplitudes only above the 35-dB threshold were taken into

account [60].

Fig. 5.4. Registration of AE signal amplitude on the sensors placed on stringers.

The results of the experiment when AE sensors were placed on helicopter tail boom and
keel were used to create a diagnostic system. A conclusion is that the placement of sensors on the
outside of the fuselage is not recommended even when performing test bench experiments.

For control of particular parts of the helicopter structure, the most advisable way of sensor
placement is: to place sensors on a particular element, i.e. during frame control, sensors are placed
on the frames; to calculate the number of sensors depending on the geometrical parameters of the
structural elements and using the obtained charts of AE signal amplitude attenuation.

Taking into account that the above mentioned task for helicopter structure diagnostics is
planned to be solved reflexively, i.e., by analysing the value of AE signal amplitude on the sensors
to determine the location of defects, the main task of the experimental research was to determine
the changes in the intervals of AE signal amplitude taking into account the helicopter structural

framing.
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5.1.3 Determination of the coefficient of AE signal amplitude changes

in helicopter structure for defect localization

An imitation quadrate with a schematic network of 40 cm x 40 cm was created in order to
conduct the studies on helicopter plating (from the outside). The square was divided into smaller
squares, 5 cm X 5 cm, with the total of 64 imitation points. The quadrate was designed to include
both the design of the frames and stringers (one frame (No. 10F) and four stringers) [98].

An AE sensor was placed in each of the corners of the square (Fig. 5.5.a). The signal was
imitated 8 to 10 times in the middle of each small square. The results are summarized in a graphic
form (Fig. 5.5.b). The relative error is obtained, and the average value of the compiled data is
0.86% to 0.90%.
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Fig. 5.5. AE signal imitation quadrate:

a) location of the AE sensor No. 3 in the point No. H1; b) AE signal amplitudes (in relative units)

registered on the sensor No. 2 in the point No. AS.

The graph of the dependance of the AE signal amplitude on the location of AE source was
approximated by linear approximation.

Analysing AE registration amplitude on sensors, it should be noted that higher amplitude
signals are registered from the sources located on the fuselage skin before the framing.
Experimentally it is proved that the AE signal amplitude registered on the sensors is smaller if the
source is equidistant from the sensor but there is the framing in signal distribution area. It is also
proved that the curve slope of the attenuation of AE signal amplitude (according to the AE source
location detection by the amplitude theoretical model discussed in Chapter No. 3) depends on the
type of framing elements and their amount in the AE signal propagation area. For example, in the
case when the AE source is in the area from No. H8 to No. A8, the signal propagation distribution

after linear approximation does not exceed 0.039. Thus, according to the expression (5.1) [98]:
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tan ayg = 0.875. 5.1

Comparison of the AE signal amplitudes at the same distance 7; from the sensor No. A8 —
in squares No. Al and No. H8 (Fig. 5.6) — shows that they are 0.38 and 0.54 in relative units
respectively. In the first case, there are four stringer joints; in the second case, there is one frame

joint. Thus (5.2):
tana,, = 0.614. 5.2)
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Fig. 5.6. Values of AE signal amplitude (y axis) in squares No. A1 to No. A8 (x axis).

The value tan ay,;, was determined experimentally — when helicopter fuselage is without
framing at distance 71— tanag,;, = 1.5. The AE signal amplitude attenuation coefficients are
applied in points No. A1 and No. HS to detect and obtain the location coordinates of defect: K¢ =
0.41 and K;,, = 0.58.

Consequently:

Tyg = 035 m.

For example, AE source location 7; can be easily calculated if the registered AE signal

amplitude A;j,,; = 0.84 and it is known that the signal propagates in the area zone with the stringer

framing (5.3):
n= (Amax - Aijni) *Kser - tan agps. (53)

Thus, r; = 0,28 m , which corresponds to the square No. A3.
Overall, it can be concluded that the signal amplitude attenuation coefficient in this

research study is within the range of 0.37-0.58.
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Summarizing the obtained values of AE signal amplitude, itcan be concluded that it is
possible to determine location of defects by signal amplitudes using the proposed coefficients.
Moreover, it is possible to determine the location of defects by AE signal amplitudes even for

such elements that have frames and stringers.

5.2 Diagnostics of bolted joints using the acoustic emission method

during helicopter bench tests

The parameters of acoustic emission (AE) signals were measured during the bench tests
of the tail boom structure and fin, the joint areas of the fin, and the tail boom and fuselage of the
helicopter (the joint area of the 1st and 19th frames of the tail boom and fuselage respectively)
[55, 57, 59, 62].

Measurement methodology is given in Chapter 2 of the present Thesis. This chapter
describes the defects determined during the experiment. Control of the development of those

defects was done using the AE method until fracture or accelerated growth of the crack.
5.2.1 Overall evaluation of the informational content of AE signal diagnostic parameters

On the basis of analysis of AE parameters recorded in the process of testing [55, 57, 59,
62], the following was revealed. The AE signal amplitude (Fig. 5.7) recorded for all channels
quantitatively reflects the process of failure. The value of amplitude depends on the point of AE
sensor installation including its orientation relative to the source of AE signal and the distance to
the source. The energy of AE signals (Fig. 5.8) is also an informative parameter for the diagnostics
of large structures; this parameter quantitatively reflects the stages of the process of accelerated
crack growth in the material of helicopter structural components. Due to significant influence of
mechanical noises during the tests, total AE is only informative in the case of additional filtration.
This process is rather time-consuming and requires the development and application of a special

program for the processing of recorded signals.
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Crack develoment, No. 19-1 ————— Accelerated growth of crack, No.19-1
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Fig. 5.7. The amplitude of AE signals, and dB (y axis) recorded in the interval
of 1-9812 load cycles (x axis).
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Fig. 5.8. The amplitude of AE signals, and dB (y axis) recorded in the interval
of 51000-108958 load cycles (x axis).

5.2.2 General characteristics of the results of fractal analysis of bolt material fractures
On the basis of the fractal analysis we carried out, it was found that the propagation of
fractures in bolt material is characterized by the formation of low-cycle fatigue damage mesolines
(Fig. 5.10.a), the distance among which increases in a general case, which characterizes the
acceleration of crack growth rate as the crack length increases (fatigue damage areas). In all cases,

the failure has a multinuclear nature (Fig. 5.9). The material of bolts contains inclusions

(Fig. 5.10.b) [55, 57, 59, 62].
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At the same time, the failure of bolts has a complex nature due to the influence of

additional factors:

e cracks initiate and grow simultaneously in several bolts leading to the redistribution of
load among them right during the tests, which is reflected in the mechanism of crack
propagation;

e after periodic retightening of bolts during the tests (some bolts were retightened up to
three times), the redistribution of stresses causes changes in the nature of fatigue
mesoline propagation — their obvious transition from small to larger size along with the

propagation of damage was not observed.

SEM MAG: 158 kx t: SEM MAG: 1.3 kx Det: SE
g View field: 24.4 ym __ SEM HV: 300 kV__ 5um

Fig. 5.10. Bolt No. 19-1: a) fatigue mesoline, h = 0.15-0.17 pm; b) inclusion.

5.2.3 Individual evaluation of the results of acoustic emission diagnostics of bolts in the

joint between the tail boom and fuselage during helicopter structure life tests

Analysis of test results [95, 96] before the failure of bolts No. 19-1 and No. 18-1

On the basis of AE monitoring data, in the process of inspection of 23022 load cycles, it
was found that attachment bolts No. 19-1 and No. 18-1 in the area of stringers 5 and 6 along the
right side had failed (Fig. 5.11).
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Bolt 18 }

Bolt 19 :

Fig. 5.11. General view of the failed bolts No. 19-1 and No. 18-1:

a) general view of the area of fuselage and tail boom joint; b) view of the holes for the bolts 18-1 and 19-1.

The fractures of both bolts have a fatigue nature (Fig. 5.12).

sy

V.

SEM MAG: 28 X Det: SE

View field: 998 mm | SEMHV:300KV  2mm

a) b)
Fig. 5.12. Fatigue fractures of bolts:

a) fracture of the bolt No. 19-1; b) fracture of the bolt No. 18-1.

The relief of the fracture of bolt No. 19-1 is characterized by higher fineness. This is
indicative of a relatively low crack growth rate and corresponding duration of destruction process.
The nucleus area of the crack is a base of the 1st thread turn profile (Fig. 5.12.a). The relative area
of fracture fatigue zone is approx. 80%.

The relief of the fracture of bolt No. 18-1 for stringer 5 is characterized by coarse
granulation (Fig. 5.12.b), which is an evidence of a higher crack propagation rate. The relative
area of the bolt fracture fatigue zone is markedly smaller, which is also an indicative of an
increased crack propagation rate. In this case, the base of the thread profile is also a nucleus area
of the crack.

The distribution of fracture relief and fatigue zone relative areas among the bolts allows

considering that originally the crack appeared in the material of bolt No. 19-1. The analysis of the
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curves of AE parameter records reveals the presence of several more nuclei of fatigue damage, in
particular, accelerated fatigue crack growth was detected in the interval from 15400...15600 to
17600...17800 load cycles, which probably reflects the kinetics of fatigue crack propagation in
the material of bolt No. 18-1 (Fig. 5.13).
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Fig. 5.13. Time-dependent behaviour of AE signal amplitude, dB (y axis) from 9812 load cycles
to the failure, bolts No. 18-1 and No. 19-1 (x axis).

According to the results of our fractographic examination, in the case of bolt No. 19, the
crack growth rate at the initial stage of destruction was on average 0.08-0.09 um/cycle. This
regularity was being observed until the crack reached a length of approx. 260 um, which
corresponds to 3000...4000 load cycles. Then the changes in crack growth rate were detected at
the levels of 0.15 pum/cycle and 0.25-0.35 um/cycle (Fig. 5.14). The specified rate was being
observed up to the bolt failure at approx. 18000...19000 load cycles. The propagation of the crack
in the material of bolt No. 18 also occurred with an average rate of 0.25-0.35 um/cycle, which
corresponds to approx. 6000...7000 load cycles. In the area of accelerated crack growth, it is

possible to observe some characteristic zones of sliding.

SEM MAG: 87.7 kx Det: SE

View field: 3.16 pm  SEM HV: 30.0kV  1pm

Fig. 5.14. Fatigue mesolines, h = 0.11-0.16 um, bolt No. 19.
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Analysis of test results before the failure of bolts No. 19-2 and No. 18-2

The tests were continued after the replacement of failed attachment bolts No. 18-1 and
No. 19-1 in the area of stringers 5 and 6 along the right side of the tail boom in 23022 load cycles
with new bolts numbered 18-2 and 19-2 respectively. The tests were accompanied by continuous
recording of AE signals on all selected channels up to 51000 load cycles when during a regular
inspection a repeated failure of bolts 18 and 19 was revealed. The total operating time of bolts
from the moment of their installation to their complete failure was 27978 cycles. On the basis of
AE measurements, which are common for both bolts, the accelerated growth of fatigue cracks

was detected at 46600—47000 load cycles (Fig. 5.15).
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Fig. 5.15. Time-dependent behaviour of the AE signal intensity.

The nature and dimensions of corresponding fatigue fracture zones of the bolts are in many
ways similar to the fractures of the bolts previously failed at the same place. Based on the analysis
of distribution of fracture relief and fatigue zone relative areas in bolt section, it was found that
the initial crack appeared in bolt No. 19. Here the base of the first (from the cylindrical part of the

bolt) thread profile is also a nucleus zone of the cracks.
Analysis of test results before the failure of bolt No. 19-3

After the completion of another stage of tests in 80 615 load cycles, the inspection helped
to reveal the 3rd (during the tests) failure of the attachment bolt for the hole No. 19 in the area of
stringer 6 along the right side. The fracture (Fig. 5.16) has a fatigue nature typical for all the
previously failed attachment bolts. The fatigue zone occupies about 95% of its area and consists

of a fine-grained site (more than 60% of fracture area) and a coarse-grained site.
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Fig. 5.16. Fracture of bolt No. 19-3 on the bolt shank.

The failure of bolt No. 19-3 was detected by all the AE sensors installed in the area of tail
boom and fuselage joint. The failure of this bolt is characterized by AE signals with an amplitude
increasing up to 80...85 dB (Fig. 5.17.) at the 80050...80100 load cycle. At the same time, the
accelerated growth of the crack in the bolt material was detected after reaching the 78800...78900
load cycle when AE signal amplitudes increased up to 60...62 dB. The accelerated growth of the
crack was being observed during about 1250 cycles, i.e., in the case of applying the AE method
during operation, the bolt failure could be predicted approx. 26 flying hours ahead.

Amplitude(dB) vs Time(sec) <2>

Fig. 5.17. Time-dependent behaviour of AE signal amplitude (y axis) during the accelerated
growth of the crack until the fracture, bolt No. 19-3.

The analysis of AE signal energy behaviour during the accelerated growth of the crack in
the material of bolt No. 19-3 revealed the moment the crucial crack growth began (430-435 cycles
before the failure). Further fractal analysis of the fracture showed the correspondence of this

loading period to the rupture area. The crucial growth of the crack corresponds to approx. 8
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estimated flying hours. In the material of bolt No. 19, the range of fatigue mesoline dimensions
in the area on a radius of up to 500 um from the nucleus is 112—134 nm/cycle. The length of the
given site corresponds to 4065 load cycles.

The subsequent 500 um the crack was propagating at a rate of 125-142 nm/cycle. The
length of the given site corresponds to 3759 load cycles. Then the next 2000 um the crack was
propagating during 12345 c at an average rate of 162 nm/cycle. The total life at this stage
corresponds to 20169 load cycles. Then, on a radius of about 3000 pm from the nucleus the slower
growth of the crack was observed (Fig. 5.18). This site corresponds to the moment of bolt
retightening (twice) after the failure of bolts 14 and 15 in 69603 and 78601 load cycles
respectively. The length of this site corresponded to 10 447 load cycles. Then, for approx. 1000—
1500 pum, there continued a slower growth of the crack at a rate of 90—110 nm/cycle, which

corresponds to 9197 load cycles.
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Fig. 5.18. Dependence of fatigue striation increment on the length of the fatigue crack with

account of retightening of bolts in the joint between the tail boom and fuselage, bolt No. 19-3.

After that, the crack growth accelerated up to the rate of 200 nm/cycle. On a radius of
about 44.5 mm (Fig. 5.19) from the nucleus area, the failure has a mixed nature reflecting the

accelerated growth of the crack. The total life of the bolt material is 30 616 load cycles.
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RTU-AERTI_SE bolt19 4.5 1512
MAG: 15000 x HV: 16.0 kV._WD: 10.0 mm

Fig. 5.19. Fatigue mesolines, h = 143..203 nm/cycle (4.5 mm from the nucleus).
5.3 Evaluation of the defects of riveted connections
5.3.1 The AE control methodology of the technical condition of riveted connections

The application of the classic AE method for monitoring the condition of bolted and
riveted connections during operation is very limited. The necessity to apply a load to connection
components, which initiates defect development, in its turn, by the generation of ultrasonic
signals, is a mandatory requirement of AE monitoring. Monitoring of connections without any
load is not possible yet.

The method used in this research also implies recording of signals and analysis of AE
method when monitoring the condition of riveted connections parameters. However, in such a
case, the ultrasonic signals generated by the AE source simulator set on one of the parts being
connected (rather than the signals initiated by the developing defects of the loaded components)
are recorded. In this case, AE signals are received by the AE transducer installed on the head of
the rivet being monitored. An option is also possible when ultrasonic signals are generated with
the imitator of AE sources installed on the head of the rivet being monitored, while the AE receiver
is installed on one of the parts being connected. The condition of the rivet is evaluated on the basis
of the results of comparing the intensity level or amplitude of the recorded signal with the level
of rejection. The general condition of the connection is evaluated based on the ratio of defective
rivets to the total number of rivets in the connection. Thus, the experiment makes it possible to
give a quantitative estimation of the condition of both separate components and the bolted or
riveted connections as a whole in real conditions of structure operation.

To monitor the condition of riveted connections, the pulsar was placed on the frames near
each joint, and the transducer of AE signals was placed on the rivet head. As in accordance with

Fig. 5.20, where joint No. 3 is in satisfactory condition and joint No. 6 has the worst corrosion
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wear, a comparative evaluation of the condition of riveted connections in joints No. 3 and No. 6
in plates 6, 7 and 8 was carried out. The pulsar was sequentially placed on plates 6, 7 and 8, while
the AE sensor was used to respectively receive the signal from the head of each rivet. Fig. 5.20
represents the diagrams containing the numbering of the rivets being monitored and the results of

the tests [8, 40].

0 % /o o Com 224 ° ©
8 2 O o O
o5. 2°® o o] [ o ‘o o o
7 o 8]7 O o O/b’o 11‘6 (0] (@] o o o]
(o 2% ® (@] (¢] 6 O
s . O @y o oO O B2 Ty g2
(o)) 2.0 O O ‘0% %70 o ®
500 @230 OO OO 500 ajéo oo @@
17 .25 ’. | 5 .]5 .
S, 4 ® ® (o] Os 2z ® o ®
E Y - Y ® O ‘0l ¥ 0® %g
S, 9 ® O O 1o ey o o
20 ex o o 0y ® o ®
sm 3 ® O (@) 2.0 (027 o O
1.0 25 O [e) Op. 2@ o ®
Oy 7. ® o O 00 9% 0©® ©9p
\\ O [\ O O / ”o ‘70 lo) ®
a) b) c) d)

Fig. 5.20. Diagrams of rivet numbering, and results of testing the bottom

of the joints No. 3R and No. 6R in various connections:

a) plate 6, joint No. 3R; b) plate 7, joint No. 3R; ¢) plate 6, joint No. 6R;
d) plate 6, joint No. 6R (additional measurement), where ® —non defected rivets;

® —rivets in transient condition; O— faulty condition; @) — pulsar location.

When the pulsar was installed on plate 6, the steady signal was received from the rivets
Nos 18 (Fig. 6), 19, 20, 21, 22, 23, 26, 27, 28, 29, 32 (Fig. 5.21); the unstable signal was received
from the rivets Nos 2, 3, 4, 12 (Fig. 7), 17, 24, 25, 30, 31; no signal was detected on the rest of
the rivets (i.e., the AE signal was received from approx. 47% of the total number of rivets). The
general evaluation of the condition of the riveted connections for the connection (a) (see
Fig. 5.20.a): 47% of the total numbers of rivets in the connection are found to be suitable for

further use.

Amplitude(dB) vs Timefsec) <1>
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Fig. 5.21. Time-dependent steady AE signal with an amplitude of approx. 57 dB (y axis)

received from the rivet No. 18.
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The analysis of AE signal passage along the above AE path according to the “plate-rivet”
pattern showed that in general the corrosion damage of joint No. 6R (in the connection with plates
6, 7 and 8) is approx. two times heavier than the damage of joint No. 3, and the riveted connection
of plate 7 with the structural elements (skin, stringer), in comparison with the connection in plate
6, is practically completely worn out due to corrosion.

Subsequent connection disassembly and defect detection confirmed the efficiency of

applying the offered AE testing method.
5.3.2 Control results of riveted cconnection condition at applied load

Besides controlling the bolt connections in the trials of helicopter structure resources, one
of the tasks was also the evaluation of the defects of constructive node elements and compounds,
including riveted connections. During testing of helicopter structure resources at the loading
cycles 91 203...92 175, the change in the AE signal informative parameters, such as energy and
cumulative energy (Fig. 5.22), indicated the presence of damage in the area of the left side frame
No. 9 of the fuselage. In the research, second registration channel of the AE sensor was also
informative. It was mounted on the helicopter fuselage and tail beam joint frame No. 1. The most

considerable changes in energy and summar energy were fixed at 92 175 loading cycles.

i Fracture of rivets .

Energy [eu]
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Fig. 5.22. Time-dependent changes in the AE signal energy (y axis),

characterizing the defects of the rivets in joints.
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During subsequent investigation, the raised AE signal source was identified — collapse of
two rivets along the fuselage No. 9 on the left board in the area of stringers Nos 26 and 27 was
found during regular inspection of the helicopter structure at the 91203 load cycle. They are
marked accordingly, as crack No. 16 and No. 17. In the subsequent loading process at the load
cycle 92175, six adjacent rivet collapses were recorded. The defects were labeled as cracks

Nos 19-23. Fig. 5.23 depicts all the collapsed rivet fractures.
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CONCLUSIONS

. Helicopter operational defect analysis allowed concluding that fatigue damage is the most
dangerous in structural joints of aircraft structures. Non-destructuve testing and diagnostics
methods used during helicopter inspection do not provide information on the fatigue cracks
and their development. There is a need to develop diagnostic methods for use on helicopters in
operation in order to increase the safety of their structure.

. Multi-channel acoustic emission measurement and data processing methodology were
developed for structures defectology analysis at static and dynamic load conditions. AE sensor
location was selected, taking into account the structural factors and the number of sensors.
Hardware settings for AE measurements were developed through testing AE signal
propagation parameter estimation. Methodology for AE signal processing, data visualization
and AE source location was chosen taking into account structural elements of the helicopter,
plating color effect, the overall noise level, parametric data, etc.

. Mathematical model of fatigue defect localization in materials and structures was developed
based on the AE measurement data. The model is based on the AE signal amplitude registration
and analysis. It takes into account structural elements of the helicopter, and it can be applied
using two or more AE sensors. Using this mathematical model it is possible to determine
coordinates of the cluster where defect is located, center.

. AE parameter informativity was assessed for metallic and composite structures under static
and dynamic load conditions. Total AE was selected as a criterion for the assessment of damage
accumulation of composite materials. The AE signal criteria — signal amplitude and the total
AE — were selected in aluminum alloy sample tests. The character of AE amplitude was
evaluated at the burst moment. The signal spectrum for the first AE signal originated in the
crack development moment is analyzed. It is proven that the AE method is effective for the
control of fatigue defects at an early stage and makes it possible to control the crack
development process up to the fracture and assess the material load-bearing capacity.

. Fatigue defect localization in the helicopter structure was experimentally determined by AE
parameter — AE signal amplitude. Defect location is determined taking into account the real
impact of structural elements. The amplitude attenuation coefficient used for defect
localization in the helicopter structure that does not have structural elements is Ky ,,st» = 1, but
for the helicopter structure with structural elements such as stringers and frames Kj ;¢ 1S In

the range of 0.37-0.58.

50



6. The helicopter fuselage and tail boom joint bolt fatigue damage diagnostics with defect
localization was performed during bench tests when, based on AE data, bolt fracture was
expected. Bolt fracture was predicted at least 26 to 44 flight hours before the actual fracture.
Using AE parameters, the microcracks origin intervals were identifed when the bolt bearing
capacity after the occurrence of the defect composed up to 96%. Such AE parameters as AE
signal amplitude and absolute energy were correlated with the fracture kinetics. Analysis of
AE parameters showed that the joint bolt tensioning torque directly impacts the fatigue defect
spreading. The change in decreased tension momentum in relation to the required one slows
down the crack development due to stress distribution. Fatigue surface analysis during
fractographic research confirmed the AE measurement results.

7. Structural rivet and screw joining methodology was developed based on the AE measurements.
The proposed method makes it possible to perform both the individual elements and the whole
screw or rivet joint quality quantitative assessment in real structures in operation conditions.

8. Fractographic analysis of structural element fatigue surfaces was carried out, and AE parameter
correlations with the fracture kinetics were identified. Defect sources were detected, and multi
source structure was evaluated based on the fractographic analysis. Small-grained and coarse-
grained areas characterizing the crack growth kinetics were observed in bolt fatigue fractures.
Crack growth rate of bolt fractures at early stages was 80...90 nm/cycle, but afterwards reached
on average 140...180 nm/cycle. Cracks in accelerated growth areas are characterized by slip
zones. Performed spectral analysis indicated the presence of defects before bolt operation on

the helicopter.
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