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Abstract

The behavior of a component under random loading conditions can be studied by converting the
random loading into a block loading. Therefore, knowledge of initiation and propagation of a crack under
block loading conditions is very important for the safety and reliability of a machine components and
structures. In the present paper an experimental study has been made to monitor fatigue crack initiation
and propagation under block loading conditions with the help of electromechanical impedance technique
(EMI). A number of sequences of block loads were considered as variable amplitude loading. The
piezoelectric sensor bonded on the Compact Tension (CT) specimen was used as a collocated actuator and
sensor. The basic concept is to use simultaneously the high-frequency mechanical excitations and
responses employing piezoelectric transducer to monitor the local change in mechanical impedance with
respect to the applied cyclic loads. The change in mechanical impedance indicated the incipient damage.
The impedance signature (conductance and susceptance) of specimen were recorded. The conductance
(real part of admittance) signature is preferred as a damage identifier due to its higher sensitivity for
damage in comparison to the susceptance signature.
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1. Introduction

There is a phenomenal rise in failure of in-service components in the field of engineering in the recent
years. Major components like ships, aeroplanes, dams are subjected to severe loading and their
performance is likely to change with time. It is, therefore, necessary to check the performance of a machine
component through continuous monitoring. Electro-mechanical impedance (EMI) technique, which is
based on piezo-electric ceramic (PZT) sensors; operates at higher frequency range and can typically detect
damage at microscopic level and at a very early stage. The application was recognised by Sun et al. [1] by
applying the technique on a laboratory size truss which was later extended to large trusses by Ayres et al.
[2]. Now the technique has been applied to applications ranging from civil structural components [3-5],
bolted joint structure [6], high temperature components such as steam pipes and boilers in power plants
[3-4], thin structural elements [7], aircraft components [8], and structures [9] etc. The EMI technique has
been successfully applied to detect the presence of damage and to monitor its progress under fatigue
loading [10-19] but mostly under constant amplitude loading conditions. Although there are many works
related to determine the effect of block loading (load sequence) on life of a component [20-25] but EMI
technique is not applied to monitor the damage. In the present paper, EMI technique is used to study the
effect of load sequence on the life of a component

2 Material and experimental set-up
2.1 Specimen material and geometry

The material used for the study was Al-5083-0 aluminium alloy with chemical composition and mechanical
properties as shown in Table 1 and 2 respectively.
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Table 1 Chemical composition of the materials by weight (%)

Material Al Cu Mg Mn Cr Si Ti Zn
Al-5083-0 | 92.4-95.6 0.1 4.0-45 |0.4-1.0| 0.05-0.25 0.40 0.15 0.25

Table 2 Mechanical properties of the materials

Material | Density Modulus of Ultimate Poisson’s ratio Elongation at
elasticity strength fracture
Al-5083-0 | 2.6 g/cc| 70300 N/mm? 315MPa 0.33 16%

Compact tension (CT) specimen of the selected material were prepared as per ASTM-E647 standard. It was
a single edge-notch specimen of length, breadth and thickness equal to 48 mm, 46.5 mm, and 6.2 mm
respectively, as shown in Figure (1a). Straight- notch was made on middle position of the specimen (Figure
1 (b)) with the help of wire EDM. The notch of the specimen was subjected to fatigue preloading to convert
itinto a sharp crack. For this, the maximum cyclic load of 4 kN was applied till a sharp crack was created of
1 mm length. After this, crack growth tests were performed till fracture of the specimen [26-28].
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Figure 1 (a) Compact Tension (CT) specimen dimensions
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Figure 1 (b) CT specimen with surface bonded PZT patch

2.2 The piezo-electric sensor: PZT

The lead zirconate titanate, also called PZT, was taken as the piezo-electric sensor. It is inert to chemicals
and exhibits a high sensitivity of about 3 pV/Pa, providing a sophisticated charge amplification capacity to
cushion the high impedance generated by the source [29]. PZT patches of dimension 10mmx10mmx0.2



mm, were procured from Central Electronics Limited, Industrial Area, Sahibabad, Uttar Pradesh (India).
These patches were PIC 151 compliance ceramic sensor. The PZT patch is protected against damage during
sample preparation and testing by providing a protective layer of silicone rubber. The PZT sensor has a
long range of linearity up to 2 kV/cm, quick response, long period stability and high efficiency of energy
conversion. Physical, Electrical, and Mechanical properties of PZT patch are shown in Table 3.

Table 3 PZT patch properties [29-30]

S.No Physical Parameter Symbols Value

1 [Young’s modulus at constant electric YE 6.3x1010N /M2
field

2 Piezoelectric strain coefficient d31 -166x10-12m/V

3 Electric permittivity at constant el 1.5x10-8Farad/m
stress

4 Density p 7650 kg/M3

5 Dielectric loss factor S .012

6 Mechanical loss factor b .001

7 Thickness of PZT patch h .dmm

PZT patches were having electrodes on both top and bottom and were connected to the high and low
voltage terminals of the LCR meter. PZT patches were pasted on the flat surface of the specimens at one
side by Araldite epoxy as shown in Figure 1 (b) [29-30]. It was kept at some distance away from the notch
to protect it from possible damage during the crack growth.

2.3 Test setup, loads and procedure

Crack growth under cyclic loading conditions broadly depends on the type and history of the loading,
geometry of the specimen/component, length of the crack and frequency of the loading [26]. All the tests
on edge cracked compact tension (CT) specimen were conducted on a 25kN servo-hydraulic test system
(BISS-TWI USA) at MNNIT Allahabad Prayagraj (India) as shown in Figure 2 under load control mode and
frequency equal to 10 Hz.

.

Figure 2. A 25KkN servo-hydraulic Test System

Elecro-mechanical impedance were recorded with the help of Hioki make LCR meter (model IM3536) as
shown in Figure 3. All tests were performed in air and room temperature. The test specimen was gripped
with the help of a pin in the gripper, as shown in Figure 4. This eliminates the chances of bending of the
specimen and ensures a Mode-I loading conditions. The propagation of the crack was measured by a crack



opening displacement gauge (COD) which was placed at the mouth of the notch as shown in Figure 4 and a
data acquisition system integrated with the machine stores data at every point of the test [19-20]. Compact
tension (CT) specimens of AA-5083 aluminum alloy were tested with stress ratio equal to 0.1 under
different loading conditions.

Figure 4 Specimen griping on the test system with COD

Fatigue crack growth is significantly influenced by load history. During variable amplitude loading, crack
growth rates may either increase or decrease depending on the specific loading sequence. The block
loadings such as a High-Low and Low-High amplitude load sequences as shown in Table 4 were studied.
Two step block-loading was considered with number of cycles under lower and higher stress amplitude
equal to 60% and 40% of the number of cycles till fracture for CAL with same stress amplitude. The stress
under block loading was increased (for Low-High) and decreased (for High-Low) by 12.5% as shown in
Table 4.



Table 4 Block loading conditions for AA-5083 and AI-6061

Loading Froax = R
Lo- o ==
High | 2 =7 AN | 04kN | o
T T | 45KN | 0.45kN |
0 10 20 30 40 50 6070 80 90100
Life used (%)
High- 13 21
Lo 1= = 45KN | 0.45kN | .
0 10 20 30 40 50 60 70 8090 100 4kN- | 0.4kN
Life used (%)

The life determined under constant amplitude load was used to determine the number of cycles under low
and high loading conditions for the case of block loading conditions. Three tests were performed on each
testing conditions and average of three tests was considered as a life for that particular condition.

LCR was used to supply the alternating voltage and to measure the corresponding EM admittance
signatures (Conductance and Susceptance) in the sweep measurement mode. Frequency range of 100-180
kHz was used for testing, at 6 intervals of loading cycles. The data storage system was integrated with LCR
meter (Figure 3), which stores the admittance signatures data with the help of a customized software [32].

2.4 Damage assessment with the help EMI technique.

The assessment of damage under different kind of loading conditions was monitored with respect to the
healthy state of the specimen. Initially, the admittance of a healthy specimen was monitored; afterward
different cyclic load at different interval was applied and damage was assessed till fracture of the specimen.
At the beginning of the experiment, the crack length of 12 mm was taken for base admittance signature.
Total four signatures were taken corresponding to crack lengths of 12 mm, 13.5 mm, 15.5 mm and 18 mm
respectively. Thereafter, conductance versus frequency plot was drawn to explore the possible application
of EMI technique in determination of damage under different cyclic loading conditions.

3. Results and Discussions

First of all results of crack propagation and fracture of aluminum alloy Al-5083 under constant amplitude
and block loading conditions are presented. Thereafter, implementation of Electro-mechanical impedance
technique under these conditions is presented.

3.1 Crack growth investigation of Al-5083 with a COD gauge

Compact tension (CT) specimens of AA-5083 aluminum alloys were tested under loading conditions as
given in Table 4. Three tests were performed for each testing conditions. S;, S,, and S; are sample number
one, two, and three respectively. Tables 5 present the number of cycles till failure for AA-5083 aluminum
alloy at constant amplitude loading (CAL) and block loading (BL) conditions as per Tables 2 and 3
respectively.

Table 5 Number of cycle till failure for AA-5083 aluminum alloy for CAL and BL conditions

Loading Condition R-ratio No of cycles till fracture Average Std. C. Level
(Max. Load) life

Sy Sz S3

CAL-3.0 kN 0.1 41750 44590 43200 43180 1420 3527




CAL-4.0 kN 0.1 24556 | 23659 | 25909 24708 1132 2813

CAL-4.5 kN 0.1 17002 | 18395 | 17690 17695 696 1730

CAL-5.0 kN 0.1 13300 | 12900 | 13680 13293 390 969

BL (Lo-Hi) 0.1 21546 | 21700 | 20190 21078 973 1970
(4 kN-4.5 kN)

BL (Hi-Lo) 0.1 22450 | 21460 | 23300 | 22403.3 | 920 2285
(4.5 kN - 4kN)

Figure 5 (a) A propagated crack in Figure 5 (b) Fracturd sample
specimen during loading

The crack length at the start for all cases was 12 mm whereas it was 24 mm at the time of fracture. Figure
(5 (a)) shows a propagated crack in the CT-specimen during loading and Figure (5(b)) shows the fractured
sample. Under CAL, life of the specimen decreases with increase in stress amplitude and under block
loading conditions life is more for Hi-Lo sequence in comparison to Lo-Hi(Tables 5)
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Figure 6. Crack growth versus number of cycles for AA-5083



Figures (6) shows the graph between crack length and number of cycles under constant amplitude and
block loading conditions for Al-5083. Results show that crack growth rate strongly influenced by the
loading magnitude. Crack growth rate accelerates when a Low-High load sequence is followed e.g. 4.5 kN
maximum load was applied after 4 kN of load but when small load amplitude was applied after bigger load
amplitude (High-Low sequence) crack growth retards and approximately approached to the crack growth
curve for CAL with maximum stress equal to 4.0 kN. These behaviors are as per reported in the literature.

3.2 Crack growth investigation of Al-5083 with the help of EMI signature

The real part of admittance signature was used as a damage quantifier due to its higher sensitivity compare
to imaginary part of admittance signature [31]. In this study the frequency range selected for crack
detection is 50 kHz to 180 kHz to minimize effects of bonding and other environmental condition at higher
frequency range. Specimens were loaded as per the loading conditions shown in Table 4 till fracture.
Specimen with initial crack length of 12 mm was taken for reference or baseline admittance signature. Total

six signatures were taken corresponding to crack lengths of 12 mm, 13.5 mm, 15.5 mm, 18 mm, 21 mm and
24 mm.
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The plots of active conductance signature (ACS) of specimen were recorded at different damaged stages
(length of the crack) against frequency and are presented in Figures ((7)-(10)) for AA-5083 aluminium
alloy. The corresponding crack length and shift in frequency at different loading cycles for all conditions
were obtained in the frequency range of 136 - 141 kHz. Leftward horizontal movement of the conductance
peak i.e. reduction in resonance frequency gives useful insight for fatigue crack propagation [33]. Gradual
and continuous horizontal leftward shift of the resonance peak at different loading conditions was
observed. This behaviour was obtained for all cyclic loading conditions e.g. for both constantamplitude and
block loading conditions. Initial shift is smaller indicating smaller damage whereas during the last stage
(near the fracture point) the shift is bigger. Therefore, resonance frequency (RF) shift was quantified as a
measure of damage. Shifting of RF depends on loading magnitude and corresponding crack growth rate.
The results of crack growth and EMI analysis are presented in Table 6 for AA-5083 alloy.
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In Table (6), the AF is the shift in resonance frequency between two consecutive crack growths and RF shift
is shift of resonance frequency from initial crack length. Both of these values increase with increase in the
crack growth as stiffness of the material decreases with increase in crack. The rate of shift is initially small
which increases with increase in the crack growth or decrease in the stiffness e.g. for CAL of maximum
stress 4 kN, for a crack growth from 12 mm to 13.5 mm the shift in resonance frequency is only 200 kHz
whereas between 21 mm to 24 mm, it is 2400 kHz. For bigger CAL load of 4.5 kN, this shift is more in
comparison to smaller CAL of 4 kN. For 4.5 kN maximum load CAL conditions, these corresponding values
are 300 kHz and 2900 kHz. In a Low - High block loading condition starting with 4 kN maximum load
followed by 4.5 kN maximum load, initial shift in resonance frequency i.e. from 12 mm crack length to 13.5
mm crack length, is 200 kHz which was same for CAL with maximum laod of 4 kN. In later stages, when
higher load was applied resonance shift turns towards CAL of 4.5 kN maximum load.

Table 6 Test results of crack growth and EMI for AA-5083 tested under the conditions

as per Table 7
Max. Load Crack | No.of | Resonance da/dN AK Lifeused | AF | R.F.
length | cycles | frequency (%) kHz | shift
a N F

12 875 140433 0.0002543 | 15.2851 3 0 0
jﬁ; 13.5 7983 140267 0.0004083 | 17.785 28 200 | 200
15.5 12917 139900 0.0006063 | 19.585 45 300 | 500
18 17217 139500 0.0008033 | 21.755 68 500 | 1000
21 21727 138933 0.001109 | 26.579 88 600 | 1600
24 24067 138267 0.0020953 | 32.109 96 800 | 2400

12 760 140233 0.000406 16.33 3 0 0
CAL 13.5 5533 140000 0.000534 19.25 27 300 | 300
4.5 kN 15.5 9233 139700 0.0008303 | 21.31 46 400 | 700
18 12233 139133 0.0011203 24.2 66 600 | 1300
21 15767 138433 0.001582 28.89 84 700 | 2000
24 17433 137567 0.0025737 35.38 95 900 | 2900

12 873 140500 0.0002567 15.12 5 0 0
LoB-LHi 13.5 7800 140267 0.0004195 17.8 23 200 200
4 kN 15.5 12783 139867 0.000624 20.56 51 400 600
followed by 18 16667 139333 0.0009017 24.6 74 500 | 1100
4.5kN 21 19667 138700 0.0012556 30.02 88 700 | 1800
24 21450 137933 0.0023933 36.56 95 900 | 2700

12 817 140367 0.0004013 16.51 4 0 0
HiB-LLo 13.5 4887 140167 0.00056 19.25 20 200 200
4.5 kN 15.5 9900 139733 0.0008636 23.15 42 450 650
followed by 18 15667 139200 0.0011235 25.89 69 600 | 1250
4kN 21 19733 | 138533 | 0.0014127 | 28.98 86 700 | 1950
24 22067 137733 0.0023997 34.24 94 900 | 2800

To co-relate crack growth rate with shift in resonance frequency, the crack length and shift in resonance
frequency (RF) are plotted against percentage of life cycles in Figures (11a) and Figure (11 b) respectively.
Both the plots are showing similar trend and the slopes of the curves vary in a same way. By comparison,
it can be said that small slope of the curve between RF and % of life during 0-30% of life cycles gives
indication of slow crack growth. In 30-80% segment, slope of curve increases which give indication of
increase in crack growth. Beyond the 80% of life cycles slope of curve increases rapidly up-to the fracture.
Figure 9 shows the shift in resonance frequency plotted against the percent life cycles for 4kN, 4.5kN, L-H,



and H-L block loading conditions.

4 N

——4kN ~8—4.5kN
—o—L-H H-L

N

I

<

LL

o

§=

c

2

©

>

=]

(5]

o

% Life cycle—>
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Figure 11 (b) Crack lengths versus No of cycles for different loading conditions

The plotted curves show that shift in resonance frequency with percent of life cycles has similar trend as
crack length growth with number of cycles. Shift in resonance frequency as shown in Figure 11 (b) depends



upon the loading amplitude and sequence of loading. In case of L-H loading sequence, an acceleration of
shift in resonance frequency was observed as life cycles progresses. For the H-L loading sequence, a
retardation of shift in RF was observed as life cycles progresses, Figure 11 (a). The trend is very much same
as shown in Figure 11 (b) for Hi-Lo block loading. Therefore, the shift in resonance frequency can be a good
measure to determine damage or crack growth in either constant amplitude or block loading conditions.

4. Conclusions
The following conclusions are derived from the application of EMI technique on determination of damage
under different block loading conditions and an overload loading condition:

1.

2.

EMI technique can be used for co-relating crack growth rate, retardation of crack growth and
acceleration of crack growth under block loading conditions.

Gradual and continuous horizontal leftward shifting of the resonance peak was observed as a damage
identifier. Shifting of resonance peak frequency (RF) depends on loading the magnitude of maximum
load and crack growth rate.

The peaks from a higher frequency range are used for characterization due to their higher sensitivity.
The shift of resonance peak frequency depends upon material, loading amplitude and sequence. For
AA-5083 aluminum alloy, frequency range of 136-141 kHz was found suitable as damage identifier.
For constant amplitude loading, Low-High and High-Low block loading conditions, the curves plotted
between crack length versus percent of total life and shift in resonance frequency and percent of total
life have similar trends. Thus, EMI based shift in resonance frequency versus percent of total life cycle
provides same information as was available with conventional crack length versus percent of total life
cycle curves. But the advantages of quick, reliable and cost effective EMI technique may provide
information about the instantaneous damage. Remote access and monitoring is also possible with the
EMI technique.

For block loads the reduction in resonance frequency with percent of total life cycles has similar trend
as a plot between crack length growth and number of cycles. Reduction in resonance frequency
depends upon the loading amplitude and sequence of loading. For the case of L-H loading sequence,
an acceleration of reduction in resonance frequency observed as life cycles progress. For the H-L
loading sequence, a retardation of reduction in resonance. For the case of block loading, in 0-40% of
total life cycles slop of the curve was small and total shiftin RF was 0.5 kHz. In 40-80% slope of curve
increasing, indication of crack growth increase. Beyond the 80% of life cycles slope of curve high and
total reduction in RF 2.8 kHz.
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