Chapter 12
Thermographic NDT for Through-Life
Inspection of High Value Components

Sri Addepalli, Yifan Zhao and Lawrence Tinsley

Abstract Non-destructive testing (NDT) are techniques used to detect and char-
acterise flaws that occur in materials from manufacture through to evaluating the
health of the material without causing further damage to the component. With the
development of cutting-edge technology over the last two decades, active ther-
mographic NDT has grown considerably as a field. Access to lower cost, more
portable hardware with higher performance has fuelled a major drive in research to
develop analytical techniques and widen the applicability of thermography in order
to exploit its advantages as a low-cost and non-contact inspection technique. While
passive thermography is a heavily standardised process, active thermography is
considerably lacking in industrial standards. Development of these standards rep-
resents an opportunity for research in the field of active thermography to be a part of
that process. Recent industry pressure regarding research in NDT has developed a
demand for NDT techniques to be quantifiable, and linked directly to material
properties, thus allowing an estimation of remaining useful life (RUL) in order to
maximise product value. There have been significant research developments in the
field over recent years. Through developments in signal processing of thermogra-
phy data, inspections would enable repeatable, quantifiable benchmarking of
samples, which would allow automation of carefully controlled quality checks; and
the measurement of thermal properties of the material, which would allow esti-
mation of components’ RUL. Addressing these challenges would increase the
deployment of thermography in industry, enhance the toolset of through-life
engineering, and significantly improve the competitiveness of industries which
embrace these developments.
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12.1 Introduction

The 20th century has seen a rapid increase in the production of smart and inno-
vative systems. Thanks to the developments in the area of applied computing which
has revolutionised design of systems right at the component level. Age old tech-
niques have now been replaced with a modern outlook to bring in the best per-
formance that particular system can provide. With the introduction of such next
generation parts comes the responsibility of maintaining them so that their life can
be increased. This also means that, with the refinement in the design and manu-
facture of such complex engineered parts, traditional maintenance techniques need
modification to help maintain the integrity of such systems thereby extending the
life of the component and preventing any premature failure during service.
However, with smart and advanced systems, implementing advanced maintenance
techniques is the way forward.

Non-destructive testing or NDT has a major role to play in the maintenance
activities of manufacturing and maintenance industries as they help assess the
health of the component there by advising any additional repair that may be
required by the component and or the system. Due to its nature of not altering the
structural integrity of the component, and ability to determine the health of the
component remotely using scientific methods, NDT has found its way into the
industrial sector making huge maintenance savings. With the introduction of
advanced innovative materials and products, it is a challenge for age old traditional
NDT techniques to be able to provide concrete information about the health of the
system. For example, detecting disbonds and monitoring their growth especially in
graphite based composites might be a challenge for traditional NDT techniques
where advanced techniques such as thermography and immersion pulse-echo
ultrasonic technique might be the only way forward [1].

With the introduction of next generation systems that are far more advanced and
superior than the existing counterparts, the industry is forced to look for supporting
maintenance systems that could help cater the service needs those complex engi-
neered systems might need in the future. With complete shift in service strategies
where the service burden has fallen back to the manufacturers [2], high value
manufacturing (HVM) industries are turning to cheaper and intelligent automated
systems that could provide fast and reliable service critical decisions that reduces
service lead times and improves confidence in understanding the health of the
system during maintenance.

The current focus for HVM based industries is to develop smart and innovative
maintenance solutions for their advanced parts that are currently in the research and
development stage so that the maintenance technologies mature with time and are
ready for use when such parts get into mainstream market. It should be understood
that with the advent of advanced manufacturing systems such as additive layer
manufacturing, there is a huge challenge to understand the behaviour of such parts
in harsh environments and hence it is of utmost importance to have maintenance
technologies in place that could investigate the health of parts during service.
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Furthermore, it is key to retain that tacit knowledge and convert the maintenance
activities into an intelligent decision making system whereby repair strategy deci-
sions could be automated through the access of knowledge based database systems,
thus performing the entire maintenance activity autonomously with a high level of
reliability. This chapter mainly presents an alternate automated inspection approach
where the entire activity right from inspection to analysis is fully automated.

12.2 Automation Approach

Within the area of material degradation assessment, there has been constant
development in automating the data capture with evidence especially in the HVM
context. Literature does show the use of advanced signal and image processing
techniques and key challenges to integrate technologies that use temperature
measurements and relate them with material properties [1, 3, 4]. There are many
advantages in the use of pulsed thermography, an active thermography technique,
where a surface temperature decay curve response due to flash heating brings in
sub-surface anomalies as surface temperature colour maps there by providing
enhanced structural information of the part being inspected in a non-destructive
manner [3-7]. Together with automation, this NDT tool provides a much faster,
repeatable and reliable inspection process leading to reduction in repair and other
maintenance strategies for such HVM parts.

Figure 12.1 below is a process flow diagram explaining the automation
approach that has been successfully implemented as part of the research in the area
of HVM component degradation analysis. The automated inspection process which
starts with the operator starting an industrial robotic arm to pick the part; in this case
the robot follows a pre-defined tool path. Once the part is picked up, the robot arm
presents it to the pulsed active thermography system ready for inspection. As soon
as the part arrives to the predefined inspection position, the inspection system
triggers an optical pulse flash followed by the infrared camera (part of the
inspection system) capturing the surface temperature decay profile of the part. The
surface temperature data now goes through a post-processing stage, where it gets
reconstructed using the thermographic signal reconstruction or TSR method [8—10].
The data then gets transferred and saved on to the cloud. The in-house analysis

Fig. 12.1 An automated pulsed thermography inspection system
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software, then retrieves the post-processed data from the cloud, and sifts through
the data and presents it in the form of infrared images or thermograms and tem-
perature time plots. Thus the entire system in effect becomes a one click system
where the entire process right from part presentation to the inspection system
through to the final analysis is fully automated. The main highlight of the system is
its ability to autonomously perform the inspection to a user defined process, where
the sentencing of the part can be achieved by easily providing a temperature
threshold which increases the signal-to-noise ratio or SNR of the system which then
clearly identifies the damage area. This technique benefits from not just the multiple
visualisation techniques employed to represent the acquired data, but also the
adaptability of the inspection system to be mounted on to the robotic arm thereby
building the systems capability to inspect large components. Another additional
feature of this method is the ability to present a complex geometry part in
pre-defined multiple angles maintaining repeatability of part presentation and to
cover maximum surface area especially around curvatures.

12.3 Multiple Data Visualisation Techniques

For demonstrating the strength of the inspection technique and its ability to be
represented in multiple visualisation techniques, carbon fibre reinforced polymers
or CFRP laminates having varying levels of controlled impact damage was chosen.
The following sub-sections describe the laminate, the impact test and the pulsed
thermography inspection results.

12.3.1 The Impact Test

CFRP laminates made of unidirectional fibres with Hexcel M21 resin were made
through autoclave process and were cut to samples of 150 x 100 x 4 mm. These
laminates were then subjected to a drop test using the instron drop test machine for
pre-defined drop energy levels between 5 and 30 J. The drop hammer had a
hemispherical indentor of 16 mm diameter and weighed 2.281 kg. Energy levels
were calculated based on the drop height where the energy equivalent (E) can be
calculated using the equation;

E=mxgxh (12.1)

where, m—mass of the indentor = 2.281 kg; g—acceleration due to grav-
ity = 9.81 m/s” and h—the drop height in meters.

For the purpose of this study only three energy levels, 10, 20 and 30 J were
selected to present the results. The full detailed information of the work and the
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complete set of results can be found from Zhao et al.’s paper on coefficient clus-
tering analysis for composite laminate impact damage assessment [11].

12.3.2 Pulsed Thermography Results

The drop test machine produced visible damage on the laminates as seen in
Fig. 12.2 below. It was noticed that the 10 J impact did not show any direct surface
breaking damage other than a physical deformation, however the 20 and 30 J
laminates showed associated surface cracking which is dependent on the drop test
energy level. To understand if the damage could be detected in the first place, the
laminate was subject to pulsed thermography inspection. It should be noted that the
inspection was performed from the back surface and not the impact side. The pulsed
thermography system comprised of 2 xenon flash lamps enclosed in a reflective
hood and powered by a capacitor bank system, a computer control unit and a FLIR
SC7600 indium antimonide (InSb) sensor based infrared radiometer operating at
wavelengths 3-5.1 pm.

Pulsed thermography could be described as the technique that observes the
surface temperature decay profile when excited with an instantaneous heat pulse. It
has been demonstrated that when a homogeneous material cools, the heat diffusion
through the material which is dependent on its thermal conductivity is constant and
thus the surface cools evenly. As soon as a discontinuity occurs along the heat
diffusion path, there is localised change in diffusion which appears as either a hot or
a cold spot on the surface temperature. Thus the surface temperature at a time (T(t))
can be determined using the following equation [12];

x 2L2
1+22R”exp<— %)] (2)
n=1

where Q—heat pulse energy, p—material density, c—materials specific heat
capacity, k—thermal conductivity of the material, L—defect depth, o—thermal
diffusivity and R—the air gap interface’s coefficient of thermal reflection. This
equation describes the heat flow through a semi-infinite homogeneous plate where
the heat decay characteristics are governed by the plate’s material property. It has
also been established that when a time temperature plot is produced in the loga-
rithmic domain, the slope for a standard area occurs with a slope of —0.5 and for
that of the damage will deviate from the this value [13].

The result obtained from a 30J impact sample (see Fig. 12.3) shows that the
damage created due to the drop test is clearly visible with the highest damage being
represented by the red area in the image. As mentioned above, the curve repre-
senting the sound area has a steady cooling characteristic over time with damage

Q
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Fig. 12.2 Individual laminates showing the impact area (adapted from [11])
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Fig. 12.3 RAW Thermal data from 30 J impact sample with the thermogram on the left and a
representative temperature time plot on the right (The coloured curves in the plot are data points
obtained from pixel locations represented by colour markers from the image on the left) (adapted
from [11])

areas showing distinct deviation from the curve obtained from the sound area as
established in the literature [14—16]. It was also noticed that the maximum damage
in this case was around the impact area and not directly at the indentor contact point
as seen from the visual image above (see Fig. 12.2).

12.3.3 Damage Area Measurement

One of the key areas of algorithm development was to present the ability of
measuring the damage area where visualisation in the binary form is used to
measure the damage shape. The following visualisation was created from laminates
that have undergone varying energy impact test.

From the binary maps (see Fig. 12.4) the damage area was estimated to be
154.92, 648.84 and 1283.04 mm? for the 10, 20 and 30 J laminates respectively.
Further, reconstructed visualisation produced the images showing varying damage
levels created during impact (see Fig. 12.5).
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Fig. 12.4 Binary visualisation for impact tested laminates
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Fig. 12.5 Damage visualisation of the reconstructed data from the coefficient clustering analysis
(CCA) method

0.03 104 0.03 200 1 0.034 304 1
+ Souncan | | |

000 9.00 0,001

003 o 003

o o’ L

008 0084 008

008 .09 0.09

o124 012 012

08 08 £33 0.0 03 Fr) 08 £3 o0 k] e 08 03 00 o3

Fig. 12.6 Scatter plot obtained from the first and second order coefficients for all impacted
laminates

12.3.4 Coefficient Cluster Analysis (CCA)

The following is the data obtained from the coefficient cluster analysis or CCA
method where the scatter below is obtained from selecting the regions around the
impact area for a size of 200 x 200 pixels.

The principle of the CCA method is to use a low order polynomial model to fit
the raw temperature decay curve initially, and then a clustering method is applied
into the scatter between the identified parameters to classify the pixels from sound
and damage areas. As shown in Fig. 12.6, the x and y axes denote the coefficients
of the first and second order terms. The grey dots are classified as the pixels
from the damage area and the black points are the pixels from the sound area.
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The results from the clustering can then be reversed back to the space domain as
demonstrated in Fig. 12.4.

The results presented in this section are from a case-study where CFRP lami-
nates were subjected to impact damage and inspected using pulsed thermography. It
was found that the information obtained from the inspection could be presented in
the form of thermograms and temperature time plots for selected pixels, which has
been well established by various studies [8, 10, 16]. In addition to the established
techniques, this paper presents additional visualisation techniques where damage in
a localised area could be plotted as against single pixel information [11]. Further the
reconstructed data showed the overall damage area and provided a much better
differentiation between primary and secondary damage when compared with the
data representing sound area. It was also established that in this case, the damage
area continued to grow with increasing impact energy. This was also visualised
from the scatter plot (see Fig. 12.6) where the scatter for the damage area continued
to increase with impact energy.

12.4 Summary

This chapter presents the developments in the area of automated thermographic
detection by providing an overview of the entire automation process right from
picking the part all the way to the post analysis and the associated tool sets that will
help the operator make those critical decisions as part of the inspection process. It
has been demonstrated that, in addition to the strength of the inspection technique,
there is continuous development of tool sets that help visualise data in a way that
can be easily interpreted. All the visualisation tool sets were developed in-house
and the results were compared with standard commercial systems that can validate
the original inspection data. It is the aim that these developments will enhance not
just the decision making capabilities but also provide a higher confidence level
when it comes to sentencing the part especially during maintenance through
automation.
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