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ABSTRACT

The objective of the present study was to investigate if piezoelectric techniques or
sensors can be used in monitoring structural degradation. The study considers
experimental results and analytical modelling of a ductile structure under tensile and
cyclic loading. Throughout the project the emphasis was placed on the effectiveness of

strain measuring sensors.

Conventional tensile testing was conducted using a Lloyds testing machine. The testing
machine was calibrated to have a lateral movement of 2mm/min (tension force).
Rectangular plates were pulled in tension until failure. From that experimental data was

produced for a uni-axial loading system.

Cyclic testing was carried out using an in-house designed and manufactured fatigue
machine. It produced a reciprocating load (force) of 25rad/s on a rectangular plate. Two
different sensor measuring instruments (strain gauge and piezoelectric) were used. The
strain gauge sensor was attached to a specimen and connected to a Wheatstone bridge.
The piezoelectric sensor was attached to the specimen and then linked directly to the
capturing system. From these two sensors experimental results were obtained and

compared.

The mathematical relationships for the rectangular plates were formulated using effective
stress-strain behaviour based on the elastic and plastic behaviour of the plates. The
analytical and experimental results were compared. Results from this investigation show

that piezoelectric sensors can be useful for measuring fatigue failure on a ductile material.
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NOTATION

Damage

Critical Damage

Ductility

Modulus of Elasticity

Modulus of Rigidity

Hardening Modulus

Moment of Inertia

Invariant of the stress deviator

Elastic Bulk Modulus

Direction cosines of normal to a plane
Number of cycles

Number of cycles to failure due to pure bending
Accumulated plastic strain

Heat production per unit volume
Isotropic hardening variable

Second polar stress tensor

Strain energy

Elastic energy density release rate
Kinematic hardening variable

Shear strain

Kronecker delta



Total Strain

Elastic strain tensor

Plastic strain tensor

Damage threshold strain

Lame’s constant of elasticity
Poisson’s ratio

Stress tensor

Principal stress

Mean stress

Deviatoric stress tensor

Yield stress

Von Mises equivalent stress
Shear stress

Damage Dissipation potential
Dual potential

Specific power of dissipation
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Chapter 1

INTRODUCTION

1. RESEARCH OVERVIEW

Considerable effort has been devoted in recent years to the study of the behaviour of
structures when subjected to cyclic loading conditions. Cyclic loading in most machines,
structures and dynamic systems is undesirable because it leads to fatigue failure. It has
been reported that nearly 90% of machinery, structures and dynamic systems which
experience cyclic loading fail due to fatigue [25, 46]. This type of failure occurs suddenly
without any warning causing problems for industries due to it being difficult to avoid [25,
46]. It is therefore important to know how much degradation has taken place at any
particular time in order to monitor the conditions of the structure and avoid catastrophic
failure from occurring. Successful assessment of a component’s life places a great
demand in understanding the material behaviour under different strain histories involving

cyclic plasticity.
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Ductile materials undergo large plastic deformations before rupture. The accumulated
plastic strains are associated with material degradation due to thermodynamic
microstructural changes like nucleation, growth and coalescence of micro-voids [8].

Low-cycle fatigue testing is carried out under total strain controlled limits. The plastic
strain component is determined retrospectively after testing by considering the hysteresis

loop closest to the mid-life [35].

In a strain controlled low-cycle fatigue test it is customary to use a contacting
extensometer. However, the extensometer can cause premature fractures at the contact
points by inducing localized plastic deformation, particularly in a soft metal such as a
lead—tin solder [34]. To avoid this problem, a non-contacting, digital-image measurement
system has been developed to measure the displacement of the specimen gauge length

during cyclic loading [34].

All controlled low-cycle fatigue tests recognize that the rate of controlled time-dependent
damage process is influence by the cyclic deformation and fracture behaviour of alloys

[69].

Chan and Li [7] developed a method of assessing fatigue damage of a Tsing Ma Bridge
(TBM). This led to fatigue damage analysis and service life prediction of the TMB using
the strain time history data by the structural health monitoring system of the bridge [7]. In
2002, a close relationship was found to exist between the concentration of linear defects

and the stability of the resonant frequency as a function of temperature and time [57].

11



Due to the importance and necessity of the problem and limited research history
available, an in-depth study on the monitoring of degradation of machine components
using the smart material sensors known as piezoelectric is required. Therefore, the
purpose of this study is to see if piezoelectric sensors can be used to measure fatigue

failure in ductile metals.

1.2 RESEARCH HYPOTHESIS

The automotive industry is continuously faced with a huge task of increasing productivity
using their aging machines while reducing their operational costs of processing. This
means unexpected or sudden shut downs are non-negotiable during operation. This
exercise can cause companies millions of Rand in revenue due to their maintenance bill.
Therefore, it is important to find systems which could be used in self-monitoring of

structures.

The intended outcome of this research work is to see if health structures can be produced
to reduce unexpected catastrophic failure of structures. This means techniques will be
tested to see if they can be used to measure and track the progress of fatigue failure in
structures. These techniques will integrate experimental behaviour of the structure
together with theoretical damage knowledge of structures. The theoretical background
information involves the elasto-plastic behaviour of the material under the loading

condition.
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Being able to predict the remaining life of the health structure plays an important role in
determining the exact failure period. This type of information becomes handy when
scheduling maintenance work. It also means that the maximum usage of the machine can

also be utilized, so increasing productivity.

Solving this problem can be done by firstly having numerous experimental tests carried
out on rectangular specimens. These tests will produce important data relating to the
material properties. Secondly, calculating and producing damage models using
continuum mechanics theory. Thirdly, merging the two sets of information (experiments
together with analytical analysis) and determining whether the margin of error is

acceptable.

If the procedures followed are correct then it should be possible to see if piezoelectric

techniques can be used to track the degradation process of structures.

1.3 RESEARCH OBJECTIVE

The primary objective of this thesis is to experimentally investigate if piezoelectric
materials can be used in monitoring structural degradation caused by low-cycle fatigue.
An analytical development of fatigue failure using continuum damage mechanics will
also be conducted. This will link the experimental relationship with damage mechanics

models. The aim behind such work is the need to manufacture smart structures which are
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capable of self-monitoring. This will cause a reduction in abrupt failure of components

under high cyclic straining or stressing, like in turbine blades.

In the first stage, the metal specimen or component will be uni-axially loaded until failure
occurs. This experimental study will provide the mechanical behaviour of the ductile
steel specimen during conventional tensile tests. This standard engineering procedure will
be useful in characterizing the relationship between elastic and plastic components
relating to the mechanical behaviour of materials. In the elastic and plastic region, both
elastic and plastic strain components will be analyzed using the Prandtl and Reuss
method [16]. When the analysis on the static failure is completed then fatigue testing will

be initiated.

This part of the investigation shows a cantilever plate with a piezoelectric material as a
sensor being cyclically loaded using a fatigue bending machine. The piezoelectric sensor
network will be integrated into the structure to monitor the material condition throughout
its lifeline. Therefore, the sensors will be permanently bonded to the specimen by means
of adhesive. The adhesive interface provides the necessary mechanical coupling needed

to transfer the force and strain between the piezoelectric element and the specimen [60].

A damage growth model for low-cycle fatigue damage will be developed using a

continuum damage mechanics approach.
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1.4 RESEARCH LAYOUT

The outline of the thesis is as follows: the introduction to this study is presented in

Chapter 1.

Chapter 2 looks at the theoretical knowledge behind low cycle fatigue and strain

measurement.

Chapter 3 and 4 involves the Tensile Test, and the Cyclic Test. It first focuses on the
experimental and numerical study of the mechanical behaviour of DOCOL 800 DP steel
specimen during conventional tensile tests. This standard engineering procedure is useful
in characterizing some relevant elastic and plastic variables relating to the mechanical
behaviour of materials. Then an analysis on structural degradation of the Ductile steel

specimen under fatigue bending testing will be conducted.

In Chapter 5; continuum mechanics models will be used to develop thresholds for
elasto-plastic behaviour. By placing suitable thresholds, it is possible to detect from the
onset the final stage of damage in the structure before failure occurs. The basis for
modelling damage mechanics of the ductile material is presented. The use of standard
derivations of elasto-plastic-damage models are formulated from the above approach.
The numerical results obtained will be to study the effect of damage growth on structural

materials.

The numerical results are presented in Chapter 6 and conclusion in Chapter 7.
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Chapter 2

LITERATURE REVIEW

This chapter deals with the relevant literature regarding the pertinent issue under

investigation in the study.

Material processing techniques are also presented. These preparation techniques allows
for the easy shaping of the specimen either by cold rolling or hot rolling into a

rectangular cross-section.

Low cycle fatigue and piezoelectric materials are discussed in their elementary stage. As

such, significant articles and studies are explored in relation to these sections. The

theoretical framework is presented as applied to this study.
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2.1 MATERIAL

With technology improving, and the industrial revolution, the process of manufacturing
steel in large amounts was needed. This called for the iron mining industry to begin with
John Winthrop Jr. by establishing an iron work on the Saugus River in Lynn,

Massachusetts [27].

In 1750, the British passed the Iron Act, one of the first of the Trade and Navigation Acts
that were to be a major cause of the industrial revolution. The act forbade the building of
mills in the colonies’ but later American pig iron was admitted into Britain duty-free
[32]. More than five thousand tons were shipped abroad from Virginia, Maryland,
Pennsylvania and New York. When the War ended, the manufacture of iron products

increased dramatically which led to the era of the exploration of steam.

In 1856 the British engineer Sir Henry Bessemer developed the Bessemer process for
making steel [27, 32]. Two years later the Siemens-Martin open hearth method was also
developed for processing steel. Once perfected, these processes greatly lowered the cost
of steel production and allowed the increasingly lavish use of steel for railroads,
construction, and other industrial purposes. The first Bessemer converter in the United
States was made operational in 1864 and four years later Abram S. Hewitt built the first

open hearth furnace [27, 32].
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1901 helped shape the modern industry by their visionary thinking and their business
ethics [27]. With American steel production peaking in 1969, it prompted new, vibrant
and more efficient steel plants with much lower labour cost to be built outside the United

States of America.

The methods of making steel have not changed dramatically over the past 30 years; but
the mechanical properties of steel have been improved [32]. With continued need for high
strength steels at low cost, the carbon ratio has been adjusted. The demand for high

quality has seen an increase in alloying and processing of metals.

A metal alloy is usually melted together with two or more chemical elements where the
bulk of the material consists of one or more metals. This has produced a wide range of
metallic and non metallic chemical elements used in alloying the principal engineering
metal. Some commonly used elements are boron, carbon, magnesium, silicon etc (see
Table 1). The amounts and combinations of alloying element used with various metals
have major effects on their strength, ductility, temperature resistance, corrosion

resistance, and other properties [17].

The metal alloy has pushed back the boundaries of strength, weight saving and
environmental benefits. The high yield strength of the steel enables reduction of the
thickness of the steel (or product) resulting in low material costs. If DOCOL UHS steel is
used for reducing weight in a motor vehicle, the energy consumption and exhaust

emission are reduced [17].
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2.1.1 DUCTILE STEEL - DOCOL 800DP

The cold reduced ultra high strength steel from SSAB Tunnplat-designated DOCOL
UHS- have guaranteed minimum tensile strengths ranging between 800 and 1400 N/mm?
and yield strengths in excess of 550N/mm?. DOCOL UHS steel offers many competitive

benefits [17].

The high strength of DOCOL UHS steel offers opportunities for vast weight saving
which, in turn, offers great environmental benefits which stem from the energy savings
and the reduction of emissions at plants or factories due to the strength of the material

being used since there is no heat treatment furnace [17].

A thinner material also enables engineers to develop entirely new designs that would
have been impossible in the past [17]. The cold reduced ultra high strength steel-
designated DOCOL UHS- acquire their unique properties in the SSAB Tunnplat

continuous annealing line.

2.1.2 PROCESSING TECHNIQUES

The steels are annealed at temperatures between 750-850°C, depending on the grade of
steel and then hardened by quenching in water [17]. The next stage is the tempering

process which is carried out at a temperature between 200-400°C, when it acquires its
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final structure to which the steel owes its toughness and good formability. Both the
annealing and tempering process are carried out at atmospheric conditions to prevent the
steel from oxidizing. Also, the steel runs through a pickling bath between quenching and

tempering in order to remove the thin oxide film formed in the quenching process [17].

The micro-structure of the steel consists of martensite which is a hard phase and the
ferrite which is soft. The strength of the steel is carefully increased with an increase in the
content of the hard martensite phase. The proportion of martensite is determined by the
carbon content of the steel and the temperature cycle to which the steel is subjected in the

continuous annealing process [17].

Due to the fast water-quenching process, there is a very low content of alloying elements
needed for production of the DOCOL UHS steel. Only small quantities of carbon, silicon,
and manganese are added to achieve the required hardenability. The chemical

compositions for the steel amounts are given in Table.1.

Table 1: Analysis of the Docol 800 DP tension specimen: average chemical composition
[13]

Steel grade C Si Mn P S Nb Al tot

DOCOL 800 DP | 0.12 | 0.20 1.50 0.015 |0.002 |0.015 |0.04

20



DOCOL UHS steel is suitable for many applications in the automotive industry and in

particular safety parts, like side-impact beams, because of its amplified strength [17].

With the safety of passengers and plant workers in mind, engineers have to choose the
appropriate steel for the job according to its mechanical properties. These properties

enable them to design and manufacture products that are safe and reliable.

2.2 LOW CYCLE FATIGUE

2.2.1 INTRODUCTION

Repeated loading in conjunction with rolling contact between materials, produces rolling
contact fatigue. The majority of failures in machinery and structural components are
attributed to fatigue failure. Such failure generally takes place under the influence of

cyclic loading.

In 1829 a German mining engineer known as W.A. J. Albert studied the performance of a
hoist chain made of iron under repeated loads [70]. From Albert’s study, interest in
fatigue began to grow with the ferrous structure being the main focus particularly for
bridges in railway systems. This move was pushed by the tragedy which happened in
1842 when there was a train accident. A comprehensive investigation into the cause of

failure was conducted [70].
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W. J. M. Rankine recognized the distinctive characteristics of fatigue fracture and then
noted the danger of stress contraction in machine components [61]. It soon led to an
investigation of the weakening of materials due to crystallization of the underlying

microstructure.

August Wohler used full scale railway axles to draw up a stress versus cycles to failure
curve, now known as an S-N curve to quantify fatigue [75]. Wohler also noticed that steel
exhibits a so-called endurance limit, which resulted in no damage below the stress value
[75]. Then Bauschinger uncovered a breakthrough in quantifying fatigue which showed
that the limit of the elasticity on the first compression loading is less than the initial

tension loading which is called the Bauschinger effect [75].

The first tests were performed with a fully reversible cycle, which meant that the tensile
and compressions stressing was equal. This was not practical because it did not resemble
a real life scenario and a way had to be developed to offset the normal Wohler type curve.
This was first attempted by Goodman, Soderberg and Gerber [70]. Their work was based

on the ultimate tensile stress or yield stress and endurance limit stress or fatigue strength.

Ewing and Rosenhuim in 1900 and Ewing and Humphrey in 1903 [25], showed that slip

bands developed in many grains of the polycrystalline material. These slip bands broaden

as cyclic deformation continues and leads to extrusion and intrusions on the surface.
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Although fatigue of metals caused by the slow growth of microscopic flaws was
documented in the works of Ewing and Humphrey, the mathematical framework for the

quantitative modelling of fatigue failure was still not available [25].

The stress analysis of Inglis in 1913 and the energy concept of Griffith in 1921 provided
the mathematical tool for quantitative treatment of fracture in brittle solids [25].
Characterizing fatigue failure of metallic materials was still impossible until Irwin in
1957, who showed that, the amplitude of the stress singularity ahead of a crack could be

expressed in a scalar quantity known as the stress intensity factor, K [25, 43, 70].

Paris, Gomes and Anderson in 1961 suggested that the increment of fatigue crack per
stress cycle da/dN could be related to the range of the stress intensity factor, AK, during

the constant amplitude cycle loading [25, 43, 70].

Further development was done independently by Coffin and Manson in 1957 who
proposed that plastic strains are responsible for fatigue damage [25, 43, 70]. This led to
the understanding of why metal parts subjected to repetitive or cyclic stresses fail at a
much lower stress than the fracture stress corresponding to monotic tension stress [25].
More studies provided valuable information on substructural and microstructural changes
responsible for cyclic hardening and softening characteristic of materials and on the role

of such a mechanism in influencing the nucleation and growth of fatigue cracks [70].
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Parts like turbine blades undergo cyclic loading causing structural deterioration which

can lead to failure [46].

There are several studies which look at damage at a given time during the operational
history of the structure. This is typically called diagnostics and involves detection,

location and isolation of damage from a set of measured values [46].

The development of reliable life prediction models which are capable of handling
complex service conditions are a challenge to engineers [11]. This is due to the
application of fatigue concepts to a practical situation often involving semi-empirical
approaches. Most recently studies have considered a system-approach to the modelling of
damage growth based on differential equations while others have used physics-based

models [74].

During the machine service, the machine parts undergo random load distribution which
affects the dynamic response of materials. Therefore, an investigation of the dynamic
response of fatigue damaged 6061-T6 aluminium alloy and AISI 4140T steel specimens
due to cyclic plasticity and subjected to impact loading was conducted. The investigation
found was that fatigue damage affects the quasi-static behaviour of steel more

significantly than that of aluminium [64].
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It is well known that welds are the weak links in any structure. So, it is of utmost
importance to characterize the mechanical properties of welds and the changes in the

microstructure that occur in welds on exposure to high temperatures [22].

Morrow’s modified Manson-Coffin equation and Smith-Watson-Topper’s damage
equation investigated fatigue in spot welds using elasto-plastic finite element analysis

[80]. It was found that fatigue does exist in the tensile shear spot weld [80].

As a result, it was found that fretting fatigue limit of grooved specimen could be

evaluated on the basis of the maximum axial stress near the contact edge [45].

The formation and propagation of crack networks in thermal fatigue is predicted using
probabilistic models. They are based on a random distribution of sites where cracks

initiate on the shielding [52].

2.3 PIEZOELECTRIC

2.3.1 INTRODUCTION

In the 18™ century crystals of certain minerals known as pyroelectricity were discovered.
These crystals had the ability to generate electrical charges when heated [26]. In 1880,
brothers; Pierre and Jacques Curie, predicted and demonstrated the piezoelectric

phenomenon using common place items such as tinfoil, glue, wire, magnets, and a
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jeweller’s saw. Their experiment consisted of a measurement of the surface charges
appearing in specially prepared crystals, which generated electrical polarization from the
mechanical stress. This discovery was dubbed as piezoelectricity in order to distinguish it
from other scientific phenomenological experiences such as contact electricity (friction-
generated static electricity) and pyroelectricity (electricity-generated from crystal by

heating) [10, 26].

However, the brothers did not predict that crystals that exhibit direct piezoelectric effect
(electricity from applied stress) would also exhibit the converse piezoelectric effect
(stress in response to an applied electric field). This property was mathematically
deduced from fundamental thermodynamic principles by Lippmann [10, 26]. Pierre and
Jacques experimentally confirmed the existence of the converse effect. They went on to
obtain a quantitative proof of the complete reversibility of electro-elasto-mechanical

deformation in piezoelectric crystals.

It was after two years of interactive work within the European community that the core of
piezoelectric application was broken down into: 1. the identification of piezoelectric
crystals on the basis of asymmetric crystal structure; 2. the reversible exchange of
electrical and mechanical energy; and finally the usefulness of thermodynamics in

quantifying complex relationships such as mechanical, thermal, and electrical variables.

In 1910 the standard reference work was formulated using a thermodynamics potential of

piezoelectricity [10, 26]. Piezoelectrics were found to be obscure even among
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crystallographers, the mathematics was complicated, and no publicly visible application

was found.

The first practical application for piezoelectric devices was sonar, first developed during
World War I. A French engineer Paul Langevin and his co-workers developed and
perfected an ultrasonic submarine detector [10, 26]. The detector consisted of a
transducer made of thin quartz crystals carefully glued between two steel plates, and a
hydrophone to detect the returned echo. By emitting a high-frequency chirp underwater
and measuring the depth by timing the return echo, one could calculate the distance to the
object [10, 26]. The success of sonar stimulated intense development in resonating and

non-resonating devices.

It is desirable to control the vibration and stabilise the structure from its resonating
frequency. This will lead to a reduction in critical failure of key structural components.

Hence, the development of active vibration control was considered [54].

Tzou and Tseng discovered that by utilizing direct and converse piezoelectric
characteristics, the integrated piezoelectric sensor or controller could be used in
monitoring vibrations due to mechanical stress [76, 77, 78]. This could also actively and
directly constrain any undesirable vibration of flexible components by simply injecting
high voltage. Hamilton’s principle and variation equations are used to derive the thin

piezoelectric hexahedron element.
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The stacking of quadrangular solids of the piezoelectric element was investigated by
Tsou and Tseng then later another layer to the piezoelectric element was added [76, 77,
78]. The analysis was a problem because the results were so cumbersome that they
required a technique known as Guyan reduction to reduce the number of degrees of

freedom, cited in [77].

Further research on the development of mathematical models simulating plates and shell
structure with embedded piezoelectric film were conducted. A multi-layered composite
piezoelectric Kirchhoff analysis was derived to accommodate the thickness as well as the

thin shell structure, cited in [38, 40].

There are two approaches which can be considered in active control using a piezoelectric
sensor. Firstly, it assumes that the signal from the sensor be an electric current, hence the
closed-circuit mode. Secondly, Wang et al. assumed that the signal from the sensor be a

potential change causing it to be an open circuit mode [15, 76, 77].

Sensors Actuators
(PIT, PVDF, Fiber [—— Structure [#——  (SMA, PIT,
optics, ... Magnetostrictive, ...}

—#{ Control system

Figure 1.0 Block diagram of a Smart Structure [26]
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Miller used a closed circuit approach in a study for dynamic piezoelectric structures to
show that the structure should be passive-meaning, free from any piezoelectric control at
zero amplifier gain [54]. Then research shifted to the open circuit that showed the

possibility of structural control through piezoelectric elements.

It was shown that the static deflections of the cantilever plate can be controlled by
applying the suitable voltage to the piezoelectric element cited in [36]. These studies still

did not look into the bearing caused by the active model at zero gain.

Further investigation done by Tzou and Tseng developed a model which showed that
control forces persist at zero amplifier gain when the current active control model of the
open circuit mode is used [77]. It prompted Kekana to develop a base for the control
model which resembles a passive structure at zero gain [40]. However, the results
showed that piezoelectric effects persist at zero gain, contrary to the requirements

stipulated in Miller [54].

There are several studies which look at damage at a given time during the operational
history of the structure. This is typically called diagnostics and involves detection,

location and isolation of damage from a set of measured values cited in [23, 46, 83].

Nonlinear vibration analysis of a directly excited cantilever beam is modelled as an
inextensible viscoelastic Euler-Bernoulli beam as part of physics based model [51]. The

analytically derived frequency response was experimentally verified through harmonic
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force excitation. Results demonstrate that increasing the excitation amplitude or
decreasing damping ratio can cause a minor decrease in the nonlinear resonance
frequency despite the significant increase in the amplitude of vibration due to reduced

damping [51].

Vibration problems for continuous systems with damping effects, including modal,
transient, and harmonic and spectrum response have also been analyzed. It involved

modal analysis of eigenvalues and eigenfunctions [79].

It has also been found that an effective way of investigating the efficiency of system
identification can be done using the Observer Kalman Filter Identification (OKFI)
technique in which the numerical simulation and experimental study of active vibration

control of piezoelectric smart structures is conducted [81].

A new coupled approach of combining EMI technique and a reverberation matrix method

has been investigated, which help quantitatively correlate damages in framed structures

with high-frequency signature for structural health monitoring [82].
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2.3.2 OPERATIONAL PRINCIPLES

The way piezoelectric material operates depends mainly on the way it is cut. There are
three main modes of operation which can be distinguished: transverse, longitudinal, and

shear.

Transverse effect
Force is applied along a neutral axis (y) and the charges are generated along the (x)
direction, perpendicular to the line of force. The amount of charge depends on the

geometrical dimensions of the respective piezoelectric element [58].

Longitudinal effect
The amount of charge produced is proportional to the applied force and is independent of
size and shape of the piezoelectric element. Using several elements that are mechanically

in series and electrically in parallel is the only way to increase the charge output [58].

Shear effect
The charges produced are proportional to the applied forces and are independent of the
element’s size and shape. With the transverse effect it is possible to adjust the sensitivity

of the force applied and the element dimension [58].
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2.3.3 ELECTRICAL PROPERTIES

The piezoelectric transducer produces high DC output impedance which is used as a
voltage source. The voltage (V) at the source is directly proportional to the applied force,
pressure, or strain [58]. The output signal is then related to this mechanical force as if it

has passed through the equivalent circuit (Fig. 1.1).

s s s s ssssss
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O

Figure 1.1 Schematic symbol and electronic model of a piezoelectric sensor [58]

The inductance Ly, is due to the seismic mass and inertia of the sensor itself. C. is
inversely proportional to the mechanical elasticity of the sensor. Cy represents the static
capacitance of the transducer, resulting from an inertial mass of infinite size [58]. R; is
the insulation leakage resistance of the transducer element as shown in the schematic

model above.
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If the sensor is connected to a load resistance, this also acts in parallel with the insulation

resistance, both increasing the high-pass cut-off frequency (Fig. 1.2).

n|<

High-pass Usable region

o

Resonance

Y

Frequency

Figure 1.2 Frequency response of a piezoelectric sensor [58]

2.3.4 SENSOR DESIGN

The design of the piezoelectric material is based on the various physical quantities to be
measured (Fig. 1.3). For pressure sensors, a thin membrane and a massive base is used to
ensure that applied pressure is loaded to the elements unidirectional [58].The thin
membrane is used to transfer the force to the elements. For accelerometer, a seismic mass
is attached to the crystal elements. When the accelerometer experiences a motion, the
invariant seismic mass loads the elements according to Newton’s Law [58].While in this

case the forces are applied by an attached seismic mass.
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Figure 1.3 Metal disks with piezo-material, used in buzzers or as contact
microphones [58]

Sometimes these sensors are sensitive to more than one physical quantity. For example
the pressure sensors use acceleration compensation elements in addition to the pressure

sensing elements. Therefore one should be careful in not matching these elements.

Vibration sensors can also be used to harvest otherwise wasted energy from mechanical
vibrations. This is accomplished by using piezoelectric materials to convert mechanical

strain into usable electrical energy [58].

CONCLUSION

From the literature review, it is apparent that the safety of passengers and plant workers

rely on the mechanical properties of the steel [17]. These properties enable engineers to

design and manufacture products that are safe and reliable. The relationship between

material forming and material properties are developed by various studies.
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There were several studies which looked at damage during the operational history of the
structure. These typically looked at the diagnostics which involve detection, location and

isolation of damage from a set of measured values.

The literature also showed how piezoelectric materials operate in accordance to the way
they are cut. Therefore the designs of piezoelectric materials are based on the various
physical quantities to be measured. It was shown that the static deflections of the
cantilever plate can be controlled by applying suitable voltage to a piezoelectric element

(Fig. 1.1).

These findings suggest there is value in examining low cycle fatigue using new

sophisticated sensors known as piezoelectric sensors.
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Chapter 3

UNI-AXIAL LOADING

The main objective of this chapter is to investigate the different testing rigs and then
identify which driving system can be used for standard tensile testing. The purpose of the
tensile test is to obtain measures of material properties found from sampling material

tested.

This standard engineering procedure is useful in characterizing the relevant elastic and

plastic variables relating to the mechanical behaviour of the materials.

A material processing technique is also presented. This preparation allows for the shaping

of the specimen either by cold rolling or hot rolling into a rectangular cross-section.
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3.1 TENSILE TESTING MACHINES

Laboratory material testing started in Southwark, London by David Kirkaldy in 1865 [13,
14, 16], which were based simply on loads being applied to test specimens by means of
testing machines. Now there are a variety of testing machines which can be used in
carrying out the experiments required, depending on their purpose, configuration, size,

capacity, and versatility.

In the period between 1900 and 1920 a simple type of testing machine was built [13, 14,
16]. It consisted of a basic configuration of just applying the load to the specimen and
then measuring the load. This still plays an essential part in testing machines today.
Depending on the design of the machine, these parts can either be entirely separated or

superimposed on one another.

3.1.1 Screw Driven Testing Machine

In the case of a screw-driven testing machine, the specimen is extended by having one
grip fixed to the frame of the machine while the other grip is movable on the crosshead.
The crosshead is displaced by a motor that turns two large screws located at either end of

the crosshead which applies the load on the specimen.

In 1946 Instron Corp. introduced an improved and sophisticated electronic system testing

machine which was based on the technology of a vacuum tube [20, 31]. This saw a
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screw-driven machine using electronics to control and measure the loads and
displacements, making the machine much more versatile (Fig. 3.1 (a)). The advantage of
a screw-driven testing machine is that, the crosshead cannot move very fast, usually a few
millimeters per second at most. This minimizes mistakes caused by the grips moving

together rather than apart.

] Load Lcad
# -CBII i -CEII
; |Grip ; |Grip
7 Sampley Specimen
1] - 1] 1
/ Grip [} Grip
[ Crosshead | |
o '
f / Piston
% %
(a) Screw Driven {b) Sarvohydraulic
Testlhg Machine Testing Machine

Figure 3.1 (a) The Screw-Driven Testing Machine, (b) Servohydraulic Testing
Machin [31, 55]
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3.1.2 Servohydraulic Testing Machine

Around 1958, a transistor technology and closed-loop automation concept was used by
the forerunner of the MTS Systems Corp to develop a high-rate testing system using a
double action hydraulic piston [20, 55]. This resulted in the second type of testing

machine known as the servohydraulic testing machine (Fig. 3.1 (b)).

In this case, the displacement of the grips is imposed by high pressure oil driving a
piston. The actual position of the piston is measured by a sensor which generates a
voltage proportional to its position [13, 14, 16]. A separate signal generator produces a
voltage that corresponds to the desired position of the piston. If the two voltages are
different, valves are operated electronically so that the high pressure oil moves the piston

to the desired position.

The advantage of the machine is that, it can operate in various modes such as constant
displacement rate or constant rate of load application, by simply changing the way the
control voltage is generated [13, 14]. This flexibility makes the machine capable of
performing a wide variety of tests. However, the flexibility also means that the controls
are more complex. The piston can be driven at very high displacement rates by the high-

pressure oil rates at an average 10 m/s.
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3.2 EXPERIMENTAL METHODS

3.2.1 Materials

A metal alloy is usually melted together with two or more chemical elements where the
bulk of the material consists of one or more metals. This has produced a wide range of
metallic and non-metallic chemical elements used in alloying a principal engineering
metal. Some commonly used elements are boron, carbon, magnesium, silicon, etc. The
amounts and combinations of alloying elements used with various metals have major
effects on their strength, ductility, temperature resistance, corrosion resistance, and other

properties [13, 14].

3.2.2 Specimen preparation for Micro-structure

For the examination of the microstructure of metals the surface of the specimen must be
correctly grounded, polished and etched. The selection of the specimen to be examined
plays a vital role in knowing the complete picture of the specimen. If a casted material is
to be examined, it is important to take several micro-sections in order to see the grain
structure at the centre and the edges. When the component is rolled, it is advantageous to
take specimens in the direction of working to see if there is any directional distribution of

the constituents.
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3.2.2.1 Specimen Mounting

It is sometimes convenient with small samples to mount them in a suitable medium to
ensure ease of handling before the grinding process begins. There are two types of
mounting methods which were accommodated by the laboratory: the hot and the cold
mounting. If several specimens are to be mounted, it is easier to mix an amount of cold
setting resin and mount all the specimens at once, while the hot mounting press has a

lengthy time cycle. The specimen is cold mounted and set in a resin (Fig. 3.2).

Figure 3.2 Specimen mounted using cold mounting
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3.2.2.2 Specimen Preparation

Pre-grinding is carried out prior to polishing and it consists of rubbing a suitably flat
surface of a specimen on increasingly fine grinding papers. The operation is carried out

on a rotating grinding wheels bench using silicon carbide paper and water as a lubricant.

The silicon carbide paper range generated from 180 grit (which is coarse) up to 1000 grit
(which is fine). After each grade paper has been used, the specimen is rinsed and turned
through 90° before moving on to the next grade paper. This ensures that the scratches in

one direction are totally eliminated by the operation on the next paper.

After the pre-grinding stage the specimen is washed thoroughly with soap and dried,

preferably with alcohol.

The polishing is performed on a rotating wheel (Fig. 3.3) covered with a selvyt clothe.
The polishing agent used is a diamond paste at % micron. Finally the specimen is etched
using a nitric acid based solution. This corrodes the metal showing the crystal structure of

the metal.
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Figure 3.3 Grinding wheel used for polishing cold mounted specimens

3.2.3 Test Specimen Preparation

The direction of rolling of the metal plate has to be considered. Tests are made both on
specimens cut parallel to the direction of rolling and on specimens cut perpendicular to
the direction of rolling. The strength and ductility of metals cut from the rolled structural

shape appear to be heavily influenced by working under the rolls.

When preparing the specimen, a piece of metal has to taken to be sheared, punched, or
flame-cut while ensuring that the finished specimen does not contain any of the damaged
metal [14, 17]. Any areas which have been hardened by shearing or pressing must be
removed by machining. The cross-section of the specimen is rectangular. The shape and

dimensions of the specimen being tested is 220 mm long x 22 mm wide x 1 mm thick [1].
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3.2.4 Testing Conditions

The material to be tested for mechanical behaviour had to be selected using the ASMT
standards for materials [1]. For the testing conditions, one had to consider the conditions
of the material at the time of testing and to keep the ambient conditions [1] (Table 2).
Depending on the temperature at which the tests are conducted, they normally produce
three general classes of tests. The first class of tests are carried out at normal atmospheric
or room temperature, while the second class of tests are made to determine material
properties, such as brittleness of steel, at very low temperatures, as might be required in
the development of high-altitude aircrafts. The final class of tests are carried out at
elevated temperatures as in the development of rockets, jet engines, to elevate the

strength, ductility and creep of the material under such conditions [14, 20].

The mechanical property of materials is heavily affected by moist conditions [1]. This
allows for a detailed specification for testing the make-up of the specimen in relation to
its physical condition. In conducting the tensile test, the manner of holding, gripping,
supporting, or bedding the specimen plays a key role and therefore, it had to receive good

attention.

Table 2: Initial conditions experienced during testing

Specimen Initial Temperature | 23

Room Temperature 23
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3.3 QUASI-STATIC MECHANICAL TEST

3.3.1 Tensile Test/ Compression Test

The mechanical properties of the specimens (220 mm long x 22 mm wide x 1 mm thick)
were tested using Lloyds Universal Testing Machine at a crosshead speed of 2 mm/min at
room temperature shown in Fig. 3.4. The results of the mechanical properties are

discussed in detail in Chapter 6.

Figure 3.4 Llyods uniaxial testing machine with an extensometer
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3.3.2 Optical Microscope

An optical microscope is used for examining and photographing the metallurgy of the

specimen (Fig. 3.5).

A horizontal set of light rays is emitted from the illuminator and is diverted downwards
by means of a glass reflector, through the objective lens to the metal specimen. The light
which is reflected from the specimen (Fig. 3.2) surface passes back through the objective
to form an enlarged image. The light then passes through the eyepiece lens to form a
further magnified image for visual examination. The magnification used was 800X for

clarity of the image. The metallurgical results are discussed in detail in Chapter 6.

Figure 3.5 Microscope with the magnification of 800 X lens
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CONCLUSION

The proposed experimental testing was carried out using Lloyd’s tensile testing machine,
to produce experimental data which form the mechanical properties for the metal. The
process was operated at 2mm/min to insure a uniform distribution load across the

rectangular plate and standard testing procedures were observed.

The study used testing technology to further extract the material properties of a
rectangular specimen, focusing mainly on the tension and compression of structures until
failure and results producing the stress range. The ambient temperature was maintained

during testing so that external influences could be neglected.

The kind of technology and knowledge used has made it possible for the study to classify
the material profile under examination. It can be clearly stated that the material under
testing (DOCOL 800DP - steel) is ductile and the stress range falls within the material as

given in the literature [17].

The rectangular plate was cold rolled during material processing and the steel was

annealed at temperatures between 750-850°C and therefore harden by being quench at a

uniformly distributed load in water [17].
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Chapter 4

CYCLIC LOADING

The previous chapter went into detail describing the experimental methods which must be
adhered to for successfully testing structures under tension. It dealt with different
machinery which could be used to develop the experimental mechanical properties.
However, this does not cater for a dynamically loaded structure. Therefore, this chapter
concentrates on fatigue failure of structures under cyclic loading. The fact is that dynamic
loading conditions heavily impact on the experimental data. It is important to provide
engineering designers with data to formulate a fairly precise estimation of the load that
the structure or machine can handle. Therefore, testing becomes a necessity for

establishing the cause of failure and verifying the specifics which were not confirmed.

In this situation testing data requires a deeper understanding of the strain measuring
instrument. This has helped to form the basis of the investigation in the monitoring of
structural degradation. Low cycle fatigue can cause significant plastic deformation in a
material due to its repeated loading system. This normally causes a surge in a fatigue

cracking.
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The two measuring instruments are measured against each other to find the most accurate
one. A data acquisition system is also programmed to capture real-time action from the
experiments. Each specimen follows a given stress amplitude, completely reversible.

That is, the mode of testing is strain controlled at + 5% instead of stress controlled.

This dynamic analysis has made it possible to determine the behaviour of structures.

4.1 FATIGUE BENDING MACHINES

4.1.1 Cantilever Beam Machine

This machine is capable of producing either completely reversed cyclic stresses or non-
zero mean cyclic stresses by simply positioning the specimen to the clamping vise with
respect to the mean displacement position of the crank drive (Fig. 4.1). It also relies on
controlled geometric deflections from the rotating eccentric crank to keep the alternating
strain level at zero. The geometric changes in the apparatus alter the length of the
connecting rod from the eccentric drive to give different mean deflections and thus

different mean stresses [20].
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Figure 4.1 Cantilever Beam Machine [31, 55]

4.1.2 Rotating Beam Machine

The R.R. Moore — type machines are the most commonly used rotating beam machines in
which a specimen with a round cross section is subjected to a dead-weight load while
bearings permit rotation (Fig. 4.2). A given point on the circular test section surface is
subjected to sinusoidal stress amplitude from tension on the top to compression on the

bottom with each rotation. These machines can operate up to 10 000 rpm [20].
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Figure 4.2 R.R. Moore Rotating Beam Machine [31, 35]

4.2 EXPERIMENTAL METHODS

4.2.1 Materials
The cross section of the specimen is rectangular. The shape and dimensions of the

specimen being tested are 220 mm long x 22 mm wide x 1 mm thick [1].

4.2.2 STRAIN MEASURING EQUIPMENT

4.2.2.1 Strain gauge
For the conversion of mechanical motion into an electronic signal a strain gauge had to
be selected. This strain gauge was connected to a Wheastone Bridge circuit as a resistor

[73].
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Table 3: Characteristic data and dimensions of the strain gauge are displayed in the
following [73]

Resistance 350 [Q2] £0.35%
Gauge factor 207+1%
Transverse Sensitivity -0.2 %
Temperature Compensation 10.8 [10°/°C]
Temperature coefficient of gauge | 104 + [10°/°C]
factor

The strain gauge was soldered to an insulated wire consisting of a negative and positive
wire. The wires are connected directly to the bridge circuit. The Wheatstone Bridge
Circuit comprised of four resisters [73]. The three wires each have a resistance (refer to
Table 3) of 350 ohms, while the variable resister is 0, 7 kilo-OHMS and the strain gauge
is 350 OHMS. The bridge is powered by a power supply at 4 V. The output of the strain
gauge is a form (V,) measured across the bridge circuit. As the applied stress increased a
resistance change takes place in the full bridge circuit bringing an imbalanced signal

output.

This external data is then collected and recorded by a data acquisition system.
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4.2.2.2 Piezoelectric sensor

The Piezoelectric sensor was selected to be used for measuring strain that occurs on the
thin plane.  The sensor is attached to the specimen by means of an adhesive. An
advantage of using piezoelectric is that they generate their own voltage; therefore it was

not connected to the Wheatstone Bridge Circuit or is the signal amplified.

The output from the piezoelectric sensor is a voltage reading (see Table 4).

Table 4: Characteristics of a Quick-Mount bending performance actuator [58]

Piezo Material 5A4E

Weight (grams) 2.3
Stiffness (N/m) 760
Capacitance (nF) 52

Parallel Operation

Rated Voltage (Vp) +90

Parallel Operation

Resonant Frequency (Hz) 275

Free Deflection (um) + 315

Blocked Force (N) +.31
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4.2.3 Strain Acquisition System
When the apparatus is in motion, the strains induced are sent through a laptop DAQ card
which converts the analog to digit signal. Data is acquired through two channels in the

form of voltage (V) (Fig. 4.3).

With the piezoelectric sensor, different conditioning equations were used. They consisted
of change in electric current density. This means that the Lab-View program is set

differently as compared to the strain gauge packages (Fig. 4.3).
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Figure 4.3 llustrates the conditioning of the signal using Lab-View

The DAQ card processes the results then they are stored in a file until the experiment is

over. The voltage signal is basically translated to forces, by a conversion system related
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to strain gauge theory and Lab-View in Fig. 4.5. This allows one to determine the stress-
strain curve during cyclic testing. Once the behaviour has stabilised a closed stress- strain
hysteresis loop is formed during each strain cycle. The area inside the hysteresis loop is

the energy absorbed per unit volume of the material. The energy mostly dissipates as heat

energy.
File
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Figure 4.5 Block Diagram for Data Acquisition

4.2.4 Test Condition

According to ASTM standard E4606, the ambient temperature must be kept at constant
room conditions [1]. This assists in preventing temperature effects in the experiment
being conducted. When the initial conditions are stable at room temperature, the
specimen used has a length of 220mm, width of 22mm and thickness of 1mm. The

fatigue bending machine has two serrated plates which are used for clamping the test
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specimen (Fig. 4.4). This provides the necessary boundary conditions for the

experimental analysis.

Figure 4.4 The serrated plates used for clamping the specimen.

4.3 DYNAMIC MECHANICAL TESTS

4.3.1 Elasto-Plastic Fatigue Test

The experimental results of the strain controlled fatigue bending tests were obtained in
the following manner. The specimen is clamped on both ends, with one end fixed and the

other providing a reciprocating motion according to the applied strain, representing a
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cantilever beam (Fig. 4.4 and Fig. 4.6). The loading is strain controlled at+5%. The
speed for the reciprocating load is 25 rad/s. The fatigue results are discussed in detail in

chapter 6.

4.3.2 Piezo-Elastic Fatigue Test

The experimental results of the strain controlled fatigue bending tests were obtained in

the following manner. The specimen is clamped on both ends, with one end fixed while

the other end experiences the applied strain (Fig. 4.6). The piezoelectric sensor network is

integrated onto the structure. The speed for the reciprocating load is 25 rad/s.

The piezo-elastic results are discussed in detail in Chapter 6.

Figure 4.6 Fatigue Bending Machine with reciprocating motion
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CONCLUSION

The in-house fatigue rig (Fig. 4.6) was used for the dynamic testing of the rectangular
plate in a controlled ambient temperature environment to minimise any external influence

which can be caused by heat.

The experiments were carried out to monitor structural degradation of plates. The results

are used to determine the material behaviour under continuous loading systems.

The application of this fatigue rig is to cyclically load a ductile structure in order to

produce cyclic curves.

The collection of the experimental data was done using a computer data acquisition
system. The system was programmed using Lab-View to convert signals from the two
sensors into values (Fig. 4.3). Furthermore, the two measuring instruments used for the

measuring of deflection were directly linked to the real-time acquisition system.

The experiments conducted provide the study with fatigue data for the rectangular
DOCOL 800DP specimens. This makes it possible to track and monitor the cause of

failure during continuous loading.

Using these experiments, the cyclic profile for DOCOL 800DP steel under cyclic speeds

of 25 rad/s was obtained.
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Chapter 5

TECHNICAL BACKGROUND

This chapter presents the mathematical relationship for expressing stress and strain
behaviour at particular points which deals with the elastic behaviour of a solid that obeys
Hooke’s Law [16]. The theory of plasticity is well presented within the chapter. The
plastic deformation was not easily measured; constants and strain hardening were
difficult to accommodate without introducing any mathematical complexities [6]. The
theories were formed for describing the mechanical behaviour of the metal based on the

assumption that the metal is homogenous and isotropic.

Damage is said to be caused by movement and accumulation of dislocation in metals.
Dislocations are caused by impurities, heating and repeated loading of the metal.
Therefore scientists and engineers tried to characterise fracture by simply using
mechanical variables, although this approach had its shortcoming which were improved

by Kachanov who introduced damage variables [33].

This chapter further presents damage variables which are coupled with elastic and plastic

behaviour of the metal that produces a degradation model at each stage of the fatigue life
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of the metal using the concept of effective stress and strain. These equations look at

damage from simple tension loading to cyclic loading systems.

Elementary models must be created in order to analyse the experimental results. “The
decoupling of elastic and plastic effects can be justified on the basis of the physics and
chemistry of solids, thermodynamics, and phenomenological experiments. The total

strain may be partitioned or separated into the reversible (or elastic) straing, and the
irreversible (or inelastic) strain &, without prejudging the nature of the latter strain” [33].

Elastic deformation is associated with a variation in the interatomic distances without
changes in place. “While plastic or inelastic deformation implies slip movement with

modification of interatomic bonds” [33].

elastoplastic framework ¢ = ¢, + ¢,

5.1 Elasticity

“All solid materials poses a domain in the stress space within which load variation results
only in a variation of elastic strain” [33]. In linear theory, it is important to choose a
positive potential thermodynamic potential for a quadratic function in the strain tensor
component [33].

Y=(Gpla:c:e (1)
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where YW denotes the contraction of the tensorial product, pis the density and ais the

fourth order tensor which is a component of the elastic moduli depending on the
temperature
e=A.oc (2)

now the combination of the isotropic and linearity potential

de = H?Uda +%d(|’r(a)).1 (3)

written in the tensor form

de, =1V do, +%a' 5, (4

ij *Yij
5.2 Plasticity

“The evolution of the loading surface is governed only by one scalar variable, either the
dissipated plastic work, or the accumulated plastic strain p, or any associated variable
such as the thermodynamic force R. The rules were developed assuming the temperature

to be constant, or at least using criteria which are temperature independent.” [33]

f = f(o,R) (5)

61



Loading function is expressed in f = f, (o) —T'(R) “where the function fy indicates of

the yield criterion, and the function T"introduces hardening through the relation between
the thermodynamics force “R” and the hardening variable chosen (p or wp)” [33]. The
isotropic material “fy”is a function of the stress tensor invariant [33].

Prandtl-Reuss Equation

“The Prandtl-Reuss equation is a flow law in an elastoplastic regime with isotropic
hardening” [33]. Hypothesis of plastic incompressibility: “Plastic strain occurs at

constant volume and flow does not depend on the hydrostatic stresso,, =+Tr(c). The

function will depend on the deviatoric stress and internal variable,

of _
AGH =0

Hypothesis of initial isotropy and isotropic hardening: “The loading function depends

only on the invariants J, and J; of the deviatoric stress tensor” [33].
J,(0)=0,=0(0":0)" (6)

J,(0)=@Fc'0": o) (7)
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And associated plasticity and normal hypothesis

de® =A%/ ) =2dA(o/o.,) (8)

and now solving for dA,

dp=-da(M/) = da=Gde® 1 de) . (9)
von Mises loading function, is independent from the third variable [33],

f=0,-R-0, =0 (10)

eq

where o, is the yield stress during tension. The hardening curve is expressed by the

relation

R =k(p) = p(a'%p) (11)

with R(0) = k(0) = 0, and consistence conditions in the presence of flow (f = 0 and df = 0)
it gives

df =do,, —k'(p)dp =0 (12)
which can be used to plastic multiplier

dA=dp=H(f)(do,/k'(p)) (13)
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For a material with positive hardening, withk’(p) >0, there is no flow except when

do,, is positive while for a material with negative hardeningdo,, <0, the plasticity

multiplier must be zero, and the system(x),

dA =dp = H(f)((dow)/k'(p) (14)

Substitute equation (14) into (8), the flow equation will change to

P _3 <do-eq> o’
de? =3 H(f) <(p) U_eq (15)

to express this equation in stresses only, substitute this equation
p=k™*(R)=k (o, —0y) into equation (9) in order to solve for p, then solve equation

(15) taking into account the plasticity equation,

<d0'eq> <d0'eq>
de® =3H(f)g'(oy,) o' Or dgijp =3H(f)g'(o,,) o; (16)

2 Il
eq eq

elastoplastic framework ¢ = ¢, + ¢, the total strain would be by combining equation (4)

and equation (16). Therefore the analytical calculations for this research considered these

two equations (4) and (16).
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5.3 Elastic Damage
“Damage is not directly accessible to measurements” [33]. It is linked to the phenomenon
representing the variable. Association with the hypothesis of strain equivalent is linked to
deformation coupled with damage [33]. “Damage variable which represents a surface
density of discontinuities in the material leads directly to the concept of effective stress”
[33].
Elastic damage law

o =0/(l-D)=Ee a7

Or

o=E(@l-D)e, (18)

where E is Young’s Modulus (elastic modulus free from damage) where elastic modulus

of the damage material E(1— D) = E, if the young’s modulus E is known ,

The elastic damage law can be applied

D=1-0/(Ee,) (19)
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and with

o =Ee, (20)
Solve the two equations (19 and 20) for D
D=1-E/E (21)

Equation (21) was used to determine the amount of damage accumulated in the material

during tensile testing.

5.4 Fatigue Damage

“Fatigue damage in metals corresponds to nucleation and growth of microcracks,
generally intracrystalline under the action of cyclic loading until the initiation of a
macroscopic crack” [33]. The Palmgreen-Miner linear is based on the assumption that
damage is accumulated additively when it is defined by the associated life ratio Ni/Ni;

where N; — number of cycle applied under a given load, N —number of cycles to fracture

Z(Ni/NFi):l (22)
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damage evolution is considered to be linear

D=N/N, (23)

Damage evolution is linear accumulation rule can apply even when a damage is nonlinear

but it must have a one-to-one relationship between D and Ni/Njsi (24)

Equation (23) was used to obtain the linear damage evolution during fatigue testing. “ the
Palmgreen-Miner linear accumulation law gives good results only for loads for which
there is little variation in the amplitude and mean of the stress”[33], for this reason

equation (23) is used in obtaining fatigue damage models.

5.5 Elastic coupled with Damage

The deformation and damage coupling is used as a starting point for the mathematical
expression. Damage causes the structural stiffness and the material strength to weaken
[33]. For the linear elasticity combined with the isotropic damage the constitutive
equation.

e=A:c (25)
where

(o2

D) (26)

o=

IS substituted equation (26) into equation (3) we have
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g:1+u o vTr(o) 27)
E 1+D E1-D

For damage due to tension assuming that D evolves elastically and has a variable

threshold ¢, [33].

dD = (%Oj whene =g, and de =deg, >0 thenat zero ¢ < g, or de <0
0

The initial condition is considered to be D =&, =0 and it should integrate to fracture at

D=1

s 41
Therefore, D = Hij } (28)
&R

Substituting equation (28) into equation (18) and solve for the linear damage models,

s +1
o= Eg[l—(i] ] where (29)
&R
gn =[(s" +D)e,° ]%S*“) defined by s™ =1 (30)

Then equation (29) can be used to solve for elastic strains coupled with damage
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5.6 Plasticity coupled with Damage

The strain equivalent law models damage behaviour together with the material hardening
process [33]. The stress o is replaced by the effective stress & in the dissipation

potential. The material obeys von Mises criteria and therefore there is isotropic damage.

Substitute & =

into equation (8) and (9) therefore we have,

==L (31)

and ¥ = A = p(1-D) (32)

The hardening law of the material without damage is given as
R = pow(r)/or =R(r)[33]. von Mises loading function, is independent from the third

variable which shows the accumulated strain rate due to damage with the consistency

condition when damage was introduced into equation (10)

expressed L. Y- S L (33)
oo oR oD

or accumulated strain rate substituted into equation (31), we have
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° %% _RIF+—2 D=0 (34)

. O ) -
with r=4i 2 R—kand D=2%;
1-D oY

and substitute into equation (34), we then get

A= i s (35)
. 0¢p
(A=D)R() +[K +R(NI >

The boundary conditions for the loading and un-loading criteria
A=0if 6, <0

eq —

A>0if6,,>0

The hardening modulus, in equation (32) is equivalent to the plastic multiplier h(r, D, Y)

as shown in equation (36)

i (6w)
p—E—H(f)m (36)

with

h(r,D,Y) = (- D)*R'(r) + 1- D)[k + R(r)]0¢, /aY
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Substitute equation (36) into equation (34), therefore

p_ 3 ' <d6eq> o’
de —EH(f)g (O'eq,(l—D)mO_—eq (37)

elastoplastic framework ¢ = ¢, + &, the total strain including damage models would be

by combining equation (27) and equation (37). These were the two equations which were

used to analyse damage in the material.

CONCLUSION

The outcomes of this chapter are that the constitutive equation can be used to produce
analytical results. These results play an important role when it comes to modelling the
behaviour of the specimen being tested accommodating the elastic and plastic region.

The theory describes the mechanical behaviour of the metal based on the assumption that

the metal is homogenous and isotropic.

Elastic behaviour was considered from a simple phenomenological point which was
established from empirical law.

Damage variables were formulated according to the damage theory. The proposed theory
was capable of coupling elastic behaviour of the metal with its damage process and

likewise with plasticity.
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These variables were obtained during tension and cyclic testing of the rectangular plate.
The results were used for modelling the analytical solutions which was compared to the
experimental model. This added to the literature by confirming that these equations can

be modelled using analytical models.

The implication is that any form of mechanical behaviour experienced by the structure

can be model using continuum mechanics laws, quantifying the behaviour changed

experienced during the movement of particulars.
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Chapter 6

RESULTS AND DISCUSSION

In Chapter 6 the results from Chapter 3 and 4 are discussed. The outcomes on the

experimental and analytical investigation of a DOCOL 800DP steel plate are discussed.

The experimental and analytical results are broken down into two parts, the uni-axial and

the cyclic loading systems.

For the uni-axial system, the Lloyd’s testing machine is used to experimentally test the
rectangular DOCOL 800DP steel plate producing load-displacement graphs. The tensile
speed used was 2mm/min at a uniformly distributed load. The deformations experienced
by the material were measured using an extensometer. The results obtained during these
experiments are used in producing the material behaviour for a rectangular DOCOL

800DP steel plate. The results are also used as the standard measure.

The specimens being tested were assumed to be homogeneous therefore material

properties are taken as constant.
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For the cyclic system, the cyclic curves are plotted from the cyclic tests carried out on
rectangular DOCOL 800DP steel plates. An in-house fatigue bending machine was used
to carry out the cyclic fatigue experiments. A cyclic speed of 25 rad/s was used during
testing. The deformations of the steel plate were measured using two different strain
measuring sensors, the strain gauge and the piezoelectric sensor. These cyclic results
obtained through testing were modified to a standard tensile curve. The vast majority of
fatigue failure methodology and life assessment criteria produce a relationship between

fatigue damage and stress-strain due to cyclic loading [43].

All the results from the tensile and cyclic loading experiments together with the
analytical results are plotted on the graphs below. The strain based approach was
developed to produce accurate means of assessing fatigue life for low cycle fatigue after

the based method seems to fail [43].

6.1 Uni-axial Loading

Three rectangular DOCOL 800DP steel were pulled in tension at 2mm/min until failure
using the Lloyds testing machine. The experimental raw data was measured using an
extensometer and then processed through a DAQ system. The three experimental curves
are given in Fig. 6.1. These sample curves are combined to form a mean tensile curve for

DOCOL 800DP steel under uni-axial loading.
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The elastic axial strain results from a separation of atoms or molecules in the direction of
loading while they move closer together in the transverse direction [67]. Therefore, the
guantitative measure of elasticity of a material can be expressed as the extent to which

the material can be deformed within the limits of elastic action [67].

As the load carried by the material soon undergoes permanent deformation before failure
due to the properties of the material being promised. The plastic state material deforms
under a constant sustained stress, it involved the concept of limit of deformation before

failure. These plastic strains are caused by slip induced in the material by shear stress.

30000 4
\
25000 -
20000 -
=
© 15000 -
©
o
—
10000 -
—Sample 1
3000 - —Sample?2
Sample 3
O T T T T T T T 1
0 .05 0.1 .15 0.2 .25 0.3 .35 0.4
Displacement (mm)

Figure 6.1 Three samples of DOCOL 800 DP steel under tensile testing using an
extensometer
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Results from Fig. 6.2 were used to obtain the material properties for the DOCOL 800DP
steel plate. The results were verified and were found to be in accordance with the

theoretical results [17].

Fig. 6.2 shows the relationship between elastic and plastic behaviour of the tensile curve

+0 1Y

. . . . 1 .
in that a theoretical curve based on purely elastic behaviour (&; = ?aij —Eakké‘ij) is

compared to the mean of the three tensile curves [16, 33]. Fig. 6.2 shows that a
significant portion of the behaviour of the steel is not elastic. The material DOCOL
800DP steel first behaves elastically as shown by the approximately straight line between

the curves (between Omm to 0.1mm).

It first behaves elastically (gije) within the limits of elastic action then with continued

stressing, there is plastic deformation. Plastic flow (gijp) is known to be caused by

dislocations being induced in the metal by the shear stress. These defects move through
the crystal structure of the solid and re-arrange the crystal lattices [67]. This type of
dislocation motion obeys Schmidt’s law which deals with the principle of maximum
plastic resistance [6] and would imply that the yield surface of the solid was convex and
the plastic strain rate was normal to the yield surface [6]. The material reached its
maximum resistance to loading (yield stress) before failure occurred (approximately

1.05GPa).
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Figure 6.2 Load displacement curves for a rectangular specimen for a fixed beam
subjected to a uniformly distributed load with error bars (1 SE)

Fig. 6.3 compares the tensile experiments with analytical curves obtained using equation
(4) and equation (16) (Chapter 5). These equations follow the elastic strain law [16, 33]
which assumes that the conditions of loading are such that strain rate and thermal effects
can be neglected and the material is assumed to be isotropic [18].Using parameters
corresponding to each experiment, three numerical curves were obtained from which a
mean curve was produced. This standard engineering procedure is useful in
characterizing some relevant elastic and plastic variable to the mechanical behaviour of

materials.
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Figure 6.3 Analysis of DOCOL 800 DP tensile test experiment for a rectangular
specimen and analytical results with error bar (1 SE)

Any difference between the two curves in Fig. 6.3 is expected to be due to the fact that
the elasto-plastic equations assumed no hardening effect had occurred i.e. ideal
conditions [1, 13]. The experimental curve Fig. 6.3 gives an indication that the material is
not to strain soften rather strain hardening as the stress is increased. This result agrees
with the theory about this material (DOCOL 800DP) which is expected to strain harden
with continued stressing [17]. The strain hardening effect during the plastic deformation
is due to the fact that after minor slips had occurred on the material, it exhibited no
further plastic strain until a higher stress was applied [17, 67]. The maximum shear stress

occurred on the 45° (degree) plane; this led to the specimen failing along the plane.
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However, as the error bars overlap this difference is not very significant and so it appears

that not a lot of strain hardening is occurring.

Damage Analysis

Damage theory assumes that isotropic behaviour occurred during testing causing the

structural stiffness together with the material strength to weaken [47, 48, 49]. Fig. 6.4

gives the tensile experimental results compared to curves based on damage models

(equations (27) and (37) from chapter 5). Both 75% and 85% damage models do not

correspond with the experiments and it can be concluded that the damage theory does not

explain the results.
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——damage model - 0.75 (average)

Strain (m/m)

0 0.0005 0.001 0.0015 0.002 00025 0.003 0.0035 0.004 0.0045

Figure 6.4 Comparison between two damage curves and the analytical and

experimental curves with error bars (1 SE)
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These results in Fig. 6.4 are due to hardening occurring to the material and not being
included in the formulated equations. The increase hardening is caused by straining at a
faster rate than its softening rate therefore losing strength due to the reduction in the cross

sectional area.

6.2 Cyclic Loading

Cyclic stress applied to DOCOL 800DP specimens were measured using a strain gauge
(Fig. 6.5) and a piezoelectric sensor (Fig. 6.6). These curves were produced by converting
the voltage change into strains using the strain measuring instruments. A data acquisition
system was used to capture the voltage change from a strain gauge and the piezoelectric
sensor (ref to chapter 4). The experimental results were controlled at+5% of strain
loading during testing. This is due to fact that most low-cycle fatigue testing is carried out
under total strain controlled limits. The plastic strain component is determined

retrospectively after testing by considering the hysteresis loop closest to the mid-life [83].

The stress-strain condition is described by the hysteresis loop as shown in Fig. 6.5 and
Fig. 6.6. The plastic behaviour is typically non-linear and history dependent [43]. It can
be observed that the stress-strain response of the materials changed significantly with
cyclic straining in the plastic range. It is shown by the strain varying stepwise by first
increasing and then decreasing before stabilizing. This behaviour is in line with low

cycle fatigue theory [16, 18, 23]. The total strain amplitude is the sum of elastic and
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plastic component. Hardening appears to occur at high levels of stress over a short time

span [43, 70].
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Figure 6.5 Experimental record of cyclic pure bending curve using strain gauge
sensors

The curves show fluctuating stresses which caused fatigue failure, illustrated by the

complete reversible stress cycles.
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Figure 6.6 Cyclic loading for pure bending curve using piezoelectric sensor

Next, the experiments were manipulated to focus on a single cycle by taking the mean

value per cycle as illustrated in Fig. 6.7 and Fig. 6.8, considering the mid-life of the

hysteresis loop [83].
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Figure 6.7 Three experimental curves of DOCOL 800DP steel under low cyle fatigue
using the strain gauge sensors

According to Ewing and Rosenhuim, slip bands develop in many grains of the
polycrystalline material [25]. The bands broaden as the cyclic deformation occur leading
to extrusion and intrusion on the surface. This is evident in the three curves which were

produced (Fig. 6.7 and Fig. 6.8)
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Figure 6.8 Three experimental curves of DOCOL 800DP steel under low cycle
fatigue using piezoelectric sesors

Fig. 6.9 consists of experimental and analytical curves which are used to identify the
hardening process. The tensile experimental curve was plotted by taking the average
between the three tensile sample curves from Fig. 6.7. Analytical curves, with and
without hardening, were obtained by combining equation (4) and equation (16) from
Chapter 5 to produce numerical results. Analysis with hardening appears to match the
experimental results better than without hardening. The difference in hardening is due to

slip movement which modifies the interatomic bonds [33].
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Figure 6.9 Comparison between experimental and analytical curves of DOCOL 800
DP steel using a strain gauge sensor with error bars (1 SE)

The same analysis was done to the piezoelectric measurements (Fig. 6.10). Again

hardening appears to be a factor in the materials behaviour.

Even though low cycle fatigue is exhibited by the tensile curves in Fig. 6.10 it is not

correct to assume ideal behaviour of the DOCOL 800DP steel. From these curves (Fig.

6.10) it is evident that there is a high margin of error between analytical calculated results

to the experimental results. This means that the assumed isotropic condition or ideal

behaviour is not true.
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Figure 6.10 Comparison between the analytical curve and experimental curve of
piezoelectric sensor with standard error bars (1 SE)

It can be concluded that both strain measuring instruments recorded similar material
behaviour but at different stresses. This means that the specimen experienced strain

hardening and thus o, - hardening effect (Fig. 6.9 and Fig. 6.10) plays a factor in the

materials behaviour.

The two experimental curves using the strain gauge and the piezoelectric sensor are
compared against each other in Fig. 6.11. Initially the strain gauge and the piezoelectric
sensor behaved in similar manner until it reached stress levels above 0.5(MPa). The
curves show elastic behaviour shown by the straight line which resembles a stress-strain

relationship in an initial linear region. With the continued increase in stresses beyond the
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proportional limit the strain begins to increase more rapidly moving into the plastic

deformation. This is due to the reduction in surface area with an increase in defects.
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Figure 6.11 Experimental record of cyclic pure bending curve using piezoelectric

sensors with error bars (1SE)

One of the reasons that the measurements given in Fig. 6.11 are different is because of
differences in the experimental set up. According to Qing Xinlin, the adhesive interface
provides a necessary mechanical coupling which is used too transfer the force and strain
between the piezoelectric element and the specimen [60]. Therefore, this can be
discounted in considering the reasons for the differences in the strain measuring

instruments.
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The results from the strain gauge sensor measured a far greater hardening in the material.
Testing often requires fairly precise measurement, and the resistance strain gauge is used
for its accuracy and precision because it can measure strains greater than several
percentage needed [14, 20]. Even though extensometers are customary used in
measuring low cycle fatigue; it can cause premature fracture on the material at the contact
point [44]. Therefore, the behaviour of the steel under the strain gauge measurement is

taken as the standard behaviour under cyclic loading.

In order to analyse the piezoelectric strain curves according to the standard behaviour the
results had to be adjusted using the analytical results (equations (4) and (16) from
Chapter 5). The piezoelectric sensor measurements are adjusted by dividing the stress

(o) with a factor of 2 and increasing the strain (&;) by a factor of 0.1 (m/m). These

factors were derived from the difference between the analytical solutions for the strain
gauge and piezoelectric sensor. Fig. 6.12 gives a comparison of the strain measurements

using the strain gauge as before but with the new piezoelectric sensor curves.
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Figure 6.12 Strain data measured with a strain gauge sensor compared to measured
with a piezoelectric sensor but converted by the difference in analytical solutions
(1SE)

Fig. 6.13 was generated by plotting the adjusted analytical curve for the piezoelectric
sensor against the experimental curve for the strain gauge; Fig. 6.14 shows the two
analytical curves for the piezoelectric sensor and the strain gauge sensor. It can be seen
that with factoring in errors, that the piezoelectric and strain gauge curves are more
compatible. The implication of these results goes further to substantiate that piezoelectric

sensor can be used in monitoring continuum damage in structures.
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Figure 6.13 Adjusted analytical curve for the piezoelectric sensor against the
experimental curve for the strain gauge (1SE)
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Figure 6.14 The adjusted analytical curves for the piezoelectric sensor is compared
with the analytical results for the strain gauge sensor (1SE)

But, there are some critical differences between the two strain sensors which can be

mentioned.
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The background noise from a resistive strain gauge, with its attendant bridge, amplifier,
and chart recorder, is electrical in origin, whilst the acoustic noise is much smaller. But
with a piezoelectric sensor, amplifier and chart recorder, the acoustic sensitivity is so
high that the background noise is dominated by acoustic rather than electrical
contributions. On these grounds the piezoelectric sensor is superior (see Fig. 6.12) to the
resistive strain gauge for the detection of paranormal metal bending signals. The
resistance of the piezoelectric material is almost infinitely high, so that the charge does
not leak away, and can be taken to be approximately proportional to the stress. It might

be measured on an electrometer amplifier, whose resistance is also almost infinitely high.

With this conversion there is a better fit between the two measuring devices (Fig. 6.13
and Fig. 6.14). Any further differences are likely to be due to other factors which are

explored further in the next chapter.

CONCLUSION

For the uni-axial system, tensile curves were plotted and analysed using classical
methods as described in Chapter 5. This investigation produced a standard tensile curve

which was used as a guide and also produced the material property for the structure.

Cyclic curves for the two strain sensors (strain gauge and piezoelectric) were plotted

from the cyclic test. Experimental and analytical analyses were carried out to determine if
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a piezoelectric sensor can monitor degradation as well as a strain gauge (Fig. 6.12, Fig.

6.13 and Fig. 6.14).

The outcomes of the results show that piezoelectric sensor can be used to measure fatigue

failure on a ductile material.
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Chapter 7

CONCLUSION

This study investigated the use of a piezoelectric technique for monitoring structural
degradation. Due to its highly sensitive to strain, piezoelectric sensors can be used as a

dynamic strain sensor [21].

The uni-axial loading, an experimental and numerical study of the mechanical behaviour
of DOCOL 800 DP steel specimen during conventional tensile test was carried out. An
elastic model was obtained by means of Hooke’s Law which uses the assumption that
each element of the body is in a state of static equilibrium. Elasticity and plasticity
equations, using Prandtl-Reuss were derived for further theoretical analysis. They were
used to produce analytical solutions so as to simulate the experimental stress-strain
curves. The results in this study show that a linear approximation of the uni-axially

loaded curves can be simplified analytically using Prandtl-Reuss [16].
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Damage effects are coupled with elastic and plastic effects together form damage models
which were used. These models were used to understand the extent to which the

empirical behaviour of the material can be explained by damage models.

Cyclic monitoring of metal specimens using the two different signal sensors (strain gauge
and piezoelectric) under low cycle fatigue were carried out. The strain gauge was
soldered to an insulated wire consisting of a negative and positive wire. The wires were
connected directly to the bridge circuit. The Wheatstone Bridge Circuit comprised of
four resistors. The output of the strain gauge was then measured across the bridge circuit

as a voltage output [29].

The piezoelectric sensor was carefully glued to a rectangular plate to create a smart
structure, which underwent fatigue testing. The smart structure was used to monitor the
change in displacement caused by the external loading applied by the fatigue testing
machine. The displacement was represented by a voltage change across the piezoelectric

material [58].

In this study a piezoelectric sensor was shown to give similar results to a strain gauge
sensor. Differences are attributed to the background noise associated with the two
devices. The strain gauge showed it suffered more from noise interference (Fig. 6.12) as

compared to the piezoelectric sensor during testing. This is a critical difference between
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the two strain sensors which shows that piezoelectric can be used as dynamic strain

sensor [21].

Therefore, a benefit of a self-monitoring structure is that it will reduce abrupt component
failure of the material under high to cyclic straining or stressing, like in turbine blades

[46].

It is currently understood that catastrophic or sudden failure of structures should be
dramatically reduced by using a self-monitoring structure for fatigue behaviour. One
possibility is the use of piezoelectric material for sensing behavioural change. This meant
that no signal conditioning was required to produce results due to the voltage induced on
the piezoelectric sensor. With this type of knowledge, industries will be able to use
piezoelectric sensors to daily monitor their operations and their structures under fatigue.
This system can also be used in vibration control of machinery under vigorous

operations.

This research study further supports theoretical knowledge about piezoelectric
techniques. Previous theoretical analysis largely focused on vibration control and current
induced loading. This investigation considered the mechanical testing (fatigue testing) of
structures using piezoelectric techniques. Further studies are needed to make the methods
of practical useful for industry. For example, to further improve the piezoelectric

capabilities new creep investigations must be carried out.
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