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It was shown by tests conducted at the National Aviation University (Kiev, Ukraine) that fatigue damage
of metal structures may be estimated by sensors with the surface relief pattern to indicate the accumu-
lated fatigue damage. The nature of the deformation relief has been investigated by the light, scan and
transmission microscopy, as well as by a new nano-interferometer, developed at the National Aviation
University. Fractal analysis of the surface patterns based on box-counting method has proved the effi-
ciency of fractal geometry application for additional quantitative description of such surface structures.
The evolution of deformation relief parameters on the sensors surface is determined by the process of the
sensor and construction fatigue damage accumulation.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Application of fatigue sensors for Aircraft Structural Health
Monitoring (SHM) is aimed on the assessment of structural compo-
nents fatigue damage at every moment during the aircraft life [1].
The fatigue sensor is a part of the integrated system of sensors,
data transmission, and processing ability inside the aircraft struc-
tures [2].

Development of new sensors for aircraft structures has been
stimulated by very high requirements to the aircraft reliability
and strength.

On the first stage of the research and development the single
crystal sensors were proposed [3]. It was shown, that the density
of the persistent slip bands on the sensor’s surface is determined
by the accumulated fatigue damage [4].

Now, after investigations of the aluminium alloys under fatigue
the efficiency of polycrystalline sensors has been proved [5,6].
Appropriate materials for fatigue sensors manufacturing are well
known aluminium alloys D16AT, V95, 2024T3, 7075T6, covered
by the layer of pure aluminium. This layer acts as an indicator of
fatigue damage because the deformation relief appears on the sur-
face under the action of repeated loads [7].

Such sensors look like micro specimens for fatigue tests and are
basically the specimen-witness attached to the investigated part of
the construction [8]. The possibility to install sensors on the
aircraft spar has been considered and correspondent procedure
has been proposed.

For polycrystalline sensors the fatigue damage may by esti-
mated by the intensity of deformation relief, i.e., by its dislocation
structures on the surface [4]. The surface can be explored by the
light microscope with enlargement 200–400�.

For the investigation of deformation relief evolution and corre-
spondent fatigue damage assessment the digital optical system has
been developed [8,9]. The analysis of the optical digital images of
the fatigue sensor surface state gives the data for mathematical
models of residual life prediction conducted investigations have
shown the efficiency of developed fatigue sensors under wide
range of regular and irregular cyclic loading.
2. Materials and methods

For a skin of civil aircraft, aluminium alloys D16AT and V95 are
widely used in Ukraine and Russia, which are almost analogous to
2024T3 and 7075T6. The main alloying components of D16AT and
2024T3 are copper and magnesium, while V95 and 7075T6 contain
about 5% of zinc. In order to reduce the possible corrosion process,
some sheets of mentioned alloys are often covered with a layer of
pure aluminium (for D16AT and 2024T3) or with a layer of Al with
1.0% of Zn (for V95 and 7075T6). The thickness of clad layer is rang-
ing from 4% to 7% of the total sheet thickness.

For polycrystalline metals as well as for single-crystals, the cyc-
lic loading under certain conditions leads to strain localization
zones called persistent slip bands [10,11]. These PSB’s are
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connected with the evolution of a dislocation substructure and the
formation of extrusion/intrusion on the specimen surface [12].

Aluminium and some of its alloys, which may be used for clad-
ding, are considered to be so called persistent slip bands (PSBs)
type materials, because when they are subjected to cyclic loading,
PSBs appear and develop on their surfaces. Relief intensity depends
on the stress level, distribution of the stress near the stress concen-
trator and the number of cycles [12,13].

To find appropriate quantitative parameters for the relief
description and for the assessment the corresponded accumulated
fatigue damage by the surface relief parameters a wide spectrum of
systematical tests has been performed [14,15].

Flat specimens with a hole in the center in order to induce frac-
ture localization were used in a presented fatigue test procedure.
Such stress concentrator indicates the point for optical investiga-
tion as well. The thickness of the specimen is 1.5 mm and the
diameter of the hole is 4.0 mm. These dimensions were chosen
because sheets of 1.5 mm thickness are used in many cases for air-
craft skin production, where as 4 mm hole imitates a constructive
hole for rivets. In aircraft structures rivets are used to joint sheets
of the skin or mount the skin on frames and stringers. The number
of rivets in the structure of a modern passenger airplane for 200
passengers is more than 1.5 million. Thus, such kind of stress con-
centrator is typical.

Tests have been performed under wide spectrum of loads at fre-
quency of 11 Hz and load ratio R = 0.
3. Surface dislocation structure as an indicator of accumulated
fatigue damage

The procedure of accumulated fatigue damage estimation used
in the research includes the analysis of digital images of the defor-
mation relief (Fig. 1) investigated by the light microscope.

Correspondence of the studied structures to the well-known
scheme of the extrusion/intrusion formation was proved by the
scan microscope investigation [9].

The digital photos of the specimen surface with developed
deformation relief obtained by the scan microscope SEM-515 –
‘‘Phillips’’ with the voltage 30 kV are presented in Fig. 2.

The dislocation structure of deformation relief was investigated
as well. It was revealed that several kinds of dislocation substruc-
tures co-exist inside the surface relief: extended dislocation sub-
structure (Fig. 3a), chaotic dislocation in the grain (Fig. 3b),
Fig. 1. Optical image of the deformation relief on the alclad aluminium alloy.
chaotic dislocations inside the strip-like dislocation (Fig. 3c), sub-
grain with inner block substructure (Fig. 3d), and honeycomb
structure (Fig. 3e).

The images of cyclically loaded specimen surfaces have been
processed by special software. The developed program saves the
surface images in bmp format and gives the possibility to deter-
mine the proposed damage parameter D quantitatively [14,15].
Such parameter is estimated near the stress concentrator on the
area approximately 0.09 mm2. Damage parameter D is equal to
the ratio of the surface area with deformation tracks (PSBs) to
the total checked surface in the observed spot.

A set of experimental curves that express the dependence of
accumulated damage parameter on the number of cycles has been
obtained. Graphs presented in Fig. 4 shows the sensitivity of the
surface relief intensity both to number of cycles and stress ratio.

The tests were finished after the nucleation of fatigue crack of
1.0 mm length, so a crack length of 1.0 mm has been accepted as
the critical state condition.

In practice indication of actual strain level under static loads
also is very important; therefore special investigations of surface
state under static deformation have been conducted as well. A
set of specimens of aluminium alloy D16AT has been tested under
maximum relative strain 0.66%; 0.83%; 0.85%; 1.12%; 1.19%; 2.15%;
2.32%; 5.22%; 12.15% relatively.

Formation and evolution of the deformation relief were ob-
served, but in contrast to fatigue regimes surface pattern have been
observed only under the relative strain 2% and more. So in the case
of static loads, deformation relief of Al clad alloys can indicate.
4. Fractal geometry application for the analysis of intrusion/
extrusion structures

The search of the additional criteria for deformation relief at
quantitative description leads to fractal geometry [14], which is
wildly used nowadays at solving the material science problems.

Fractal geometry is a mathematical concept that describes ob-
jects of irregular shape. Some natural geometrical shapes, that
can be irregular, rough or fragmented, can be described using con-
cepts of fractal geometry as long as the requirement of self-similar-
ity is satisfied. The latter term implies that the geometrical features
of an object are independent of the magnification or observation
scale [15].

It was supposed that fractal geometry can improve the pro-
posed method of optical diagnostic. The aim of the following test
was to justify experimentally the possibility of quantitative esti-
mation of accumulated fatigue damage both by the saturation
parameter (damage parameter D) and fractal dimensions of defor-
mation relief.

Specimens of aluminium alloys D16AT, 2024T3 and 7075T6
have been loaded by bending with the wide range of stresses at fre-
quency 25 Hz. The surface was polished with diamond paste.

Nowadays there are a lot of methods of the fractal dimensions
calculation for the nature objects. One of the most widespread is
a ‘‘box counting’’ [14]. This method allows to calculate the definite
types of fractal dimension.

The first possible type of fractal dimension is fractal dimension
of the boundaries of deformation relief spots. This type of fractal
dimension is designated as Dp.

For some fractals the most informative parameter is a fractal
dimension of the ratio of perimeter to area. It is known, that this
ratio characterizes the shape of objects, and for the regular geo-
metrical figures this parameter is constant value and does not de-
pend on the object size. At the paper [15] this type of fractal
dimension was successfully used for the description of the clouds
shape.



Fig. 2. The fragments of the surface of the aluminium layer of alclad alloy D16AT investigated by scan microscope SEM-515 (�2500).

Fig. 3. Some examples of different types of dislocation structures of deformation relief (�15,000): (a) extensive dislocation substructure, (b) chaotic dislocation in the grain,
(c) chaotic dislocations inside the strip-like dislocation, (d) sub-grain with inner block substructure, and (e) honeycomb structure [4].

Fig. 4. The dependence of damage parameter D on the number of cycles N and stress level: 1 – rmax = 76.9 MPa; 2 – rmax = 81.7 MPa; 3 – rmax = 96.2 MPa;
4 – rmax = 105.8 MPa; 5 – rmax = 115.4 MPa; 6 – rmax = 129.8 MPa, 7 – rmax = 134.6 MPa.
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Correspondent fractal dimension for the clusters of deformation
relief will be further called Dp/s.

For the data processing automation the special software has
been developed.
Main stages of calculations are: transformation of digital images
of a surface into the monochromic; separation of single clusters of
deformation relief; determination of their contours; overlapping of
the box net on the cluster’s contours or on their surface (Fig. 5a),
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calculation of the box number, overlapping contours of clusters or
their surfaces.

Final stage of fractal dimensions calculations is the construction
of the corresponding graphs (Fig. 5b) and the determination of the
gradients of the relationships: (a) for the fractal dimension of clus-
ters’ contours, lnNp = f(ln(1/d)); (b) for the clusters’ surface area,
lnNs = f(ln(1/d)); and (c) for the ratio of perimeter to area,
lnNp = f(ln(Ns)), where Np is the number of cells (boxes), overlap-
ping contours of deformation relief clusters; Ns is number of cells
overlapping the surface area of deformation relief clusters; d is
the size of the cell (Fig. 5b).

Fractal dimension Dp/s with the application of geometrical
method was estimated as a doubled absolute value of the tangent
of the slope angle of the middle part of the fractal graph in its linear
approximation in log–log coordinates [15].

Fractal dimensions of the deformation relief clusters contours
as well as the fractal dimensions determined by the ratio of perim-
eter to area exceed topological dimension of the line and are within
the range of 1–2.

In the next experiment the specimens were tested under the
bending with the maximum cycle stress 173 MPa and minimum
stress of the cycle 0 MPa. Damage parameter D and fractal dimen-
sion Dp/s were selected as the main diagnostic parameters. It was
presumed that both parameters D and Dp/s complement each
other. That is why multiple regression models must be used for
residual life prediction.

Dispersion and regression analysis of the test data was made
with module ‘‘ANOVA’’ of the ‘‘Statgraphics Plus’’. It has shown
the possibility of the multiple correlation model application:

Nres:;% ¼ 180:346� 109:588D� 56:6685Dp=s;

where D is damage parameter; Dp/s is fractal dimension; Nres.,% is
the residual number of cycles, %.

In the obtained model the correspondent value of the R2 equals
81.4% and standard error is 6.48.

Analysis performed proves the significance of both considered
models parameters: damage parameter D and fractal dimension
Dp/s.
5. Fatigue sensor’s conceptual design

The described above approach to the aluminium fatigue moni-
toring can be applied for direct diagnostic of structural material
state and for the fatigue monitoring by the sensors made of corre-
spondent metal.
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Fig. 5. Main stages of fractal dimension calculation: (a) the light microscope image of the
dimension Dp estimation as an absolute value of the tangent of the slope angle of t
overlapping and the size of boxes.
The structurally sensitive damage indicator is made of alclad
aluminium alloy D16AT. Such choice is caused by the next reasons
[16,17]:

– it has been proved the possibility of quantitative estimation of
accumulated fatigue damage by the parameters of deformation
relief, which is formed on the surface of alclad layer under cyclic
loading;

– aluminium alloy D16AT is the basic structural material, that is
why it defines phenomenological community with the fracture
processes in the sensor and in the most part of structural mate-
rial of the aircraft.

Conceptual version of the developed sensor presented in Fig. 6.
The distance between holes for the sensor installation is 40.0 mm.
The thickness of the sensor 1.2 mm (see Fig. 7).

Taking into account the wide spectrum of loading condition, it
is obvious that a problem of the sensor’s sensitivity optimization
in accordance with the actual loading of the elements, arises.

In the developed sensor the necessary raising of sensitivity is
achieved by the redistribution of stress due to the corresponding
distribution of stiffness along the length of sensor. The local stress
rise in the test portion of the sensor is defined by the relationship
between the width of test portion and the overall dimensions. The
test portion of the sensor does not contact with the surface of
structural element. The experience of the previous applications of
the fatigue damage specimen-witness (fatigue sensors) in aviation
was used for the definition the place and the method of the sensor
installation. The specimen-witness on airplanes can be placed into
the rear spar of the wing. The analysis of modern aircraft structures
has shown the advisability of manufacturing basic model of the
sensor with the same length between the fixing points. The quality
of the sensor surface is reached by the mechanic and electrolytic
polishing. It is necessary for the light microscopic analysis of defor-
mation relief, which is formed on the surface of sensor [3,6].

The application of finite element analysis permits to solve a
problem of the sensor’s geometry optimization for required sensi-
tivity. Among the main stages of simulation is the simulation of
team-work of the alclad layer and structural alloy. It is very signif-
icant problem because the materials of alclad layer and basic alloy
have essentially different mechanical characteristics, particularly
proportional limit.

The attachment of the indicator to the specimen for fatigue
tests and their team-work under cyclic loading has been also
simulated.

In the mentioned tests the sensors were installed on each side
of structural components (Fig. 8). Thereby it helps to provide the
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Fig. 6. Conceptual version of the fatigue sensor.

Fig. 7. 3-D image of the sensors attachment to the specimen for fatigue test.
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symmetrical loading of the sensors and to receive more informa-
tion about their damage.
6. The results of the sensor’s surface state monitoring

The conducted fatigue tests have conformed the ability of the
new fatigue sensor application for the fatigue damage monitoring
of aviation components. Deformation relief which is formed on
the surface of the sensor in the test portion basically is the system
of the extrusions, intrusions, persistence slip bands, i.e., the evolu-
tion of the sensor surface state is similar to the processes, previ-
ously investigated on the surface of alclad aluminium alloys
specimens near the stress concentrators [7,12,13].

The deformation relief has been described by damage parame-
ter D and fractal dimensions of deformation relief clusters Dp/s.

The strong relationship between the selected parameters and
number of cycles has been revealed.

Taking into account that the both parameters, namely D and Dp/
s indicate the accumulated fatigue damage it was proposed to use
multiple regression model for the residual life prediction:

Nres: ¼ Aþ B log Dþ C log Dp=s;

where Nres. is number of cycles to the fracture; A, B, C are constants;
D is damage parameter; and Dp/s is fractal dimension.
Fig. 8. Area where the fatigue sensor should be installed.
The test conducted under the different loading conditions has
shown that the accuracy of mentioned above multiple regression
model can be expressed by the coefficient of determination R2 in
the range from 0.75 to 0.95.

The practical implementation of new method for fatigue moni-
toring needs a spectrum of sensor with different sensitivity. The
necessary sensitivity can be attained by correspondent geometry
of the sensor. The optimization of the sensor geometry can be per-
formed by the application of the Finite Elements Method.

Analysis of the early works on fatigue sensors shows [3,4,6],
that for aircraft the place that better fit to the sensor installation
is a root section of the aft spar.

7. Conclusion

Deformation relief on the surface of alclad aluminium alloys un-
der fluctuating loading can be considered as an indicator of accu-
mulated fatigue damage. The proposed parameters of the
deformation relief intensity allow analyzing fatigue sensor’s state
and correspondent fatigue damage. New fatigue sensor can be used
for aircraft structural health monitoring and adopted for some an-
other structures, for example bridges, ships, etc.
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