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Abstract

A method combining two non-destructive evaluations techniques, acoustic emission and
thermoelastic stress analysis, is proposed to monitor cyclically loaded monolithic and
additive manufactured metallic samples for crack growth. Current literature was used to
investigate additive manufacturing processes and their current quality control methods.
A review of acoustic emission and thermoelastic stress analysis theory and recent
applications is also provided. It was found that there was currently a gap in monitoring
methods for additive manufactured parts under fatigue loading for crack growth due to
internal defects. Acoustic emission and thermoelastic stress analysis have never been
combined to monitor crack growth in monolithic or additive manufactured metals in such
a way and would be ideal methods for crack growth monitoring under cyclic loading due
to their inherent benefits. Thermoelastic stress analysis is a full-field non-contact non-
destructive evaluation technique which can monitor surface stress fields in materials
subjected to cyclic loading. Acoustic emission is ideal for monitoring fatigue damage due
to its continuous monitoring capabilities of energy released by crack growth. The
proposed method consisted of acoustic emission capturing continuously and saving any
waveforms exceeding a set threshold while the thermoelastic stress analysis captured data
at regular intervals. Acoustic emission energy was extracted from captured waveforms to
provide crack initiation detection as well as a measure of crack severity. Thermoelastic
stress analysis provided a crack tip location and enabled crack tip tracking as well as crack
growth rate monitoring to complement the acoustic emission energy findings. Acoustic
emission could not locate the crack because it only used a single piezoelectric sensor but
could detect crack growth anywhere on the sample while thermoelastic stress analysis
could give the crack location only if the crack was near the surface or within the field of
observation. The method successfully detected cracks and tracked crack growth in
monolithic aluminium samples, additive manufactured aluminium and additive
manufactured titanium alloy samples under fatigue loading conditions. This method
involves little modification to the part being observed, the surface must be painted with a
thin coat of matt black paint for thermoelastic stress analysis, and a sensor must be
attached to the part for acoustic emission. Acoustic emission energy detected crack
growth before thermoelastic stress analysis in most tests however this was due to the
experimental method, acoustic emission captures continuously while thermoelastic stress
analysis is at regular time intervals. Issues with experimental method came to light in

early tests but were addressed in the final tests using additive manufactured titanium



samples. Future work includes testing additive manufactured samples with built-in
subsurface defects and developing a chip-based system in order to make a smaller and

cheaper monitoring system.
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Chapter 1

Introduction

1.1 Background

Additive Manufacturing (AM) of metals is becoming more attractive than traditional
subtractive manufacturing with a 20.8% expected compound annual growth rate from
2022 to 2030 [1]. Inherent benefits of AM include high precision finished parts with
complex geometries, including internal features, that would be difficult or impossible to
manufacture with conventional machining techniques. Components that would usually
require multiple parts can now be made of a single piece, reducing part counts This allows
easier installation, reduces the risks of failure inherent of multi-parts systems and enables
more efficient spare-parts logistics. Several materials are available from non-metallic
materials like polymers and ceramics which are ideal for non-load bearing applications
or rapid prototyping to metals including aluminium, steel or titanium which are more
suited to load bearing applications. AM parts are manufactured directly from the CAD
drawing with minimal manufacturing skills, reducing the requirement for highly skilled
machinists. The aerospace industry is making a push for the use of AM parts in expensive
low-run projects. The custom and low production quantities required for AM is ideal for
such projects like the A-arms of the Waikato University student racing team as seen in

Figure 1.



Figure 1. Titanium A-arms for the Waikato university student race car.

While finding diverse structural applications, AM still has drawbacks such as time
consuming manufacture depending on size and AM technique as well as inherent defects
like porosity, cracks and residual stresses. Some AM techniques output parts with near
final dimensions which require post-processes such as milling to final dimensions, to
remove support material and to improve surface finish, while most AM metal parts
require heat treatment to remove residual stresses. The material undergoes rapid heating
and cooling which introduces residual stresses that can negatively affect material
mechanical properties. AM metallic parts can have similar mechanical properties such as
yield strength and ultimate tensile strength (UTS) to their monolithic counterparts, and
with heat treatment they can even exceed their conventional counterparts [2]. The fatigue
properties of AM material have not been studied as extensively as conventional metals
and researchers have been looking to identify what affects the fatigue life of AM parts as
well as differences in fatigue life between conventionally manufactured parts and AM
parts. Factors such as surface roughness, layer orientation and residual stresses from

uneven heating can significantly lower fatigue life [3]. For example, fatigue loading AM



metals perpendicular to the direction they are printed can lower fatigue strength between
40% and 75% when compared to the same material loaded parallel to the printing layers
[4]. However, the effects can be reduced by various post-processing approaches such as
surface machining and hot isostatic pressing (HIP). It was found that AM titanium
samples which were machined and HIP treated displayed a 30% lower fatigue strength
than wrought, annealed titanium; while stainless steel samples printed using SLM

displayed a 5% to 15% lower fatigue strength compared to their wrought counterparts [4].

As the fatigue properties of AM metals have not been fully explored, it is critical that
parts are inspected during and after manufacturing to ensure the part is manufactured
without defects enable early crack growth detection before catastrophic failure of the part.
Cracks and pores can be present after manufacturing and severely weaken the part, an
example of such cracks can be seen in Figure 2. It would also be advantageous to be able
to continuously monitor critical parts at risk of fatigue damage in situ to mitigate the
current lack of knowledge about fatigue in AM and enable early crack growth detection

before catastrophic failure of the part.

Figure 2. Crack formed during manufacturing in AM titanium part [5].

Current evaluation methods used on AM parts involve the use of destructive testing of
test coupons after manufacture to detect any defects such as cracks and porosity in the
coupon. The coupon is tested to failure and its mechanical properties and build quality
are assumed to be representative of the parts. However, this is not a safe assumption as

AM produces parts that are orthotropic in nature, meaning the properties depend on



geometry, print direction as well as location on the print bed. Non-destructive evaluation
(NDE) techniques can be used to further control and identify anomalies with printing
parameters which may lead to defective parts [6]. By using NDE during printing, the need
for destructive testing which requires the manufacture of a test coupon could be reduced,
which would lower material consumption and waste. Scheduled inspections can detect
any damage that may have occurred in service, but a part could undergo catastrophic
failure between inspections. Increasing the frequency of scheduled inspection could
reduce the change of failure between inspections but would also increase the machine

downtime.

Continual in-situ monitoring using NDE as structural health monitoring would therefore
be another way to ensure the part is not failing while in use. Inservice monitoring also
means the part is used to its full potential service life instead of replacing it based on a
time-based maintenance plan. Defects or cracks could be detected and monitored between
scheduled inspections without stopping the machine or taking the component out of
service. However, there are currently no established methods using NDE techniques used
for continuous monitoring of AM parts in-situ for identification and monitoring of crack
initiation and crack growth. A new approach which would enable in-situ monitoring of
fatigue loaded AM metal parts using NDE techniques is needed to fill the current gap.
There are many different NDE techniques available but techniques that are well suited to
monitor for crack growth while a part is under fatigue loaded should be selected.
Ultrasonic testing could detect cracks after they are formed but could not locate higher
stress areas that could initiate crack growth before the crack is initiated. Digital image
correlation (DIC) could be used to monitor the strain on the surface which would indicate
crack growth, however, DIC requires multiple cameras and good lighting to function
which can be challenging depending on the application and space available [7]. Infrared
(IR) can work better because it uses one camera and can function without visible light
present. Utilising IR with thermoelastic stress analysis (TSA) can show areas of higher
stress which could be indicative of crack initiation and growth in the material. However,
TSA is only a surface and near-surface technique and another method capable of
continuous monitoring that could detect deeper cracks should be used in conjunction.
Acoustic emission (AE) could fill such arole as it can monitor energy released by a crack

which indicates initiation and growth.



TSA and AE were chosen to be combined to monitor cyclically loaded metallic AM parts
because they suit cyclically loaded situations such as fatigue loading and can detect crack
growth. TSA uses a processed recording from an infrared camera of the surface of the
loaded part to output a stress map, indicating stress concentrations on the surface which
could be either be caused by an existing crack or highlight areas where a crack may initiate.
These areas of higher stress caused by cracks provide crack position and can also provide
crack growth rate should the crack be growing. AE requires the use of a piezoelectric
sensor attached to the surface to detect acoustic waveforms emitted by events occurring
within the material such as crack growth. These waveforms can be processed to output
the how many acoustic events occurred through time and how much energy was released.
The number of events indicates crack formation, propagation and damage severity while
energy released indicates a measure of how much new surface area is being created. TSA
can struggle with thick parts but can detect, locate and track the crack. AE cannot locate
the crack using a single sensor, but it provides valuable information on crack initiation,

growth and severity, meaning that the methods complement each other well.

If successful, this method could be applied to all AM metallic parts in industries such as
aerospace and motorsports that are used in structural applications and undergo cyclic
loading. One example of using this method could be monitoring parts continuously over
their lifetime for any crack growth using AE, while TSA is used to confirm crack growth.

This would enable the possibility to swiftly replace parts in case of crack growth.
1.2 Aims and objectives

The aim of this thesis is to explore the potential of a combined inspection methodology
of TSA and AE for the quality assurance of AM parts. To achieve the end goal, a set of

objectives were established:

1. Establish independent methods and processing protocols for TSA and AE using laser-
cut samples and preliminary testing.

2. Combine and refine TSA and AE methods and processing using waterjet cut samples.
3. Test notched AM samples with the combined method to collect data as well as further
refine collection and processing method.

4. Test purpose-built AM samples with a built-in notch using the updated method to detect
crack initiation and propagation.

5. Implement the method on AM samples to detect inbuilt subsurface defects.



1.3 Structure

This thesis begins with a review of the literature surrounding the topic in Chapter 2. Latest
research in additive manufacturing was explored, as well as current quality assurance
techniques. Then the theory of TSA was covered along with recent research in general
with a focus on AM metals. Similarly, the theory of AE was explored as well as recent
research. Literature combining both TSA and AE in general, and AM were discussed.

After exploring the recent advancements in the field, the proposed test method used in
this study to monitor samples for crack growth was described in Chapter 3. This included
samples developed to test the proposed method, equipment for the individual techniques,
test conditions, individual set up and methods for TSA and AE separately as well as

operations for both techniques combined and processing.

Following the method, the results were laid out starting with the first laser cut samples
used to establish the monitoring method in Chapter 4. Tests using water jet cut aluminium
samples to develop the combined data were presented along with AM aluminium sample
tests used to refine the method. The last results with purpose-built titanium samples were

presented and discussed.

Finally, the study was concluded and summarised in the conclusion section along with

future work in Chapter 5.



Chapter 2

Literature review

2.1 Additive manufacturing

Additive manufacturing is defined as the process of making parts from 3D model data,
usually by adding layer upon layer of material during a build. This is opposed to
subtractive manufacturing and formative manufacturing methodologies which remove

material from a larger piece of material [8].

There are eight main types of AM: binder jetting, directed energy deposition, material
extrusion, ultrasonic, vat polymerisation, material jetting, powder metallurgy and powder
bed fusion [9]. These techniques can be categorised according to the materials used, such
as if the materials used are non-metallic or metallic. Non-metallic AM techniques such
as the following are commonly used in rapid prototyping rather than structural roles due
to the possibility of relatively quickly manufacturing cheap parts with weak mechanical

properties.

2.1.1 Non-metallic:

Binder jetting involves a layer of powder which can be chalk, ceramic, plastics, etc.,
where a printer jets adhesive on the powder, binding it. Then a new layer of material is
added, and the process is repeated until the part is completed. The process is economical
with the machine itself being a low cost and inexpensive materials, but the parts created
are fragile and require cleaning and hardening with an epoxy adhesive coating to improve

their mechanical characteristics.

Material extrusion is used mostly for polymers and is what is most commonly known as
3D printing. A polymer wire is fed through a heated nozzle which melts the polymer and
deposits it in the correct place layer by layer. Similarly, to binder jetting, the process is

economical, but the final part is often fragile.

Vat polymerisation works by hardening layers of photopolymer resin with a UV laser.
Resin is added over the previous layer to be hardened until the part is finished. This

method can be expensive, with the products needed to be extracted from the resin and

7



cleaned before being able to be used. However, it has a high level of precision and good
surface finish.

Material jetting is like vat polymerisation but instead of the photopolymer being in a vat,
it is jetted onto the previous layer and immediately hardened by UV lights, reducing waste.
The layer thickness is very small creating a smooth surface and enabling accurate

dimensions.

Ultrasonic AM involves the bonding of thin sheets of materials via ultrasonic welding.
The part is created by stacking the sheets. A CNC machine or laser cutter can be used
once the sheets are all stacked to cut the excess material. This post-processing means
there is waste involved in creating the part, it requires materials to come in thin sheets,

but it is relatively inexpensive.

2.1.2 Metallic:

Metallic AM is better suited for small run structural parts than non-metallic AM due to
improved mechanical properties compared to non-metallic materials. The increased cost
and printing time limit the method to be viable only in manufacturing a small number of
fully developed parts rather than rapid prototyping. One such method is direct energy
deposition which uses welding to create three-dimensional objects. A wire or powder is
melted and deposited on the previous layer by a laser or electron beam until the part is
completed as seen in Figure 3. This process can be used to create new parts but also for
repairing damaged parts or adding new features to existing ones. One example of direct
energy deposition is wire arc additive manufacturing which provides high material
efficiency and print speed and is suitable for large parts by using an arc welder to add
material [10].

EB Gun
h

Electron Beam

Wire Feed
—y
/ /" L~ /
rd ™~
Deposition Layers Substrate

Figure 3. Generic illustration of WAAM process. Used with permission from [11].
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Powder metallurgy uses metal powder that is pressed into a shape and then sintered,
forming a strong metal shape. This powder can also be mixed with a polymer and
extruded into a shape, the polymer is then burned off and the powder is sintered. The main
defects affecting this method is un-melted powder [12] which decreases the performances
of the part.

Selective Laser Melting (SLM) is a type of powder bed fusion, a layer of powder is
deposited on the print bed and a laser melts the powder according to the geometry of the
part as seen in Figure 4. A new layer of powder is then laid on top of the previous one
and the process is repeated until the part is completed. This process can also be done with
an electron beam which is called electron beam melting (EBM). SLM can create strong
and complex parts out of ceramic, plastic or metals. Depending on the type of powder
used, it can be relatively expensive, in addition, the machine itself can be a large
investment. This method is currently in use by the space, aircraft and biomedical
industries for metallic structural components [13]. As such SLM will be the method of
primary focus in this research. Some of the main manufacturing defect types affecting
SLM are lack of fusion (LOF), gas porosities and un-melted powder which are found
where the powder is not melted properly or did not fuse with the previous layer [12]. LOF
defects often appear due to the selection of inappropriate processing parameters when
creating the part and can cause catastrophic failure in structural parts. Hatch spacing is
the space between the laser passes, as shown in Figure 4. Hatch spacing plays a large part
in the formation of LOF pores as the melt pool caused by the laser is spherical, so if the
hatch spacing is too large, there will be un-melted powder in between adjacent laser
passes as seen in Figure 4. This can also be caused by a lack of energy in the laser which
creates a smaller pool of molten metal, increasing the space between the melted tracks as
well as decreasing penetration of the molten pool into previous layers [14]. Scanning
speed, laser power and layer thickness are other factors that can affect the formation of
LOF defects. A faster scanning speed can reduce print time but could also create more
porosity. Gas porosities are created due to the presence of gas trapped in the powder
particles before they are melted or trapped environmental gas while the powder is being
melted. A higher laser power could reduce porosity at the cost of introducing large
residual thermal stress which could cause cracks. Careful thermal control and post
processes are required to remove the residual stresses caused by rapid heating and cooling.

Increasing layer thickness also has the potential to reduce print time, but a thicker layer



would also reduce the accuracy of the print by reducing the ‘resolution’ and increase

required finishing processes.

LASER SCANNER

-7v ?AMBEH

ROLLER /RAKE

T

COMPONENT

POWDER BED

POWDER DELIVERY

Figure 4. Generic illustration of SLM system. Used with permission from [11].

Laser

Scanning

/ speed

Hatch spacing

Un-melted

Layer thickness I Powder bed
powder

Figure 5. Parameters for selective laser melting with lack of fusion defect pictured. Adapted from
[15]

2.1.3 During manufacturing quality control techniques:

Monitoring during the manufacturing process is a growing area of research to develop
new and improve existing methods to detect defects as they are printed [16]. Such

methods aim to identify anomalies during printing that could increase the changes of

10



defect formation. One such method involves monitoring the melt pool temperature during
printing using IR cameras and thermocouples, aiming to detect cold spots which could
result in LOF defects [17]. The size of the melt pool can be measured to determine if the
laser power is sufficient or if it is too high or too low and could cause LOF defects or
porosity [18]. In [16], an IR camera with a 900 Hz framerate was used to monitor surface
temperature of the part being manufactured and was able to detect the LOF defects, which
were confirmed later by micro-computed tomography (micro-CT) imaging. The colder
areas indicated a smaller melt pool and decreased penetration in the material which would
cause LOF defects. Acoustic Emission (AE) was also used to monitor parts during the
AM process for cracks [19]. It was found that it took up to an hour between a layer being
printed and cracks forming, indication that cooling after the print could play a role in
crack initiation. The AE data was compared with micro-CT and a direct relation was
found between the two confirming that AE could be used to monitor crack growth during
manufacturing. The ability to detect a defect during manufacturing enables the issue to

be corrected before shipping and installing the part.

2.1.4 Post-manufacturing quality control techniques:

Inspections post-manufacturing using DIC and X-ray computed tomography (XCT) are
currently being developed to detect and measure porosity in AM metallic parts [20]. XCT
is an offline and specialised inspection method where x-rays are beamed through the part
to identify defects. XCT shows promise to enable three-dimensional scans to determine
porosity and detect defects, however it is a time-consuming and expensive method and
part size is limited to the XCT system size. Conventional A-scan ultrasound can also be
used to detect defects within the material, it is faster than XCT but less accurate and
cannot be applied to parts with complex geometries. It works by sending an ultrasound
wave through the material and measuring how long until it returns, if the signal indicates

a shorter distance than the other side of the part, at least one defect must be present.

The feasibility of using TSA on brackets made of AM metals using EBM is being
investigated [21]. The study was investigating using TSA for stress analysis on AM
brackets undergoing cyclic loading and compared the experimental stress obtained by
TSA to FEA results. The initial FEA model made using the CAD dimensions was updated
with the built dimensions to provide results representative of the finished part. The TSA

provided useful information on the behaviour of the brackets being cyclically loaded by
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highlighting stress concentrators and areas of higher stress which matched with the FEA
study by taking profiles in the same position with TSA and FEA and comparing the stress
amplitudes. The agreement between FEA and TSA for stress raiser location showed that
TSA can be used to perform stress analysis on AM parts to monitor the material’ response
to loading.

2.2 Thermoelastic stress analysis

Thermoelastic stress analysis (TSA) is a non-destructive and non-contact method which
uses an infrared camera to monitor the surface of a material or component undergoing a
cyclic load to assess the surface stress distribution. TSA is based on the concept of the
thermoelastic effect which can be described as a material displaying a cyclic thermal
response when it is subjected to a cyclic load [22]. The temperature variation in the
material is opposite in phase to the loading cycles and when adiabatic conditions are
achieved, it can be related to the sum of the principal stresses by Eq1.

AT
Ac = —K? (Eql)

Where AT is the temperature change, T is the temperature, Ac is the change of the sum
of the principal stresses. K is the thermoelastic coefficient which can be obtained either
theoretically or experimentally using readily available material properties as seen in Eq(2).
o ¢
K=— (Eq2)
Py
Where o< is the thermal expansion coefficient, p is the density and C,, is the specific heat

capacity at constant pressure.

Equation 1 was theorised for isotropic materials, but in the case of orthotropic materials,

the following equation must be used[22]:

AT
? =K (Aal + Aaz) (Eq3)

Where Ag is the change in the direct surface stress, the subscripts 1 & 2 are the principal
directions. This is particularly useful in composites where the material properties are often
directionally dependant but also for AM parts where the print direction can affect

mechanical performance.
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The thermoelastic effect was first theorised in the 1851 account of W. Thompson (Lord
Kelvin) [23] who discovered a relationship between the changes in the sum of stresses in
a solid and a temperature change in said solid. This theory was confirmed with
experimental results in 1915 [24]. The first time TSA was implemented without contact
was in 1967 using an infrared radiometer to detect small temperature changes caused by
the change in stress in a vibrating cantilever beam [25; 26]. This was using a point
measurement; the radiometer was not capable of measuring multiple points at once. The
first commercial system for TSA was manufactured in 1982 and was called the SPATE
8000 (stress pattern analysis thermal emission). This system required the use of liquid
nitrogen cooling and took a very long time to capture data as it sequentially recorded
every individual pixel, however it was the first spatially resolved system outputting an
image rather than a point measurement. As it was very expensive, only select research
groups around the world had access to the equipment. An example of using SPATE and
TSA to monitor composites can be seen in this study where a T joint was loaded at a 45°
angle and monitored for areas of higher stress [27]. TSA proved to be useful in mapping

areas experiencing higher stress which were then confirmed using FEA.

Rapid development in infrared camera technology since the 1980s have enabled much
faster and cheaper data recording, with cameras commonly available rendering TSA more
accessible to researchers and industry and driving a research boom in the field. Micro-
bolometers have sensor arrays using one sensor per pixel to create the image instead of
using one sensor in a scanning pattern like SPATE, vastly improving spatial and temporal
resolution. Bolometers can be cooled or uncooled depending on their operating
temperature, uncooled systems are generally less sensitive than cooled ones but are still
sensitive enough for most applications with typical thermal resolution between 30-100
mK [28]. Another system to detect changes in temperature from IR radiation are photon
detectors. They detect photons emitted by the surface to identify the temperature and have
a high integration rate (equivalent to a low exposure time in photography) in the order of
us enabling a high frame rate, however photon detectors require cooling of the sensors to
function [29]. Photon detectors are generally bulkier than micro-bolometers due to the
required cooling but provide improved thermal resolution of typically < 20 mK. More
recent advances in IR detection technologies include new cheap chip-based thermal
imaging cameras. Most chip-based thermal imaging cameras currently show lower

thermal resolution in the order of + 1 to 2 K with some systems having a thermal
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sensitivity of less than 50 mK but show great potential for compact, low-cost small
monitoring systems for TSA [30].

The sampling frequency of the IR camera must be higher than twice the loading frequency
to satisfy the Nyquist frequency [31]. A lock-in algorithm is applied to each pixel in the
raw IR data using the loading frequency as the reference signal to yield the surface stress
[32]. The temperature amplitude of each pixel can be calculated by comparing
temperature when no load is applied and when the load is applied with the least squares
method. Once this was repeated for each pixel, K can be applied to find the surface stress
amplitude.

TSA measures change in surface and near surface stress fields. This is particularly
advantageous for use in non-destructive evaluation and in-situ monitoring of cyclically
loaded parts. However, the part must be loaded at a high enough frequency to provide
adiabatic conditions to accurately determine stresses, this threshold frequency is
dependent upon material properties. If the loading frequency is too low and adiabatic
conditions are unable to be maintained, dissipation occurs and temperature amplitudes
smaller than a certain magnitude cannot be observed [33]. The loading frequency required
to maintain adiabatic conditions is material dependant and influenced by the material’s
thermal conductivity, the stress gradient of interest in the structure also influences the
minimum loading frequency [22]. A loading frequency in the range of 20-25 Hz is

suitable for aluminium [34].

For TSA to remain a NDE technique, the cyclic loading should be within the material’s
elastic region to avoid damaging the part. TSA requires the surface to have a high and
uniform emissivity to enable quantitative stress analysis and increase thermal sensitivity
by more closely resembling a black body [34]. This can be achieved using two to three

‘passes’ of matt black spray paint on the surface which is between 12-27 um [35].

The assumptions when using TSA to detect defects is that the defects present act as stress
concentrators, altering the stress fields on the surface and lowering the service load limit
of the part. Only defects severe enough to act as stress concentrators are considered a
cause for concern as mentioned in [36]. One of the advantages of using a full-field, non-
contact method like TSA is that the part being monitored can a range of scales and does

not need to be modified, except for a thin coat of paint, which can be removed if required.
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The data from any inspection can also be compared to the previous inspections to monitor
for crack growth or other defect formation or progression. However, TSA relies on optical
access to the surface. In addition, as previously mentioned TSA is a surface and near-
surface technique meaning that if a crack is too deep below the surface and does not alter
the surface stress field it will not be detected by TSA.

2.2.1 Applications

A large amount of research has been conducted using TSA for damage detection. It has
been used in applications where the material undergoes vibration-based loading for
identification of stress concentrators with a goal of in-service monitoring of composite
aircraft panels [36]. TSA was used on a fully restrained honey-combed carbon-fibre
reinforced polymer (CFRP) composite panel which is representative of a secondary
aircraft panel, and it was loaded using vibrations to determine the viability of using such
test methods in a laboratory setting. The stress concentration around the bolts holding the
specimen were clearly visible in the TSA stress data. Vibrations have also been used to
cyclically load a pipe, allowing TSA to inspect the pipe welds in-situ to work towards in-
situ monitoring in a power plant [37]. The main issue with using vibrations to load the
pipes were that the amplitude was introducing movement in the pipe relative to the sensor
and introducing spatial noise. However, the study proved successful in applying TSA to
in-situ pipe welds, enabling surface stress fields to be analysed. Another study working
towards an in-situ, out of laboratory, application of TSA applied the technique to a joint
in a bucket wheel excavator to monitor for stress concentrators under normal loading [38].
FEA was performed before experimental results were collected. The main issue the
authors came across was the randomness of the loading under normal operation, TSA
usually requires a sinusoidal regular loading to enable the lock-in procedure to function
but the vibrations occurring in the excavator were random. However, implementing a
self-referencing processing mode can partially solve the random loading issue by finding
places in the signal where the stress amplitude is significant and in sync with the loading.
This did not solve the issue entirely because only some parts of the recording fit the
significant stress amplitude syncing with the loading, therefore TSA could only be
conducted during these parts of the recording. To obtain a usable signal from the
seemingly random loading, a strain gauge was used along with a Rainflow-counting
algorithm, typically used to convert cyclic stress of varying amplitudes to an equivalent

cyclic stress with constant amplitudes. This was used to calibrate the TSA image to obtain
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accurate stress values which were validated by the FEA, proving that TSA can be used to

monitor structures with random vibrations in-situ.

Work has also been conducted in the assessment of impact damage using constant cyclic
loading and impulse loading to load the material. Crump et. al. [39] studied impact
damage in composite overwrapped pressure vessels, the damage was simulated by an
internal machined slot, and pressure was cyclically increased and decreased using a piston.
The subsurface damage could be detected using TSA which was confirmed using X-ray
micro-CT. Similar work was conducted with TSA being used to detect impact damage in
woven glass reinforced epoxy composites but impulse loading was explored instead of
using cyclic loading. [40] Cyclic loading is a limitation for TSA as it can be difficult to
cyclically load parts in-situ if the system is not already cyclically loading the part. It was
found that impulse loading was sufficient in allowing TSA to detect changes in damage
severity. [41] combined TSA and pulse heating thermography to detect impact damage in
fibre glass composite material. It was found that using both methods together could detect

delamination and fibre fractures caused by impact.

CFRP is a useful orthotropic material used in many applications and is a large area of
study for TSA research. It is possible to detect debonding of layered composites using
TSA [42]. The T-joints made of bonded CRFP were cyclically loaded and TSA was used
to measure the debonding between layers. The TSA results were confirmed using strain
gauges and established ultrasonic methods. Similar research using thermoelastic phase
analysis (TPA) on cyclically loaded CFRP to monitor damage and as a fatigue limit index
[43]. This method was used to estimate the fatigue limit of the material. It was found that
the temperature increases related to the cyclic loading caused the fatigue limit to be
overestimated, however the fatigue life was still in good agreement with the S-N curve
for this material. It was also found that laminate orientation and if resin was present on
the surface impacted TSA results in CFRP samples [29]. In this case, the specimens
remained unpainted but the resin on the surface with a thickness of 30 um displayed a
similar thermal-conduction properties to a paint layer. When testing a sample with 60 um
of resin and another with two passes of matt black paint, it was found that the change in
temperature across the paint were very close to the calculated values, while the change in
temperature through the resin sample were consistently lower than the calculated value
and decreased further as the loading frequency increased. Multiple studies have been

conducted on fatigue damage detection using TSA in composites. TSA was used to detect
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cracks in the fibres of fatigue tested woven composites [44] and to evaluate the fatigue
limit of glass FRP composites [45; 46]. TSA was also used in conjunction with Markov
chains to determine S-N curves of laminate composites undergoing cyclic loading [47].
This method proved effective at predicting fatigue damage and allowed the creation of S-

N curves.

Calibrating K for use in AM materials can be difficult due to their orthotropic nature, this
can introduce error in the TSA stress data, therefore, a correction factor must be used to
eliminate the noise. A correction factor and strain gauge were used to develop a method
of TSA that can be applied to orthotropic materials such as the glass epoxy laminate
samples used in this study [48]. The strain gauge measured the longitudinal strain within
the material which was then input into the calibration constant. The specimens were
cyclically loaded to introduce fatigue damage and assessed using the newly devised
method which was validated with visual inspection and theoretical results. TSA has also
been used to validate FEA findings, full-field strain maps were generated using TSA with
two proposed methods and FEA on notched fibre reinforced polymers [49]. Parameters
obtained from the surface of the composite were required to create the strain map while
remaining invariant to the temperature gradients. The first method could work without
two thermo-mechanical coefficients and displayed good agreements with other
established methods while the second method could be applied to orthotropic composites
without a surface coating. Both methods proved successful in generating the surface strain

maps and confirmed the FEA study.

Crack detection and tracking has been undertaken in metal samples using TSA. It was
demonstrated that TSA could detect crack initiation and location with both a
microbolometer and a photon detector [50]. The latter was a higher spatial resolution but
also a much higher price than the microbolometer. A hole was drilled in an aluminium
sample to provide an initiation point for crack growth before the sample was cyclically
loaded at a steady frequency and loading. The data was decomposed using Chebyshev
polynomials to compare the current state with the original state of the sample and measure
crack length. [51] used TSA to monitor crack growth in welds in a cyclically loaded
cruciform joint using a microbolometer. A novel method for crack growth monitoring
based on image segmentation was proposed and found to be able to monitor crack growth

with an accuracy of £ 0.3 mm. This method involved taking a window over the monitored
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area and applying a threshold to the TSA data to increase contrast, any gaps in the surface
stress would signify a crack as seen in Figure 6.
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Figure 6. (i) shows the evolution of the stress concentration in the weld joint during fatigue testing.
(ii) shows the thresholding of the data. (iii) shows the post-treatment output with the crack
highlighted. Reproduced with permission from [51]

Crack growth monitoring can also be automated [52]. A microbolometer was used to find
the crack tip and record its path with TSA. The IR camera was mounted on high precision
linear movement stages to enable the camera to move in two dimensions across the
samples surface. As the crack tip remained at the centre of the image, the frame could be
smaller to reduce the size of the data while keeping the same spatial resolution. When the
crack tip moves, the camera is automatically moved to keep the tip in the centre of the
frame. This method proved successful in monitoring for crack growth but adds
complexity to the technigue by requiring two stages to be added to the setup as well as
limiting the observation area. Automated crack detection and tracking can also be
achieved without moving the camera [53]. An algorithm can be used to detect crack tip
location by tracking changes in the surface stress field provided by TSA. This method
could detect cracks with £1 mm accuracy and track their path as confirmed via inspection

of the broken sample.
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TSA has been combined with other techniques before to validate findings. DIC was used
in conjunction with TSA to better identify the sources of the TSA signals in CFRP
laminates [54]. This method used DIC to input strain values in thermoelastic models
instead of using strain gauges. The models were then validated using TSA data and the

AT
largest difference between the DIC and TSA T was 1.65x10* indicating a good

agreement between the models and TSA. This combined TSA and DIC method was also
applied to stainless steel T-joints to detect and monitor crack growth [55]. The stress
concentrators, i.e., the crack tip could be located using both the TSA and the DIC and
compared. Both techniques agreed well with each other and theoretical results in crack

position.
2.3 Acoustic emission

Acoustic emission (AE) can be defined as “the class of phenomena whereby transient
stress/displacement waves are generated by the rapid release of energy from localised
sources within a material, or the transient waves so generated” [56]. The piezoelectric
sensors are stimulated by stress waves emitted by crack nucleation and growth [57],
inclusions, loose parts or structural motion, a representation of which can be seen in
Figure 7. The sensor system then converts the signal received as stress waves to electrical
signals [58]. These signals can be used to indicate the position of the AE source in three
dimensions, along with the severity and the type of damage [57]. In addition to
instantaneous monitoring, the data collected can be saved and compared to previous data
to monitor for any change. AE is very sensitive, with a minimum limit in the order of 10

18 3 which means it can detect early cracks typically long before other methods [57].
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Figure 7. Working principle of AE reproduced with permission from [59].

AE can determine the position of a source by using multiple sensors and triangulating its

position with good accuracy [60]. This enables detection of AE events inside the volume
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of a material using the material’s speed of sound which can be measured with the AE
sensors and the delay between the detection of successive signals at different sensors. The
sensors are usually placed on the surface of the material with a layer of petroleum jelly,
silicon or other viscous liquid to ensure acoustic signal transmission between the
component and sensor. The full signal can be recorded and stored as well as the basic
parameters of each waveform. The number of signals detected indicates the degree of
damage for example, when looking at fracture, the number of signals detected is related
to the crack formation rate, propagation speed and the degree of damage.

One of the most basic and important experimental setting in AE is setting a threshold
value for the signals [61]. If the signal voltage is higher than that threshold, it will trigger
the acquisition. This enables the elimination of background noise such as signals created
from rubbing. The amplitude (A) is the voltage (V) of the highest peak of the waveform.
It can also be measured in dB with the following equation:

dB = 201lo < >
g A
ref

Where A is the measured voltage and Areris a constant reference value that is specific to

each AE system.
The energy released from the source, also called energy (E) or absolute energy is

measured in ‘attoJoule’ (107 J) and can be described as:

(%1
Eabs:f V2(t) dt
0

Where the waveform starts at time 0 and ends at t;.

The other main parameters of the waveform are the signal rise time (RT) which is the
time between the first signal threshold and the highest peak, the duration (Dur) is the time
between the first and last signal threshold as seen in Figure 8. The inverse of the opening
slope called RA, can be defined as RT divided by A as seen in Figure 8 [62]. Different
frequencies can also be extracted from the waveform: the average frequency (AF), peak
frequency and the central frequency. The AF is calculated by counting the threshold
crossings and dividing them by the Dur in kHz. The peak frequency is the frequency with
the highest magnitude of the waveform and the central frequency is the centre of the
frequency spectrum. Some parameters are sensitive to fracture sources such as the energy
released, frequency, RA, Dur and RT and can be used to determine the fracture mode [63].
The energy released in the waveform is related to the creation of new surface area and

can be obtained by applying root-mean square (RMS) to the waveform [64].
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Figure 8. AE signal characteristics used with permission from [65].

AE was first investigated by Kaiser in 1953, with the first documented application
published in 1964 [66; 67]. The true qualities of AE were explored and many NDE
applications were published in the 1970s. From then on it became an established NDE
technique due to its ability to assess and monitor for damage in many different materials

and applications.

Similarly to TSA, AE required a sampling rate of at least double the frequency of the
actual signal according to the Nyquist theorem [68]. In AE the sampling rate is typically
much greater than double the original frequency and can reach 10 times or more. This

improves any further data analysis as the signal is more accurate.

Figure 9 shows the typical AE activity expected as a sample is loaded. When a material
is loaded, for example to L1 in Figure 9, AE activity created by plastic deformation is
usually recorded. If the material is unloaded and reloaded to the same load, no new AE
activity will be recorded because all the damage that would occur at L1 has already
happened in the initial loading. This is called the Kaiser effect [69], named after Joseph
Kaiser who was one of the early researchers of modern AE testing. If the load is further
increased to L2 in Figure 9, new AE sources form and create fresh AE activity. Assuming
that critical damage was sustained from load L2, AE activity will occur again at lower
load L3 if unloaded and reloaded. For example, crack initiation requires a higher load

than crack propagation because the cracks act as stress concentrators and locally increase
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stress. The ratio between load at the beginning of AE activity and the previous maximum
. L3 . . . o :
load (i.e. E) is called the Felicity ratio (FR) [70]. If the material is intact, FR = 1. This

means the Kaiser effect is valid and no new damage is occurring. When the FR decreases,

it means there is an accumulation of damage.
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Figure 9. Kaiser effect and Felicity ratio. Reproduced from [57].

The FR and Kaiser effect are useful to provide an evaluation of the material’s condition
but do not provide a complete picture of the fracture mode, this is especially important in
composites. The velocity and magnitude of the AE source dictate the amount of energy
released and the amplitude of the signal. The amplitude is also proportional to the speed
of the crack propagation and the quantity of surface area generated by the crack. This
means that a large crack propagating quickly will generate larger AE signals than a
smaller crack propagating slower. AE can also determine the orientation and the
movement direction of the crack through the material via the use of multiple sensors. The
geometry of the material can affect the recorded signal by guiding it (in a thin material

such as an aircraft’s skin) or with echoes and other noise.
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2.3.1 Applications

AE has long been studied and used to monitor damage in laboratory settings and in-situ
on multiple types of materials. A study was conducted on the ability of AE to both
differentiate source type and damage severity using a series of tests with known signals
generated by PLB and ball bearings drops [71]. It was found that AE could differentiate
between source type by comparing a known source type signal to experimentally obtained
signals and it could be used to monitor for early damage onset. The capabilities of AE to
characterise damage in notched steel plates that were cyclically loaded was also tested
[72]. 1t was found that as damage accumulated and the crack grew, energy and duration
of AE signals increased. A change in RA value also indicated a shift from tensile mode
to shear mode. These changes occurred approximatively 100 to 1200 cycles before failure
and could therefore be used as indicators before failure occurs.

Multiple processing methods have been developed, both simple and advanced as [73]
showcased. Using simple hit count and energy released proved to be able to monitor a
gear tooth for failure but had a large memory footprint. It was found that using the
Chebyshev descriptors and Shannon entropy methods both used a reduced memory
footprint while still being able to monitor for damage. This method uses wavelet
reconstruction of the signal, then the Chebyshev polynomial decomposition of each
wavelet is calculated. These moments can be compared to a baseline waveform. AE
energy can be calculated using root mean square (RMS) which allows it to be used as an

effective way to monitor damage in steel samples [64].

AE has been studied on AM metals in recent years. The first studies applying AE to AM
parts were conducted by Strantza et. al. [74]. An AM beam of titanium was loaded using
four-point bending while continuously monitored using two AE sensors. It was found that
AE could locate a crack and track its propagation as well as give an indication on crack
severity using cumulative hits, amplitude, average frequency and duration. The Kaiser
effect and Felicity ratio were found to be valid in AM metals like in conventional metals.
This work was built upon further using cyclic loads rather than a static load [75]. This
study confirmed that AE can be used to monitor AM metals for crack propagation due to
fatigue loading and be used as an early warning sign of crack propagation and component

failure.
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2.4 TSA and AE coupled

Several papers in the literature have conducted research using AE and infrared
thermography (IRT) in composite materials. In [76], two AE sensors were used to
measure the AE signals generated by damage in a cyclically loaded woven C/SiC while
using an IR camera to measure the thermal dissipation in the sample. The thermal
dissipation slowly increased to a steady value and remained there until before failure of
the sample where it quickly increased. The energy extracted out of the AE waveforms
showed that there was a rapid increase in AE activity and energy at the start of the sample
to a steady value until failure with a similar rate to the thermal dissipation. Both
monitoring techniques agreed with the damage evolution of the sample which showed
that they could be used for damage monitoring in woven C/SiC samples. DIC, IRT and
AE were combined to provide strain and temperature differential maps to detect and
monitor damage hot spots while AE was recording continuously for activity in fibre
reinforced polymer composites [77]. Two AE sensors were used to count AE hits and
measure the energy released, activity recorded at both sensors remained low until damage
occurred in the sample at which point, they rapidly increased until failure of the sample.
The AE signal frequency also showed that there were three stages of fatigue life for the
material, and they could be tracked to determine which stage of fatigue life the material
was currently in to calculate the remaining service life. The DIC and IRT were captured
at the same time to compare their findings, increasing reliability of the results. It was
found that IRT is a suitable monitoring method, where the camera does not need to be
locked into the loading frequency. This is acceptable for slow loading frequencies (below
10 Hz) as used in these sources. IRT was also used with a 100 Hz sampling rate IR camera
along with AE to monitor crack growth in ceramic matrix composites[78]. To monitor
the temperature rise, multiple parallel lines were placed at regular intervals of 0.226 mm
perpendicularly to the crack growth direction as seen in Figure 10. The interval 0.226 mm
was experimentally chosen as it is the true size of each pixel in the IR camera used in this
experiment. This is very useful in the case where the crack does not grow straight out of
the notch and deviates up or down, the lines will still detect the rise in temperature cause
by the passing crack tip. This crack growth was then compared to the AE energy which
demonstrated a very similar trend as the sample was cyclically loaded. The measurement
of the crack using IRT was proven to be accurate to within 0.1 mm when compared to

optical measurements made after failure.
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Figure 10. Lines monitoring crack growth representing the method used in [78] (red), crack
growing (green).

AE and IRT were also used in monolithic metals, two AE sensors were used to study the
tensile behaviour of steel samples by measuring the energy released during tensile testing.
The energy released is high at first during the initial elastic deformation phase and start
of the plastic deformation phase of the stress-strain curve of the sample before decreasing
to almost no energy being released. Just before failure occurs, the energy released
increases again. IRT was also applied to the sample where a temperature increase can be
seen due to the high strain and culminates during the necking phase before fracture. The
temperature increase is caused by increased strain, meaning temperature can be used to
monitor strain. AE energy and temperature change obtained through IRT were proven to
have similar reactions to increasing stress during a tensile test, with both increasing at the
same time when the initial plastic deformation occurs [79]. This is promising to be able
to determine fatigue limits in steel samples in the future using these techniques. AE and
IRT were also applied to a Ti-alloy plate to determine if crack growth could be detected
during a tensile test [80]. Both methods could detect the plastic deformation in the sample
and the crack forming. IRT can be used to take a profile through the notch used to initiate
crack growth to show crack growth in the sample by highlighting the temperature change
created by the plastic deformation [81]. AE was also recording continuously and was
useful in detecting cracks during the initial crack growth stages while IRT could only
detect the cracks when they were large enough to affect the temperature distribution in

the steel sample.
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AE and IRT have also been used in the process of manufacturing AM parts [82]. This
allowed the detection of defects while the part was being printed such as solidification
and fractures. The magnitude of the AE signal could be related to the power of the laser
used in SLM, while the IR data provided a better understanding of the conditions forming
the AE sources. Lock-in thermography, a similar technique to TSA was combined with
AE to determine the fatigue limit of metal matrix composites [83]. Lock-in thermography
uses the cyclic temperature response to monitor the surface, but it is not converted to the
sum of principle stresses like in TSA. It was found that when loading the sample below
the 60% UTS fatigue limit, the heat tracked by the lock-in thermography was able to
dissipate. But when loaded above 60% UTS, there is a rapid increase in temperature, and
hence energy before the failure of the sample. AE activity was similarly monitored during
the test, with a noticeable rise in cumulative AE activity at the same load as the
temperature increase. These trends were even more noticeable in the other aluminium

sample when the fatigue limit was reached.

Similarly to IRT and AE, TSA and AE have been used together before in composites. In
[84], AE is used to detect AE sources in carbon fibre reinforced composites and the
findings are validating using TSA. While the methods are not combined per se, they both
support each other’s findings. A wind turbine blade was monitored using TSA and AE
and found that both TSA and AE could identify damaged areas correctly and

independently, but the methods were not combined for any post processing[85].

TSA was used to detect cracks in aluminium samples, along with AE to confirm the TSA
findings [86]. The crack position was plotted with the AE hits to show a rise in hit
numbers that could be correlated with the crack lengthening as seen on the TSA data.
Four AE sensors were used on the sample to be able to locate the AE source as seen in
Figure 11. This enabled location detection using both AE and TSA. It was found that TSA
was more accurate in the position of the crack and enabled the monitoring of the crack
growth, while the AE located the events up to 30 mm from the crack. This inaccuracy in
locating the AE sources could have been caused by sound dampening in the material,
however, AE could detect a crack forming slightly before TSA could. One of the issues
presented with the data collection was that the sample used was chosen because it was
known to work with TSA. This caused problems with the AE sensors because the sample

was relatively small, so the sensors had to be placed close together, reducing the amount
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of difference between the detection times of the AE events and making the localisation
less accurate. TSA and AE were also used to monitor for crack growth in aluminium alloy
matrix composites [87]. The two methods were not combined but confirmed each other’s
results. TSA was monitoring for crack growth in front of the initiation point using a
method similar to [78] where multiple parallel lines were used to track crack tip location.
This method proved to work well, detecting crack location even when the crack was not
visible on the surface of the sample. AE meanwhile captured waveforms using two
piezoelectric sensors which showed that RA, energy and rise time of captured waveforms
increase 1000 cycles before failure, indicating crack growth. This study proved that TSA
and AE can be used to monitor for crack growth.

Figure 11. Experimental set-up. Front(A) is TSA collection side and back (B) is AE collection
side. Reproduced from [86].

2.5 Summary

The concept of combining AE and TSA together to detect crack growth has not been
thoroughly explored. Some work has been conducted with IRT but only limited research
with TSA in composites and monolithic metals is currently published. However, both
TSA and AE have been proved to be able to detect and monitor crack growth in metals.
A gap is present in combining TSA and AE to monitor crack growth in cyclically loaded
monolithic metals and AM metals already manufactured. This can could be partially
addressed by developing a monitoring method combining both techniques to monitor

crack growth in monolithic and AM metals.
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Chapter 3
Method

The method used in this research is highlighted in this chapter covering sample design,
TSA and AE individual and combined approaches as well as testing parameters and data

processing.
3.1 Samples

Four types of samples were used in this research. Type I and Il were monolithic metal
samples used to develop the test method and data processing before being validated in
AM metals using the Type 11l samples. Once the method was validated, it was used to
detect cracks in purpose-built AM samples referred to as Type IV samples. The summary
of sample manufacturing method can be seen in Table 1.

Table 1. Sample information.

Sample Material Manufacturing
method

Type | Al 5052 H32 Laser cut
Type Il Al 5052 H32 Water jet cut
Type 11 AlSi10Mg-0403 SLM
Type IV (notched) | Ti64 SLM
Type IV (plain) Ti64 SLM

3.1.1 Typel:

The initial samples used were made of aluminium 5052 H32, using a modified ASTM
E8/E8M-21 geometry with a thickness of 2 mm and cut using a laser cutter with a 55 mm
gauge length as shown in Figure 12. Laser cutting was chosen for the first set of samples
because it would be faster and cheaper than a water jet cutter. This sample was used to
establish experimental and processing methods required to achieve objective one, detailed
in Chapter 1.2.
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Figure 12. Type | and 1l dimensions. All measurements in mm. The right-hand side is mirrored
on the left-hand side. Not to scale.

3.1.2 Type Il

These samples used the same geometry and material as Type | samples but were 4 mm
thick and cut using water jet cutting. The samples were made thicker to increase the
required fatigue load as the lower load was close to the lower limit of the machine used
to cyclically load the sample. Waterjet cutting was chosen to minimise the localised heat
treatment caused by the manufacturing process. These samples were used to achieve the

second objective as laid out in Chapter 1.2.

3.1.3 Type IlI:

The third type of samples was made of SLM manufactured aluminium using AlSi10Mg-
0403 aluminium alloy powder, dimensions can be seen in Figure 13. Type Il samples
were existing samples provided by collaborators at Cardiff University. The geometry was
sufficient to satisfy the third objective laid out in Chapter 1.2 as it did not impact testing
or data collection. A 2mm deep notch was cut in the centre of the gauge length using a
handsaw to provide a known crack initiation point. Thickness of the sample is 2 mm. The

printing parameters for these samples are unknown.
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Figure 13. Type Il samples. Right-hand side is mirrored on the left-hand side. All dimensions are
in mm. Not to scale.

3.1.4 Type IV:

The final samples used in this research were additively manufactured using SLM with
Ti64 and the same dimensions as Type Il samples but 3 mm thick. The reason for the
change of thickness was the same as the Type Il samples, the thicker samples could
sustain a higher load to avoid the lower limit of the cyclic loading machine. Notched Type
IV samples were used to confirm the method in a new material, then plain samples
without defects were tested to demonstrate that the proposed method can be used to detect
and monitor crack growth in notched SLM printed samples and in samples with no notch
as laid out in objective four in Chapter 1.2. The samples were printed using a SLM
printing machine with a laser scanning of 1200 mm/s, laser power of 190 W, layer

thickness of 30 pm and energy density of 52.8 J/mm?,

3.2 TSA set up and operation

To prepare the sample for TSA, the surface was cleaned with isopropyl alcohol, then
painted with Colour Lab Premium Matt black enamel spray paint. This paint was chosen
because it had the highest emissivity value, and it was readily available [88] . The paint
coating should be approximatively 15 to 25 um thick or approximatively “two passes”. If
the coating was too thick, it would cause heat dispersion in the paint, too thin would not
stop reflections [88]. The paint thickness was checked with a paint thickness gauge to be
within the previously mentioned range. The samples were placed in the machine grips, as

shown in Figure 14, with the painted surface facing the camera.
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Figure 14. TSA set up in the test machine. Red box highlights the IR camera; blue box
highlights the sample in the machine grips.

The test machine used for this work was an INSTRON 8801 servohydraulic machine with
100 kN load cell. The camera was installed sideways on the tripod to increase the number
of pixels along the length of the sample, with a camera to specimen distance of 120 mm,
providing a horizontal field of view of 64 mm and a resolution of 7.5 pix/mm. The
horizontal FOV is rotated in Figure 15. The camera used was a Optris 640PI
microbolometer with a 30° lens. The manufacturer’s software PIX connect was used as
interface between the camera and Matlab to collect the raw footage. The thermal
sensitivity of the microbolometer is 40 mK, specification sheet for the camera can be
found in Appendix A. The settings used for this experiment were 125 Hz frame rate with
a sub-window of 120 x 480 pixels and a recording time of 30 seconds. The recording time
is discussed in Chapter 3.4.1. The recordings starts when the oscillations of the hydraulic
machine are stable, this is usually 30 seconds after the cyclic loading begins. The raw
data collected by the microbolometer is processed in Matlab using a lock-in algorithm,

using the loading frequency as the reference signal. This processing outputs an image

31



showing the sum of the principal stresses with Eq(1) and phase distribution on the surface
of the sample as seen in Figure 15. The phase data shows the phase of the stress and if the
surface stress is in compression on tension. The current research focused on using the

stress data.

Stress <107
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100 j 42 100
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300 300
400 400
500 500
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100 60 20

Figure 15. Example of phase and stress output of TSA from a Type Il sample. Stress is in Pa and
Phase in °.

3.3 AE set up and operation

The AE equipment was set up as in Figure 16. A Picoscope 3425 was used to collect the
AE data along with a Mistras 2/4/6-C preamplifier and Nano-30 piezoelectric sensors.
The specification sheets for the Picoscope and piezoelectric sensors can be seen in

Appendix B and C respectively.

32



/ I =

sensor

Figure 16. AE setup

In early experiments using Type | samples, the sensor was attached to the sample by
applying a bead of ultrasound gel between the sensor and the surface so the signal can
freely move from the surface to the sensor, it was then held in position using electrical
tape. The sensor was placed on the back of the sample from the IR camera point of view
with the tape looping around the sample to attach it. During the first tests, the AE sensor
was placed as far away from the notch as possible while still being on the gauge length
of the sample to avoid obscuring the surface of the sample for the IR camera. However,
a better method to attach the sensor to the sample surface started being used while testing
Type Il samples which involved placing a 5 to 10 mm bead of Loctite 595 clear RTV
sealant to the surface and gluing the sensor, with a curing time of 24 hours. The sensor
should be slid in place to avoid bubbles and have a thin film of glue between the surface
and the sensor. The thickness of glue needed between the surface and the sensor was
investigated in Chapter 4.4.2. This method of attaching the sensor to the surface is
advantageous over the original method because it eliminates the need to tape the sensor
which obscures the view of the IR camera. To ensure the sensors were attached properly,
a pencil lead break test (PLB) [58] was conducted for each new sensor attachment, and
the results recorded. If the resulting amplitude was under 95 dB, the sensor was removed,

cleaned and glued again. The layout of the sample can be seen in Figure 17.
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Figure 17. Layout of sensor with painted area and gripped area on sample.

AE was recorded with an automatic threshold that filtered noise; in most cases the
threshold value was 35 to 40 mV. This value was determined by raising the threshold at
the start of the cyclic loading before a crack was present until no machine noise was
detected, this was done to reduce machine noise during testing. A crack is expected to
grow in rhythm with the cyclic loading and show a higher amplitude than the noise created

by the loading. The sampling rate was 1 MHz.
3.4 Preliminary testing

Preliminary testing was used to determine test parameters for cyclic loading, TSA and
AE.
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341 TSA

A series of preliminary tests were conducted to establish testing parameters to be used for
TSA data collection. Firstly, the optimal loading parameters for TSA to detect the

growing crack must be determined.

3.4.1.1 Loading frequency and range

The loading frequencies seen in Table 2 were applied to the sample and the consistency
of the TSA response was assessed using the Type | samples with their surface prepared
for TSA as presented in Chapter 3.2. The greater the difference between the loading
frequency and the recording frequency, the more data points available for TSA analysis,
therefore it is important to establish what the slowest acceptable loading frequency is.
However, the loading frequency must not be too slow or else conditions cannot be
assumed to be adiabatic. Once a loading frequency was defined, the load range was
changed to determine the lowest load range at which stress is detectable with TSA using
the current system. The ideal load range would create progressive failure that can be
monitored with a slow crack propagation rate. The maximum number of tests per day is
three due to AE equipment restrictions and this could be repeated three times per week
due to glue curing time for the AE sensors, therefore being able to test three samples per

day is ideal.

In total, 14 Type I, 12 Type 11, 6 Type I1l and 5 Type 1V were tested. Table 2 presents the
tests conducted using Type | samples to determine the optimal load range and loading
frequency. The load range would be used to load all samples to failure. The specified load
ranges were chosen because they were expected to initiate crack formation as well as
crack propagation at a rate that would enable three samples to be tested in one day but
also provide regular data capturing over a length of time to replicate continuous
monitoring. Multiple loading frequencies were also tested to determine which one would
work best for TSA data capturing and processing. This loading frequency will be used for
all testing going forward. Literature stated that a loading frequency of 20 Hz would be
ideal for TSA in some applications, but other frequencies were also tested to determine if
it was suitable for this application. The samples were tested with a loading range of 10 to
40% of their ultimate tensile load (UTL) at different frequencies to determine the optimal
loading frequency. Once the loading frequency was chosen, samples would be tested at
different loading range with the same frequency to determine which load range would be

adequate for the rest of testing.
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Table 2. Preliminary tests to determine future test parameters.

Load frequency (Hz)
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To determine the ideal loading frequency, a stress profile was taken across the notch of
samples tested at different frequencies and were plotted in Figure 18. The ideal loading
frequency is the one that shows the slowest frequency where the stress profiles converge.
It was found that the stress profiles across the notch obtained using TSA converged at 20
Hz as seen in Figure 18, this frequency value is supported by TSA literature [22] for some
cases depending on loading and other factors. Below 20 Hz, adiabatic conditions cannot
be assumed for the sample, above 20 Hz the sample would be damaged rapidly,
preventing monitoring over a longer period of time. This means that because the IR

camera can sample 6.25 times per cycle, which satisfies sampling criterion.
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Figure 18. Stress profiles through the notched Type | samples using different loading frequencies.

Loading using 10-50% and 10-60% of the ultimate tensile load found using tensile testing
caused the sample to break suddenly without showing a growth in AE activity for Type I
samples. The chosen load range was 10-40% of the UTS because it created progressive
failure over a reasonable timeframe, typically within 30 mins of the start of the test. Based

on the UTL of each sample type, the load ranges for each sample can be seen in Table 3.
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This loading was later increased to 20-50% from the waterjet-cut Type Il samples
onwards to reduce testing time to under 250 000 cycles as 10-40% would take over 400
000 cycles before a sample would start displaying crack growth. The need to alter the
loading between sample types was due to the waterjet-cut notch being rounder than the
laser-cut notch, causing a lower stress concentration. Increasing to 20-50% UTL means
the loading amplitude remains the same but with a higher mean load. The mean load on
the notched Type IV samples was calculated using the UTL of the notched samples, not
the plain sample. When the samples failed, they failed close to the same cycle count,
meaning the first cycles could be accelerated to a higher frequency to increase cycle count
rapidly before slowing to monitoring frequency at 20 Hz for data capture and crack
growth monitoring. The loading sequence began with a ramp to the mean load, before
cyclic loading was applied until failure.

Table 3. Load range by sample type.

Sample Load range (kN)
Type | 22+13

Type Il 3+18

Type Il 1.7+0.7

Type 1V (notched) 1.5+0.5

Type IV (plain) 6.35 + 3.85

3.4.1.2 TSA capture length

The initial recording time for TSA was 60 seconds at the specified recording frequency
and is driven by data capacity. The microbolometer used could record in either 32Hz (full
frame) or 125Hz (windowed). The latter was chosen to increase data collection rate to fit
the Nyquist requirement of the sampling frequency being at least double the loading
frequency. The total data collected on the system used is limited by RAM size, a limit of
432 000 000 pixels can be recorded at a time, requiring a compromise between sampling
rate and window size. The sampling time could be increased by reducing the sampling
frequency or windowing the frames. Sixty seconds was the longest sampling time
possible with the available hardware without reducing the sampling frequency or
windowing down the image further. Saving the raw footage after recording takes
approximatively the same amount of time as the recording, so TSA could be recorded

every two minutes for one minute at the fastest. However, being able to reduce the
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recording time, and hence, the saving time would greatly benefit the data collection
process, meaning that data could be recorded more frequently. Therefore, the shortest
recording time that still provides accurate data, once processed into TSA data, should be
used.

The shortest recording time was found by extracting a profile through the notch in a set
of processed data from a cyclically loaded Type | sample with a 60 second recording time,
referred to as the original set. The original set was cut into 50, 40, 30 and 20 second length
processed recordings. Using the same profile data from all processed recordings, the
average difference between the original and each of the shorter recordings was noted.
This was repeated with four other Type | data sets showing the profile through the notch,
the difference between the original 60 second profile and the shorter recordings was
averaged, the results are shown in Table 4. Shortening the recording to 50 seconds
introduces a 1.91% error and 40 seconds introduces 4% error. Halving the recording time
introduces 6.25% error while shortening it by 40 seconds introduces 11.1% error. The
error almost doubled between 30 and 20 seconds indicating diminishing returns so
shortening the recording by 30 seconds were chosen. Using the 30 seconds recording time
instead of 60 seconds effectively doubled the possible TSA data capture rate which

increased the spatial as well as temporal resolution when tracking crack growth.

Table 4. Error between original 60s TSA recording and shortened recordings.
Recording length (seconds) 50 |40 30 20
Difference compared to original (%) 191 |4 6.25 11.1

3.4.1.3 Polynomial fitting

To process the stress profiles across the notch of the Type Il samples, a seventh order
polynomial was fitted to extract the peak location. However, seventh order polynomial
was complicating to processing and the optimal polynomial order should be determined
to provide as accurate a peak stress location as possible, without unnecessarily adding
complexity to processing. To this end, multiple polynomials of different orders were fitted
to a profile from a Type 11l sample, the results can be seen in Figure 19. The polynomial
fit can be seen to converge from the fifth order polynomial; therefore, it was chosen to
process TSA profiles. This polynomial was used for the Type Il and Type IV sample

processing.
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Figure 19. Different polynomial fit on Type Ill data to determine optimal order of

polynomial.

3.4.1.4 K coefficient

Another variable used in the TSA processing is K, it is used to translate the cyclic

temperature response from the cyclic loading into stress in TSA, it is a material dependant

parameter and can be calculated using Eq(2) and known material properties obtained from

[89; 90]. The K values for all samples can be seen in Table 5. The stress calculated using

the K value was validated using theoretical calculation, stress in areas with no defects

were compared with calculated stress using loading and sample area.

Table 5. K values used to process into stress in TSA.

Sample K value
Type | 0.68e12
Type Il 0.68e12
Type 111 0.68e12
Type IV 3.53¢12
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342 AE

For all tests, with the exception of Type 1V samples, the sensors were glued by hand with
no thickness control, however, some samples displayed a smaller amplitude when
performing a PLB. To remove the possibility of glue thickness introducing error in AE
data, multiple thicknesses were tested. To do this, a 0.9 mm thick sheet of aluminium was
fully clamped between two rectangular steel frames and bolts with a torque of 42 Nm
fastened the aluminium sheet between the frames. Three sensors were then glued at the
centre of the sheet and PLB tests were performed at known distances from each sensor
one at a time. The apparatus used in this experiment can be seen in Figure 20.

Figure 20. AE sensors glued on metal sheet to determine the optimal glue thickness.

The glue thickness was controlled by placing shims of different thicknesses under the
edges of the sensor as seen in Figure 21. This was repeated with 4 different thicknesses
and the results are displayed in Figure 22. The free hand glue thickness was between 0.08

mm and 0.25 mm thick.
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Figure 21. Shims placed underneath the AE sensor to control glue thickness.

It was found that gluing with the shims introduced error in the form of air bubbles due to
the difficulty in ensuring the sensor was sheared into place and inadequate glue covering
surface where the glue did not spread evenly under the sensor. The quality of the gluing
proved to have a much bigger impact than the thickness, with the free hand glue showing
consistently higher amplitudes compared to the same 0.25 mm thickness glue with the
shims and the other glue thicknesses seen in Figure 22. Uniform glue thickness and the
absence of bubbles under the sensor is an indication of good gluing quality. It was decided
to focus on shearing the sensor into place properly to avoid air bubbles and using enough

glue to provide adequate covering in future tests rather than glue thickness.
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Figure 22. Effects of glue thickness on signal amplitude.

3.5 AE and TSA combined set up and operation

The combined set up was like the individual TSA and AE set ups. Two laptops were used
to record the data, one for AE and the other for TSA. The AE sensor was placed on the
opposite side of the sample from the camera with the PLB tests performed on the back of
the sample near the notch. The position of the PLB was chosen to determine the amplitude
of signals generated at the approximate location of the expected crack growth. The PLB
was performed on the back side of the sample to not damage the matt black paint on the
front. AE recorded continuously while TSA recorded every 10 minutes until AE activity
is detected, in which case TSA is recorded every 30 seconds until the sample fails. AE
waveforms are saved automatically, immediately after capture with an associated time

stamp. Similarly, the TSA data was timestamped upon capture.

3.6 Data processing

Each 30 second TSA recording is converted into a single frame with the stress and phase
using the theory discussed in Chapter 2.2.1 and the thermoelastic coefficient K calculated

from material properties as seen in Chapter 3.4.1.4 [22] .
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A profile is then extracted through the notch as seen in Figure 23, this is done by taking
a line three pixels wide from the centre of the notch to the opposite side of the sample
horizontally in Figure 23 and averaging them to reduce noise. Three pixels wide was
chosen because it would reduce the chance of a single pixel introducing a large error while
not widening the profile past the notch into the neighbouring material. The results of the
averaging can be seen in Figure 24. This method of taking a profile through the notch was

used in [81] and proved to work well to detect linear crack growth originating from a

notch.
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Figure 23. Example of the sum of the principal stress and phase data from TSA. Red arrow is the
position and direction of notch profile.
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Figure 24. Stress profile through the notch obtained by TSA.

A three-point moving average is applied to the profile to smooth it and to remove any

possible error from a rogue pixel as seen in Figure 25.
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Figure 25. Profile across sample after moving average was applied.

It is worth noting that TSA detects the peak stress location as opposed to crack tip location.
The peak stress is found in front of the stress concentrator i.e., the notch or the crack tip,
but there will be a small space between the crack tip and peak location due to the fracture
toughness of the material, this is discussed in Chapter 4.2.2. Therefore, in Figure 26 the
peak location is at 1.5 mm or 11 pixels at the start as opposed to crack tip location at O

mm when there is no crack present. This is indicated by a red dot in Figure 26.
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Figure 26. Peak location (red point) in front of notch.

The location of the peak stress is then extracted from each profile by fitting a 5" order
polynomial to the notch profiles and gathering the peak stress location, as detailed in
Chapter 3.4.1. The amount of stress is not required, only the peak location. However, it
was found that fitting the polynomial affected peak location accuracy by 4-5 pixels or 0.3
mm when comparing polynomial peak location to the manual peak chosen by the operator.
The small error was judged acceptable as crack length usually exceeds 2-3 mm. Should
it be found to be required, a more accurate crack position could be found using a higher
resolution IR camera and is discussed in Chapter 5.2.2.

The peak stress location is then plotted through time to visualise the crack tip progression

across the sample as shown in Figure 27.
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Figure 27. Crack tip location through time obtained using TSA.

The reason why the peak location seems to be moving in the first two hours is because of
the camera thermal sensitivity. There is no crack until 2:10 hours and the peak stress
should not be moving. When combining the error introduced by the IR camera’s
sensitivity with the error introduced by the polynomial the error is 0.3 mm, this is the

error shown in the figures presented in this thesis.

The AE waveforms were saved with a timestamp as soon as a hit was detected that crossed
the threshold value. The energy released by the AE event can be obtained from each
waveform by performing the RMS of the waveform, RMS was chosen as it was effective
when calculating the energy released, as shown in literature [64]. The number of hits in
each waveform can also be counted by applying a threshold to the data, any peak above
the threshold is considered a hit. Both number of hits and energy can be timestamped with
their waveform and then their respective cumulative totals plotted through time as seen
in Figure 28 and 29.

47



12 T T T T T

AN

™~

Cumulative AE energy (V)
=
=]

0.2 -

D i s i
00:15:00 00:30:00 00:45:00 01:00:00 01:15:00

Time (hh:mm:ss)

Figure 28. Cumulative AE energy
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Figure 29. Cumulative AE hit number.

TSA and AE results can then be combined on a common timeline for direct comparison

as in Figure 30. The data plotted in Figure 30 show that in this case both techniques
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detected crack growth at the same time. TSA shows the peak stress location which is in
front of the notch or crack after it initiates, a crack is detected when the crack length
increases by 1 mm. The IR capture frequency can be increased to provide a higher spatial
and temporal resolution for crack growth. The AE energy is the energy collected from
each waveform, a sudden increase in gradient indicates creation of new surface area and
therefore crack growth. This study focusses on the energy released rather than hits. This

shows that both methods detect a change in trend at the same time as seen in Figure 30.
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Figure 30. Combined TSA and cumulative AE energy.

This processing method was used to process the data collected from all samples presented

in Chapter 4. Possible improvements were discussed in Chapter 5.2.
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Chapter 4

Results and discussion

Four types of samples were used in this study to achieve the objectives laid out in Chapter
1.2. Type | samples were used to achieve Objective 1 by enabling TSA and AE to be
applied to simple samples to establish independent test and processing methods along
with determining testing parameters. Type Il samples were used to achieve Objective 2
which involved refining the independent techniques and combining them on samples to
improve the test method data processing. Type I11 samples were used to achieve Objective
3 where the combined method was further refined and applied to AM samples. Finally
Type IV samples were used to demonstrate the method can be applied to AM samples
with built-in notches of a different material. Objective 5 can be achieved in the future
with built-in subsurface defects in Type IV samples using the same manufacturing

method and is discussed in more detail in Chapter 5.2.

4.1 Monolithic aluminium results

4.1.1 Type I samples: laser cut aluminium

Early test results using the Type | laser cut, notched samples and a simplified method
were promising, AE and TSA were able to detect a crack initiated in a known location.
These tests were also used to determine test parameters as discussed in Chapter 3.4 and
will not be discussed in this Chapter. The tests with Type | samples used to detect crack
growth were successful and one test result can be seen in Figure 32. The TSA peak stress
location is shown in orange, this is the location of the peak stress ahead of the notch or
crack between the notch and the opposite side of the sample. AE energy shows the
cumulated AE energy detected throughout the test; it is indicative of the crack activity.
Crack initiation can be seen by the sharp change in trend in AE energy detected at 8
minutes as well as change in the TSA stress peak location after 9:30 minutes in Figure 32.
These results demonstrate expected behaviour and are representative of future test results.
The system error for TSA is 0.3 mm, it is not applied to this dataset because it is one of
the first datasets collected. The increase in peak location between 9:30 and 11 minutes is
1.4 mm so it would still be detected even with the 0.3 mm error. The crack seems to be
shortening in length between 2 min and 6:30, however this is not physically possible and

is an artifact of the processing due to the TSA error. There is no crack present until after
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8 minutes in this sample. The crack growth is detected by AE first, the energy released

indicates that new surface area is being created, this is also seen in TSA where the crack

length is increasing. In this initial test AE data was binned into three-minute periods, these

time periods were chosen to match the frequency of TSA recordings. The sum of these

three-minute binned windows was then plotted. This reduced the resolution of the plotted

data however it was sufficient for preliminary tests. The goal of these tests was to

determine if TSA and AE could be used to detect crack growth, not to collect accurate

data, in this they proved successful, although this was refined in tests using Type Il

samples.
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Figure 31. Combined AE and TSA results Type | - Test 5 samples.

4.1.2 Type Il samples: Waterjet cut aluminium
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The following tests using Type Il samples were used to further develop and refine the

individual TSA and AE techniques as well as developing a combined method using both

techniques.

Table 6. Type Il sample result summary.

Sample Time of TSA | Time of AE | Time of | Comment
number detection detection failure
(h:mm) (h:mm) (h:mm)
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1 1:20 1:18 1:44

2 2:45 2:51 2:53

3 2:21 2:18 2:30

4 0:55 N/A 1:04 Bonding issues with AE
sensor

5 2:06 1:50 2:18

6 1:15 N/A 1:28 Bonding issues with AE
sensor

7 1:09 1:08 1:15

8 1:12 1:08 1:29

9 N/A 1:55 2:09 TSA recording software failed

10 1:04 0:55 1:11

11 1:40 1:30 1:57

12 N/A 1:17 1:37 TSA did not record due to
capture times

The waterjet cut, Type Il samples also yielded positive results as seen in Table 6. Of the
12 tests completed with the Type Il samples, crack growth was detected in all 12 by either
one or both techniques. TSA did not detect crack growth in Test 12 due to the crack
growing and the sample failing between recordings, to mitigate this the data capture
timing should be refined to increase the chance of capturing crack growth. In Test 6 TSA
did not detect a crack because the system controlling the equipment, Matlab,
malfunctioned causing the data not to be recorded. It was identified that the bonding
between the sensor and the surface of the sample were the reason for poor AE hit numbers
in two tests as discussed in Chapter 4.4.2. The average time to failure was 1:47 hours and
a cycle count of 130 000 cycles. TSA detected the crack in 1:34 hours or 113 000 cycles.
AE took 1:36 hours on average to detect crack growth or 115 000 cycles. The standard
deviation for the time to failure was 34 min, for TSA detection it was 37.5 min and AE
detection was 36.4 min. The average time between detection and failure is a coarse
measure of early warning time because each test had a different crack initiation time but
it can provide a measure of which material the proposed method is best adapted to. AE
detected cracks before TSA in six tests where both techniques were successful, i.e.
excluding the N/A samples identified in Table 6. However, it was found that this was not
always the case, TSA detected crack growth before AE in test 2. Earlier detection by AE

is expected as AE captures continuously while TSA captures at a regular but slower rate
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which increases once AE detects crack growth, therefore TSA can only detect crack
growth before AE if it occurs during capture. AE is also known to be very sensitive which
makes it ideal to be the trigger for rapid TSA capture [57]. The average time between
TSA detection and failure was 12.7 minutes with a standard deviation of 5.3 minutes
while the time between AE detection and failure was 17.5 minutes with a standard
deviation of 8.6 minutes.

Figure 33 shows the steady rise in AE energy due to expected noise from the loading,
then a sudden sharp rise in energy at 2:55 due to a crack growing. The small variations in
the TSA stress peak location are due to measurement uncertainty as discussed in Chapter
3.6, the crack growing then moving backwards is not physically possible. In this case,
TSA detected crack growth before AE did which only occurred twice in tests using Type

Il samples.
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Figure 32. Type Il - Test 2 sample

In Figure 34, test 4, AE detected crack growth before TSA detected a change in peak
location. AE detecting crack growth before TSA was expected and increasing the capture
rate for TSA would increase the chance of capturing crack growth earlier than AE. It is

assumed that there is no crack present before 02:15 however the stress peak location is 1
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mm instead of 0 mm because of the small distance between crack tip and peak location
as mentioned in Chapter 3.6. In this case, AE did not show a slow gradual rise in activity
as seen in Figure 33, this may be due to a higher threshold being set to remove the machine

noise which would remove the slow rise in energy due to noise.
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Figure 33. Type Il - Test 3 sample

There are cases of TSA recordings failing to be processed and outputs NaN, the issue
originates in the processing code and is being investigated. An example of such a
recording can be seen in Figure 35 where an outlier close to 0 mm in stress peak location
can be seen at 01:12:00. The same dataset without the corrupted recording can be seen in
Figure 36. Such failed recordings will be excluded from the remainder of the data shown

as this is a non-physical event, i.e. the crack does not move backwards across the sample.
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Figure 37 shows the results from Type Il — test 8 which detected crack growth with both
AE and TSA 1:25 hours after the beginning of the test. This test detected less energy than
most other Type Il samples but still displayed a large shift in gradient indicative of crack
growth, this is to be expected as aluminium is known to be quiet for AE but the lower
amount of energy collected could also be due to poor bonding of the sensor [91]. This test
collected a total energy of 0.3 V where most tests with Type Il samples displayed AE
energy levels in the range of 0.5 V to 6 V. Any tests which detected less than 0.01 V of
energy were considered substandard due to inadequate sensor bonding and were
discarded because AE could not detect adequate data.
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Figure 36. Type Il - Test 8 sample

Tests using Type Il samples have proven that the method can be successfully applied to
monolithic metals to detect crack growth from a known initiation point. It could be
applied to any metals parts in cyclically loaded high risks situations where the stress
concentrators are known, the surface is visible for the IR camera and accessible to attach

an AE sensor.
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4.2 AM results

The AM samples were expected to show similar results to the monolithic samples
presented with crack growth being able to be detected by both techniques. The signal
generated by the crack was expected to be the same, however the formation and behaviour
of the crack may change due to the orthotropic nature of the material and differing

manufacturing methods.

4.2.1 Type Il samples: AM aluminium

Out of the six tests completed using Type 111 samples, a crack could be detected in 5 tests
by one or both techniques as seen in Table 7. The success of the crack detection by the
method shows that it can be used in cyclically loaded SLM printed aluminium for crack
detection. However, the importance of good bonding between AE sensor and sample
surface was reinforced by the 4 tests in which AE could not detect crack growth or was
quiet due to bonding issues. The average time to failure for the Type I1l samples was 44
minutes or 53 000 cycles, with a standard deviation of 17 minutes. The average time of
crack detection by TSA was 35.4 minutes or 42 000 cycles, with a standard deviation of
18 minutes, leaving an average time between detection and failure of 8.4 minutes. AE
meanwhile had an average time to detection of 40.5 minutes or 48600 cycles, with a
standard deviation of 27.5 minutes and an average time between detection and failure of
3.3 minutes excluding the N/A tests. AE detected crack growth 13 minutes before TSA

in one test and 4 minutes after TSA in one other test.

Table 7. Type Il test results summary

Test number | Time of TSA | Time of AE | Time of | Comment
detection detection failure

1 0:48 N/A 0:53 No AE activity before failure due to
sensor bonding.

2 0:24 N/A 0:30 No AE activity before failure due to
sensor bonding.

3 N/A N/A 0:44 Issues with sensor bonding and TSA
capture software.

4 1:.04 1:08 1:15

5 0:26 0:13 0:40

6 0:15 N/A 0:21 No AE due to sensor bonding issue.
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In Type Il - test 4 as shown in Figure 38, crack growth is detected by TSA peak stress
location and AE energy at 1:08, represented by the green line. AE shows the accumulation
of machine noise before a shift in gradient at 1:08 which is confirmed by the TSA peak
stress location. Prior to the green line, the change in peak stress location is within TSA
error. After the green line the change peak location is greater than the error, this is when
crack growth is considered detected.
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Figure 37. Type Il — Test 4 sample.

Type Il - Test 7 in Figure 39 showed a large peak in AE activity before a gradual rise in
crack length detected by TSA 32 minutes after the beginning of the test. The AE energy
is low compared to the previous test and the apparent activity starting 13 mins after the
start of the test could be due to the sample slipping in the machine grips or a bonding

issue between the AE sensor and the sample.

58



0.35 . . ————— 35
—S— AE energy —
—&— TSA peaks g
0.3 1, £
[
ey
S
0.25 3
S 125 ©
-O e
> 02 S
: 3
3 12 8
5 0.15 _S
9 ©
0 115 3
0.1 X
©
o)
o
41 ()]
0.05 o
n

O 1 1 1 1 0-5

00:10:00 00:20:00 00:30:00 00:40:00
Time from start of loading (hh:mm:ss)

Figure 38. Type Il - Test 5 samples.

4.2.2 Type IV samples: AM titanium

Ti 64 AM samples were used to apply the proposed monitoring method to a purpose-built
sample with built-in notch and possible built-in subsurface defect as outlines in objectives
4 and 5. The AE sensors were glued with a stronger emphasis on good bonding which
yielded good results with AE being able to capture signals in all tests as opposed to the
Type Il tests. The average time to failure for the Type IV samples was 1:31 hours or 109
000 cycles, with a standard deviation of 24 minutes. The average TSA detection time was
40 minutes or 48 000 cycles with a standard deviation of 24 minutes and an average time
between detection and failure of 51 minutes. The average AE detection time was 1:03
hours or 76 000 cycles with a standard deviation of 17.7 minutes and an average time
between detection and failure of 27.8 minutes. TSA detected crack growth first in three

tests, while AE detected crack growth first in one test excluding N/A tests.
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Table 8. Type IV test results.

Test | Notched | Time of TSA | Time of AE | Time of | Comment
detection detection failure
(h:mm) (h:mm) (h:mm)
1 Yes 0:14 1:20 2:28
2 Yes 0:18 1:13 2:14
3 No N/A 0:30 0:30 Sudden failure. Did not
detect with TSA due to
time between captures
4 No 1:03 1:01 1:04
5 No 1:05 1:12 1:19

Two notched Type 1V Ti64 samples were tested to determine if the method could be
applied to Ti64 with the same geometry as Type Il samples as seen in Table 8. Both
samples displayed a gradual crack growth with one example shown in figure 40. The TSA
detected the change in peak location very early in the tests, over two hours before failure,
while AE activity began 1:15 hour after the start of the test, sample 2 showed a similar
response. Compared to the Type Il samples, AE signals were strong and consistent
throughout the Type 1V tests due to the different material. Literature has identified that
aluminium is known to be a quiet material for AE signals [91]. It is possible that AE could
detect crack growth earlier with a lower threshold to detect smaller hits caused by early
crack growth in the Type IV samples. It should also be noted that the energy levels
captured in the notched Type IV samples was in the order of 5 times larger than the energy
observed in the Type I1l samples. This may be due to the good bonding between the sensor
and the sample along with slow crack growth. The sampling rate for TSA was greatly
increased in Type IV samples to every three minutes on average compared to the 10
minutes between recordings in Type Il samples before AE activity was detected. This
would have increased the chance of TSA crack detection before AE. The crack slower in
the notched Type 1V samples than in the notched Type I11 samples, this also increased the
likelihood of crack detection by TSA. The slow crack growth rate and increased AE
energy levels showed that the proposed method worked better in the titanium samples but
could still be applied to the aluminium samples. The TSA peak stress location in Figure
40 shows the peak location at the beginning of the test at 0 mm, this is due to the fracture
toughness of the material and the plastic zone. Depending on the radius of the plastic zone

created by the crack, the peak stress which is at the centre of the plastic zone will be closer
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or further away from the tip of the crack as seen in Figure 41 [92]. In this case, the stress
starts low, and the plastic zone radius is small. The size of the plastic zone is not taken
into account in the peak stress location when the stress in front of the crack increases later
in the test. The crack can be clearly seen growing through the Test 1 sample as seen in
Figure 42.
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Figure 39. Type IV notched Test 1 result.
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Figure 41. TSA data visualising crack growth Type IV Test 1. The bright area is an area of higher
stress which precedes the crack tip.

Three plain Type IV Ti64 samples were tested to prove the method can detect defects in
samples with no known crack initiation points as seen in Table 8. Previous tests used a
notched sample to provide a known crack initiation point to provide a focus point to
monitor. Without the notch, a crack could grow anywhere on the sample and could grow
at an angle, increasing the area required to be monitored by TSA. However, the lack of a
known crack initiation point is likely in out-of-lab situations where their exact positions
in a part is less well defined or known. TSA could not detect a crack on one sample due
to the capture rate, but cracks were detected in the two other samples. In Test 4, crack
growth was detected by TSA in the last frame, seen in Figure 43, one minute before failure.
The crack is only noticeable by analysing the final frame and does not appear in any
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previous frames. The crack growth rate was much faster in the plain Type IV samples
than in the notched samples, this could be due to a higher loading which increased the

crack growth rate.
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Figure 42. Type IV Test 4 sample TSA recording showing crack growth in red rectangle.

AE detected crack growth in all three samples with Test 5 being shown in Figure 44. A
slow increase in AE energy can be seen throughout the loading until 1:15 when a rise in
energy is detected. This coincides with the crack length increasing two minutes earlier
detected by TSA. A processed TSA recording can be seen in Figure 45 which shows the
location of the crack. The crack tip location is no longer measured relative to the notch
but to the edge of the sample. The reason why the starting peak stress location is close to

0 mm is explained above for the notched Type IV samples.
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Figure 43. Type IV Test 5.
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Figure 44. Crack location highlighted by red rectangle from Type IV Test 5.

4.3 Discussion

In type Il samples, crack growth was detected in 100% of cases by either AE or TSA or
both. TSA detected crack growth in 83% of tests and AE in 67% of tests. The tests where
TSA failed were due to the length of time between capture events, not the technique itself.
The frequency of capture events can be increased to detect rapid crack growth in the future.
The effects of this are shown in the Type IV tests where TSA was recorded every three
minutes instead of every 10 minutes like in Type Ill samples. The crack growth was
tracked with much higher resolution however, a compromise must be made due to the
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much larger volume of data collected which would require a more powerful system to

process and store.

There were no major differences between monolithic and AM samples in signal captured
during testing. AE energy was as quiet in monolithic and AM aluminium, with titanium
showing a much stronger signal and TSA functioned in both monolithic and AM metals.
Because both techniques worked in both monolithic and AM metals, this approached has
been demonstrated as feasible on both. The main difference between AM and monolithic
would be potential initiation points that could be caused by LOF defects, however this
would be heavily dependent on print quality and post-processes used on the material.

In the AM Type 111 samples, crack growth was detected in five out of six tests by either
one or both techniques. TSA worked in 83% of tests, the test where it did not work was
due to similar reasons to Type Il tests. AE worked in 33% of the tests, similar improper

bonding of sensor was the reason for the tests where AE did not work.

Two notched Type IV samples were tested to prove that the method can be applied to
Ti64. Both tests were a success with TSA detecting crack growth two hours before failure
and AE one hour before failure. Three plain Type IV samples were also tested to
determine if the method could detect crack growth in samples with no known initiation
points. Crack growth was detected in all three samples by either one or both techniques,
TSA did not capture it in one test due to time between capture, but AE detected it in all
three samples a few minutes before failure. The bonding issues between the AE sensor
and sample were addressed in the Type IV tests with 100% crack detection by AE before
failure. The notched Ti64 samples showed slow crack growth which could be detected
early by both TSA and AE, this was better than the aluminium samples discussed earlier
where the time between detection and failure were shorter because it increases the
probability of detection and an opportunity to intervene before catastrophic failure. The
reason for the slower crack growth could be due to lower loads applied to the material.
The fracture toughness of aluminium is smaller than that of titanium which could also
explain why crack growth was faster in aluminium than titanium at similar relative loads.
A slower crack growth rate is beneficial to the monitoring method, and new material
should be investigated prior to testing because their material properties could negatively

affect the crack growth rate and decrease the effectiveness of the proposed method.

65



Overall crack growth was detected in all tests where the data capture was successful. The
main limitations with this method were experimental, namely the TSA time between
capture, AE sensor bonding and thresholding. All of which impacted data capture itself.
When data could be captured, both techniques worked together to detect crack location,
growth rate and severity. The first two limitations were addressed with the Type IV
samples, TSA was captured at a much higher frequency and AE sensors were bonded
with higher quality leading to more reliable crack detection and monitoring. AE was
expected to detect crack growth before TSA due to the continuous capture and higher
sensitivity as discussed in Chapter 2.3 compared to the larger TSA capture time interval,
however this was not always the case, and a high threshold value was believed to be the
reason. A smaller threshold for AE hit capture could increase the probability of AE
detecting crack growth before TSA as was expected and solve the final limitation. AE
was able to detect crack growth reliably by monitoring for the energy released by crack
growth 33 000 cycles before failure on average, which leaves time to a part to be replaced
before catastrophic failure. TSA meanwhile could detect crack growth 61 000 cycles
before failure on average but requires continuous processing to detect the crack before
too much time is elapsed. The raw IR data was processed after the sample’s failure for
this study, but continuous monitoring would require the raw IR data to be processed
immediately after capture to provide timely crack detection in-situ. Depending on the size
of the raw footage, a powerful computer may be required to speed processing and

therefore capture rate.

The time between capture of TSA recordings is a compromise between volume of data
collected and the possibility of missing an event. The TSA capture was manually
triggered in this study but could be automated. The optimal timing could be investigated
by testing samples with a high capture rate, and determining how many capture events
are needed to detect crack growth by reducing the number of used recordings to simulate
a slower capturing frequency. The crack growth rate is highly dependent on loading
parameters and material properties and should be considered when determining the
optimal capture frequency. A slower crack growth rate would not require as fast a capture
frequency as a faster crack growth rate material because there would be a higher
probability of capturing crack growth before failure. In Type IV — Test 1, 22 GB of raw
TSA data was captured. This is acceptable for a lab setting but would be too much to
continuously monitor multiple parts at once in a system without an expensive set up to

collect, store and process the raw data. The raw frames saved in this study were windowed
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down frames with 120 x 480 pixels, however, not all the frame was needed, and
background pixels could have been dropped to reduce the overall volume of data. This
would have to be done on a case-by-case basis for each part being monitored but would
enable a cheaper system to be used to handle the data. The raw data does not need to be
stored once it has been processed, a single processed frame is outputted from 3750 raw
frames (based on a 30 second recording at 125 Hz). The resolution of the IR camera could
be reduced at the cost of location accuracy, this compromise may be preferable in some
applications where many IR sensors are required to reduce the volume of data and speed

processing time.

Multiple AE sensors could be glued to the sample to not only increase the data collection
reliability in case one sensor is not glued on adequately but also to provide linear crack
location and machine loading noise removal. A sensor could be placed on either end of
the sample to provide the location and another sensor placed on either grip to provide the
machine noise. This was not possible in the current study due to equipment constraints

but would be achievable with multi-channel capable equipment.

AE data storage and handling can also be an issue. In Type IV — Test 1 AE collected 7.9
GB of data. The whole waveform was saved however only the energy released was used
in the results. There is potential to reduce the volume of data by extracting the energy as
the waveform is being captured and only saving the energy. However, doing so may
increase saving time and reduce the amount of potential waveform captures in a given
amount of time. With the current recording parameters, system and processing power,
saving the waveform takes 0.7 seconds, extracting the energy value from the waveform
may increase the time to save each hit slightly by requiring an additional operation to
each waveform but would drastically reduce data volume. Another method to reduce AE
data volume would be to take 25 parameters that define the waveform using Chebyshev
descriptors [73]. This method does not require large computing power and means the
waveform can be discarded almost immediately after capture to save storage space. This
method has proved sufficient to describe variations from calibration waveforms and can
be used to reduce the computational power and storage required to continuously monitor

parts.

Applying the proposed continuous monitoring method to parts could also enable safety

factors to be reduced. If the part is continuously monitored it may not need the large safety
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factors it once needed, meaning the part could be lighter and cheaper at the cost of a
monitoring system. The AE set-up used in this study cost 20 000 NZD and the IR
microbolometer used was 12 000 NZD, however this is a laboratory system. The cost of
sensors is lowering at a steady pace and chip-based sensors could be used in situation
where their characteristics are enough for the application. There is potential to make
cheap systems when prices drop, and components become more refined. The
PureThermal Mini Pro JST-SR (with FLIR Lepton 3.5) is an example of an IR camera
that could be used with a cost of 740 NZD and a thermal resolution of 50 mK similar to
the IR microbolometer used in this study [94]. An Arduino UNO could potentially be
used to collect AE data at a cost of 44 NZD instead of the Picoscope used in this study.

Due to issues in capturing data, some cracks have gone undetected by one or both methods.
The main limitations have been identified and were addressed in Type IV samples to yield
a much higher crack detection rate with early detection of crack growth. There are still
limitations such as rapid crack growth causing catastrophic failure which is difficult to
detect using TSA due to the short window between crack initiation and failure. Rapid
failure was more prominent in samples under a high cyclic load such as Type Il samples
and samples with no know initiation sites as seen in Type IV tests. Because of these
limitations, consideration to the application of this method should include parts that can
tolerate some undetected crack growth without failure until the method is refined counter

the limitations.

All objectives laid out in Chapter 1.2 have been achieved except the final one which was
to detect subsurface defects in built-in AM samples. AE inspection, equipment and
methodology was developed for crack detection. The independent methods and
processing for TSA and AE were developed before being implemented together in Type
Il and Type Il samples with the updated method being used in the Type IV samples.
Type 1V samples with built-in subsurface defects were manufactured but the defect did

not materialise in the samples as discussed in Chapter 5.2.
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Chapter 5

Conclusion and future work

5.1 Conclusion

A new method combining TSA and AE to monitor cyclically loaded metal parts for crack
growth was presented and experimentally tested. Combining TSA and AE increased the
chance of crack detection, location of crack initiation and a measure of crack severity in-
situ. The TSA can provide the location and monitor crack growth rate but cannot detect
cracks that are deep under the surface that do not affect the surface stress field, while AE
can detect deep cracks but cannot locate them. Combining the two has not been done
before in such a way for crack detection and monitoring. The method proved successful
in detecting cracks in all tests with monolithic and SLM printed metals when the
techniques were applied correctly. Notched monolithic aluminium sample were used to
develop the method while SLM printed aluminium samples were used to prove the
method can be used in AM metals. Finally, the method was applied to SLM printed Ti64
samples to prove it can be used in another material both when a notch is present in the

sample and without a notch.

The importance for good bonding between piezoelectric sensor and sample surface was
shown during the Type Il and Type 111 tests with multiple tests failing due to inadequate
bonding. This can be remedied with removing and re-bonding the sensor on which
worked well during the Type 1V tests, but a way to reliably bond the sensor the first time
with glue should be investigated. The sensor could be bonded a different way using
mechanical fasteners or other methods as presented in Chapter 4.3 to remove the
uncertainty of glue bonding. The timing of the TSA capture should also be investigated
as mentioned in Chapter 4.3 because it caused multiple tests to fail because crack

initiation and sample failure occurred between capture events.

This study has proved that this combined approach can be applied to metal parts that are
under cyclic loading. It could then be applied to any part undergoing such loading with
the area of interest on the surface being visible by TSA and accessible for an AE sensor
to be bonded. If the part is designed with this method in mind, a dedicated bonding point

could be manufactured directly on the surface to provide a good interface for the
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piezoelectric sensor. The surface should also be able to be painted with matt black paint
to enable a high and uniform surface emissivity for TSA.

5.2 Future work
Multiple areas in this study showed the need for further investigations.
5.2.1 Designing new purpose-built samples

Samples with built-in defects should be investigated. Type IV samples with a subsurface
defect were planned but the defect did not appear in the samples after manufacturing.
Subsurface defects should be able to be detected by both techniques used in this method
up to a maximum depth by TSA. It was seen that pores are present in the microstructure
of the material and their effects on crack growth should be investigated.

A series of Type IV samples were manufactured with a built-in defect; however, this
defect did not materialise in the sample after manufacturing. The expected layer thickness
was 20 um and the defect was planned to be two layers thick or 40 pum to replicate a LOF
defect. Micrographs were extracted from the Type 1V sample in Figure 47 which came
from the centre of the sample as seen in Figure 46. The surface of the sample was prepared
with a 500 grit SiC plate, a diamond solution with particle size of 9 um and a silica
solution (OPS) before being etched with Kroll’s reagent (2%HF, 6%HNO3 in distilled
water). A defect in the form of porosity should be present in the middle of Figure 47, but
no defect can be found. As the defect did not affect the stress distribution in the samples,
they were considered as plain. The reason for the absence of the defect is unknown at
present and requires further investigation. The microstructure does show the presence of
porosity within the material structure as highlighted in Figure 48. The defect inclusion in
the sample should be investigated in the future with thicker defects to be manufacturable

with the current printing parameters.

Figure 45. Location of the micrographs seen in Figure 47 on Type IV samples. the micrograph is
taken from the top side of the sample and is represented by the blue rectangle.
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Figure 46. Two micrographs from the centre of the Type IV sample with planned defect. The
defect should be visible between the red lines.

Figure 47. Type IV sample micrograph. Pores are highlighted by blue rectangles.

5.2.2 Designing a purpose-built monitoring system

The boundaries of suitable applications for this approach should be investigated. E.g
which material and industries where a defect of a detectable size is tolerable, acceptable
specifications for monitoring systems, lowest IR camera resolution to detect crack growth,
etc. Designing a cheaper system using chip-based components could be a viable way to
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reduce the cost, size and weight of the set up to enable monitoring of larger systems at an
industrial scale. Reducing the amount of data required for crack detection and monitoring
should also be investigated. Reducing the size of the frame captured by TSA could reduce
the data required if the defect initiation site is at the centre of the frame. Calculating and
saving the energy for each AE waveform captured could also decrease data volume but
may increase the time between captures because of the additional processing required.
Current chip-based IR cameras have a slower capture rate than other microbolometers,
however TSA has been shown to be possible with slower capture rates and loading
rates[31; 95]. Non-cyclic loading should also be investigated to determine if the proposed
monitoring method could be applied to applications undergoing such loading [38].

The issue of bonding the AE sensor to the sample surface can be remedied in future work
with designated built-in mounting points in the parts to provide a good connection
between the part and the sensor. Sensors could also be imbedded in AM parts during
manufacture to ensure a good interface between the sensor and the material. This has been
done previously in composite materials where Polyvinylidene sensors (PVDF) were
embedded in fibre glass and resin composites samples that were tensile tested [96]. It was
found that the amplitude of the signals captured by the embedded sensor were higher than
the ones without an embedded sensor and that the mechanical strength of the material was
only negligibly decreased by the presence of the embedded sensor. Recently a study has
considered embedding a PVDF sensor on aluminium by using ultrasonic AM to bond the
sensor to the surface [97]. A pocket in the sample is milled to create room for the sensor,
it is installed in the pocket and a layer of aluminium foil covers the sensor. This foil is
then ultrasonically welded to the aluminium sample, effectively embedding the sensor
between the foil and the sample. This technique allows sensors to be embedded without
using high temperatures which could potentially damage the sensor or introduce localised
heat treatment to the sample. Although it could not be used for AE as is, other
piezoelectric sensors could possibly be embedded in metal samples using this method.
This would work well in AM metal samples where the pocket could be designed in the

part removing the need for it to be milled.
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Appendix A

optris Pl 640i ptrﬁ|s

Features:
G40 x 480 pixels

Thermography
in VGA resolution -

=  Superb thermal sensitivity of 40 mk
Radiometric video reconding with Hz / 125 Hz in subframe mode
Interchangeable lenses: 15°, 33°, 60° and 90°

Licence-free analysis software and complete SDK inclusive

Technical specifications

Optical respltion 640 x 450 pixzl=
Defecior FPA, uncooled (17 jm x 17 pm]
Zpechal range B-14 ym
Tempersiure rnges =20 _100=C, O ... 250 C, {20 150 ... 900 =C%
optional bempersiure range: 200 _ 1500 =C
Frame rsie 32 Hz [ 125 Hz @ 640 x 120 pixels
Optics (FOW)] oz 11" FOV I = 41.5 mm or
35" x X5 FOV | = 18.7 mm or
60" x 45~ FOV | = 10.5 mm or
90" x 64~ FOV | = 7.7 mm
Thermal s=n=itiity (NETD) 40 miK
Asuracy =7 "C or +2 %, whichever is grenier
PC inlerface UEB 2.0 ! optional UEA GigE [PoE) interface

Process intesface [PIF),
=iandsed

01— 10V irgest, digital inpro (e, 24 V), 0—10 ¥ outpu

Process inkerface: [PIF), 2x 010V inpa, digital input {max. 24 V),
ndusiral dx 68 — 20 miA outputs, 3x relary [0—30 V! 400 mé], fait-safe relay
Caizle bengih (LIEE] 1 m jaiandsed], 5m, 10 m, 20 m

5m and 10 m also =3 high temperature USS cable {150 or 250 *C)
Ambient tempe rahu re 0..50=C
Elorage fempemture —40.. B=C
Relative humidity 20-560 %, ron-condenzing
Enclozure (size [ raling]) 46 x 56 x T6— 100 mm [diepending on lens + focus position) | P67 (NEMA)
Weight 2649 - 340 g [depending on lena)
Bhock | Vibmiion 3 |EC 60068-2-27 (255 and 50G) !

IEC 6006826 [sinus shaped), IEC 60065-2-64 |broadband noise)
Triped mount W~ UNC
Power supply vim UZ8
Zcope of supply = USE camera with 1 lens

= USE cable (1 m)

» Table tripod

» Standard PIF with cable (1 m} and terminal block

= Softwsrs pacinge oplris PIX Cornect

= Hard Fransport caze

For firther information s well a5 fhe gl
provisst comfigurator, pleese wist ¥ Fior more debils see opersior's manus]
warn.opdsis.globalffiermalims 550

Opfris GmbH - Ferdinand-Buisson-5tr. 14 - 13127 Berlin - Germany
Phone: +40 20 500 107-0 - Fax: +40 20 500 187-10 - Email: sales@optris.ghebal - www.optris.global
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Appendix B

ico

Technology

PicoScope® 3425

DIFFERENTIAL PC OSCEILEOSCOPE

//lgh%q ﬂoatlng measurements

’b -

WAL
AL 2
PR IR LA LR A X PP AT S DALY

LG r-¥

4 channels

o e—— —— 12-bit precision
e // —— = 5 MHz bandwidth
20 MS/s sampling

Spectrum analyzer

J/
o o
B i

Advanced digital triggering

400 V differential and
common-mode range

USB 2.0 Hi-Speed

Supplied with a full SDK including example programs = Software compatible with
Windows XP, Windows Vista and Windows 7 = Free technical support

5’-"-,‘_\ www.picotech.com
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PicoScope 3425 4 annel Differential Oscilloscope - Specifications

Boowan (3d) 5 iz (3 Mz on 100 mV range)

20 MS/s
10Ms/s

5MS/s

 Differential voltage
Selectable AC or DC coupling
Touch-proof BNC connectors and 4 mm GND sockets

£100 mV to £400 V in 12 ranges

0°C to 40 °C (20 °C to 30 °C for quoted accuracy)
Minimum 5% RH

Maximum 80% RH non-condensing, decreasing linearly to 50% at 40 °C

No pollution, or only dry, non-conductive pollution

port
4.6 V10 525V DC @ approx. 500 mA
No external power supply required
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Appendix C

MISTRAS . ..ccsmem

N A World of NDT Solutions

Division

PHYSICAL
ACDUETICS

CORPORATION

Mano30 Sensor

Medium Frequency Resonant Miniature Sensor

DESCRIPTION AND FEATURES

The Mano-30 ministure AE sensor has & resonant
response at 300Khz and a good frequency response
over the range of 125 — 750 kHz. s sire makes the
sensor an ideal candidate for applications where small
size isimportant. The sensor features a small, 1 mester,
integral coax cable, which exits from the gide of the

sensor with a BNC connector on the end.

APPLICATIONS
The sensor can be used in any application requiring a

small, mid-band frequency response. It can easily be

maunted wing epony and can be mounted in small

OPERATING SPECIFICATIONS

Dymamic

Peak Sensithty, Ref W mfs) .
Peak Sensbivity, Ref Vipbar.
Operating Freguency Range
Resonant Freguency, Ref Vi Tm/'s]
Resonant Frequency, Ref Vifpbar.

125-750 KMz

... 140 KHE
300 KHz
4= 1.5 di

Emwironmental
Temperature Fangs

Shock Limit ..
Completely enclosed crystal for RFEMI smmanity

Physicad

imensions -03"0DX0.3%H
8 mem OD X 8 mm H
2 grams (& with cable & connector]

Staindess steel

. Face Material Ceramic
and tight spaces.
-!- ™ S04 = 8 P Conmector_... =
COnPBCEOr LOCIEION. oo oo e cemseemmses s e Sade
2280
b - ORDERING INFORMATION AND ACCESSORIES
Mano30,
Cable [specify cable length in meters).
Freamplifier..
Amplifier Subsystems .
Freamp to System Cable (specify length in “m'}
Sensors inciude
MIET Callbration Certficate & Warranky
&0
] r
B .
e B ™
; 100 h
- ")
E .o 2
g 20
130
140 T
0 02 04 06 0B 1 12 14 18 {r’“\
Fraquancy [MiHze| Y
WADRLIMVMIDE HEADOQUARTERE: CAMADA T +1 403 558 1350 HOLLANHD T +31 080 345 0325 RUBSILA T #7405 TEG. 4545
05 Clarksville Fd + CHIMNA T. +B5. W0 SET7 3631 IND#A. T +01 22 2586 Dddd ECANDINANIA T -46{0)31 252040
Princarion Joi, MU 08550 - UEA FRANCE T. +331 43¢ 26040 JAPEN T +B81.33.498.3570 ELANERICA T #56.11.3082.5111
T +1500.7T16.4000 -F: =1.60% 7160708 GERMANY T +45 040 20003025 AL &Y EAA, T +B609.517.3728 UK T =44j0}1 054 234 612
E-MAIL- salis Syaamsil Msrasgriup. Com GREECE T +30.210. 28458014 MEDDLE EABT T +073.17.7200358

Spacificariong webje 1o changs with out notics. Copyright & 01 MISTRAS Growug, inc All Rights Resenvad.
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