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Abstract
This rapid communication addresses early detection of fatigue damage evolution in
polycrystalline alloys, based on the observation of surface deformation (e.g. roughness, linings
and incisions). This method is well suited for calibration of other model-based and
experimental tools for damage analysis and prediction in the fatigue crack initiation phase. To
this end, the existing theory of symbolic dynamics-based feature extraction from time-series
data is extended to the analysis of two-dimensional surface images. The resulting algorithms
are experimentally validated on a fatigue-testing machine and a surface interferometer in the
laboratory environment. The experiments have been conducted for analysis of statistical
changes in the surface profiles due to gradual evolution of deformation in specimens, made of
the 2024-T6 aluminum alloy.

Keywords: symbolic dynamics, surface deformation, fatigue crack initiation

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Fatigue life of structural materials is broadly classified into
two phases [1]: (i) crack initiation and (ii) crack propagation.
This classification assumes that the phase transition from
crack initiation to crack propagation occurs when several
small microcracks coalesce together to develop a single large
crack that propagates under oscillating load. Several crack
propagation models have been developed based on the inherent
stochastic nature of fatigue damage evolution for prediction of
the remaining useful life [2]. However, the estimation of
remaining life in the crack initiation period is still an open
issue because of the difficulties in measuring microstructural
changes during early stages of fatigue damage. Since crack
initiation predominantly forms a significant portion of the
total life [1, 3], especially in the high cycle fatigue, the
estimation of fatigue damage during crack initiation is of

paramount importance for safety, reliability and maintenance
of mechanical and aerospace structures.

Several methods have been proposed in recent literature
for detection of fatigue crack initiation. Makabe et al [4] used
a strain waveform for detection of short cracks in the order
of 0.5–1.0 mm on test samples with a small hemispherical
pit. Katayama et al [5] detected small surface cracks using
an ac potential method on notched test samples. Tohmyoh
et al [6] detected small cracks using surface shear-horizontal
waves in test samples with a surface slit subjected to rotating
and bending loads. Zilberstein et al [7] performed studies
on the application of meandering winding magnetometer eddy
current sensors for detection of crack initiation. Recent studies
by Gupta et al [8, 9] on polycrystalline alloys have shown
that ultrasonic signals can be used to capture small defects
inside the material surface that occur during the early stages
of fatigue damage. Since material characteristics (e.g. voids,
dislocations and short cracks) influence ultrasonic impedance,
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Figure 2. Conversion of the symbol image to the state image.

information as needed for damage detection, albeit possibly
lossy coding of the surface profile.

In view of the above discussion, a probabilistic state
compression method is employed, which chooses m most
probable symbols from each state as a representation of that
particular state. In this method, each state consisting of � × �

symbols is compressed to a word of m < �2 symbols by
choosing the top m symbols that have the highest probability
of occurrence. If two symbols have the same probability of
occurrence, then the symbol that corresponds to a higher
element in the partitioning is preferred. This procedure
reduces the state set Q to an effective set O, where the
total number of compressed states is given as |O| = |�|m.
For example, if |�| = 4, |W | = 4 and m = 2, then
the state compression reduces the total number of states to
|O| = |�|m = 16 instead of 256. This method of state
compression is motivated from the renormalization methods
in Statistical Physics that are useful in averaging the irrelevant
local information on lattice spin systems while still capturing
the long range dynamics [13]. The choice of |�|, � and m
depends on specific applications and noise level as well as the
available computational power, and is made by an appropriate
tradeoff between robustness to noise and capability to detect
small changes. For example, a large alphabet may be noise-
sensitive while a small alphabet could miss the information of
signal dynamics [8].

A probabilistic finite-state automaton (PFSA) is
constructed such that the states of the PFSA are the elements
of the compressed state set O and the edges are the transition
probabilities between these states. Figure 3 shows an example
of a typical PFSA with four states. The transition probabilities
between states are defined as

℘(ol|ok) = N(ol, ok)�
l′=1,2,...,|O| N(ol′ , ok)

∀ ol, ok ∈ O (1)

where N(ol, ok) is the total number of transitions from ol to
ok . The calculation of these transition probabilities follows
the principle of sliding block code [12]. As shown in figure 4,
for every state on the state image, the transitions from the
states belonging to the adjacent quadrant are counted to obtain
the total number of occurrences of the adjacent pairs. For
example, in figure 4, the region enclosed within a box in the
upper-left corner contains three adjacent pairs, namely, states
{o1, o2}, {o1, o3} and {o1, o4}. Therefore, in this neighborhood,
the corresponding counters of occurrences, i.e. N(o1, o2),
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Figure 3. An example of a four-state probabilistic finite-state
automaton (PFSA).
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Figure 4. An example of feature extraction from the state image.

N(o1, o3) and N(o1, o4) are increased by 1. The window
slides to the right and to the bottom to cover the entire state
image, and the transition probabilities ℘(ol|ok) ∀ ol, ok ∈ O
are computed using equation (1). Thus, PFSA are constructed
by sliding a window on the symbol image as depicted in
figure 4. This procedure generates a stochastic matrix � as

� =

�

�
�

℘(o1|o1) . . . ℘ (o|O||o1)
...

. . .
...

℘ (o1|o|O|) . . . ℘ (o|O||o|O|)

�

�
� , (2)

where � ≡ [πjk] with πjk = ℘(oj |ok). Note πjk � 0 ∀j, k

and
�

k πjk = 1 ∀j .
In order to construct a low-dimensional feature vector,

the stationary state probability vector u is obtained as the left
eigenvector corresponding to the (unique) unity eigenvalue of
the (irreducible) stochastic transition matrix �. The state
probability vector u is called the ‘pattern vector’ and is
generated at different time epochs from the corresponding
state transition matrices. The scalar measures generated by
calculating distances d(•, •) between the current pattern vector
and pattern vector at the nominal condition are used to denote
the damage measures. Examples of d(•, •) are Euclidean
norm and Kullback–Leibler divergence [14].

3. Description of the experimental setup

This section briefly describes the experimental apparatuses
used for validation of the underlying concepts presented in
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Figure 5. A three-dimensional surface profile generated from the
interferometer.

section 2. This section also describes the necessary details of
the test procedure.

Test specimens are subjected to tensile–tensile cyclic
loading on an MTS 831.10 Elastomer system. This fatigue
testing apparatus has static ratings of ±15 kN in load capacity
and ±50 mm in displacements; under dynamic loading,
this apparatus can be operated as high as 200 Hz at lower
amplitudes of displacements. The apparatus is actuated by a
hydraulic cylinder under the regulation of computer-controlled
electro-hydraulic servo-valves, where the hydraulic power
is supplied by a hydraulic pump device. The apparatus is
equipped with an Olympus BX Series microscope with a long
working-distance objective. A camera, mounted on the optical
microscope, takes images with a resolution of 2 μm per pixel
at a distance of ∼20 mm. The primary objective of this
optical microscope is to monitor the specimen for detection
of a surface crack that grows and leads to crack propagation.
However, small surface deformations during crack initiation
cannot be detected by this microscope.

A three-dimensional profile of the specimen surface
is generated by a NewView 5000 surface interferometer
apparatus that measures the surface heights of the scanned area
ranging from 1 nm to 5000 μm with a resolution of 0.1 nm at
the vertical scan speeds up to 10 μm s−1. It can scan areas up to
50 mm × 50 mm using its unique image stitching capabilities.
This interferometer uses a non-contact scanning method using
light interferometry to acquire ultrahigh resolution images. It
uses a closed-loop piezoelectric scanner employing low-noise
capacitive sensors to ensure accurate and repeatable linear
motion over the full range of a scanned area. The surface
interferometer is equipped with the software MetroPro that
is used to operate the interferometer and to store the surface
profile data in a convenient format for further data processing.
Figure 5 shows a plot of the surface profile of a scanned area
on the specimen surface.

The test specimen, made of the 2024-T6 aluminum
alloy, is 3 mm thick and 50 mm wide and has a slot of
1.58 mm×4.57 mm at the center of one edge. The side notch is
constructed in the specimen to act as a stress riser that helps the

crack to be initiated at its end. The specimen is designed to fail
within a relatively short period so that the failure characteristics
from crack initiation to crack propagation can be conveniently
analyzed in the laboratory environment.

Surface deformations are most dominant in the notch
region due to higher stress concentration. In the current
experiments, the interferometer is configured to measure
surface profile heights from 1 nm to 100 μm. The surface
profile data are acquired and stored for analysis by symbolic
dynamic filtering (see section 2). This surface profile
corresponds to the nominal condition when no damage has
accumulated in the specimen. After acquiring the surface
profile, the specimen is mounted on the fatigue damage
testing apparatus, where it is subjected to a constant amplitude
sinusoidal load at a frequency of 50 Hz with the maximum
load of 14 000 N and the minimum load of 500 N. Upon
completion of 10 000 cycles, the specimen is dismounted
from the fatigue damage testing apparatus and remounted
on the surface interferometer to monitor the changes in its
surface profile due to fatigue loading. The surface profile
data are acquired and this procedure is repeated after every
10 000 cycles until a crack becomes clearly visible on the
specimen surface by the optical microscope. These data sets
are processed by the SDF method to detect and quantify the
evolution of fatigue damage during crack initiation.

4. Results and discussion

Following the SDF procedure (see section 2), the symbol
image is obtained by maximum-entropy partitioning (MEP)
of the surface profile data. The data range of two-dimensional
surface profiles is partitioned into |�| = 6 segments. For
� = 2 and m = 1, i.e. the total number of states equal to
|�|m = 6, the SDF method is able to capture the gradual
evolution of surface profiles. The six subplots in figure 6
show the evolution of fatigue damage at different time epochs
that are separated by 10 000 cycles. The top plate in each
subplot of figure 6 shows the surface profile obtained from the
interferometer from a rectangular region (1 mm × 1.14 mm)
near the notch on the specimen. The corresponding bottom
plate shows the histogram of probability distribution generated
using symbolic dynamic filtering of the surface data. The top
plate as seen in figure 6(a) shows the surface profile image at
the nominal condition before the start of the fatigue damage
experiment. At this condition, the damage measure is taken
to be zero, which is considered as the reference point with the
available information on potential damage being negligible.
This condition is represented as the uniform distribution (i.e.
maximum entropy) in the histogram at the bottom plate of
figure 6(a). The top plate in figure 6(b) shows small changes
in the surface profile of the specimen at ∼10 000 cycles, and
the corresponding bottom plate exhibits deviations from the
nominal probability distribution. This proves that the surface
profile, measured by the interferometer, produces credible
damage information during crack initiation. Subsequently, the
top plates in subplots (c), (d) and (e) of figure 6 at ∼20, ∼30
and ∼40 kilocycles, respectively, exhibit noticeable evolution
of surface deformation; this is also in agreement with evolving
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Figure 6. Surface profiles and the corresponding probability distributions of symbolic states at different epochs.

deviations in the corresponding histograms of probability
distributions. At ∼50 kilocycles, the optical microscope
in the fatigue test apparatus detected the appearance of a
single large crack on the specimen surface, which indicates
the onset of crack propagation phase. It is hypothesized
that multiple small cracks would have developed underneath
before their coalescence and appearance as a single large
crack on the surface. Although the small cracks underneath
the surface were not visible from the optical microscope,
the interferometer detected small deformations that are
precursors of a surface crack. The top plate in figure 6(f )
shows the surface profile at ∼50 kilocycles and the bottom
plate shows further deviation of the probability distribution
from the nominal condition. The crack propagation stage
starts at ∼50 kilocycles and thereon the damage information is
easily available from the optical microscope and other sensors.
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Figure 7. Fatigue damage evolution during crack initiation.
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The gradual evolution of surface deformation at different
time epochs is represented by the corresponding changes
in the histograms of probability distributions that are
generated using symbolic dynamic filtering of the surface
profiles. It is evident that the surface profile images provide
significant information during early stages of fatigue crack
initiation. Figure 7 shows the damage measure curve that
indicates gradual evolution of fatigue damage based on the
surface profile data generated from the interferometer. The
damage measure provides relative information that quantifies
damage during crack initiation with respect to the nominal
condition.

5. Conclusions and future work

This paper presents the concept of detection and quantification
of damage during fatigue crack initiation in mechanical
and aerospace structures, made of polycrystalline alloys.
The surface profile data, obtained from the interferometer,
are combined with the two-dimensional SDF to detect and
quantify early damage in structural materials. This concept
is validated on a fatigue test apparatus and a surface
interferometer in the laboratory environment. The results
demonstrate that the proposed method is suitable for detection
of fatigue damage at the crack initiation stage. It is also
capable of quantifying the damage rate and of revealing the
characteristics of fatigue damage evolution in polycrystalline
alloys.

The proposed method is a step toward building a reliable
instrumentation system for early detection of fatigue damage
and estimation of remaining useful life of stressed structures.
While there are many other research issues, the following tasks
are recommended for future work.

• Calibration of ultrasonic sensors in the crack initiation
phase by comparison with the proposed surface-
deformation method.

• Damage estimation based on the ultrasonic sensing and
surface profile measurements.

• Quantification of structural durability of critical
components for the assessment of plant operational
reliability.

• Development of real-time instrumentation for in
situ measurements of surface profile of machinery
components.
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