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A carbon fibre reinforced plastic (CFRP) adhesively bonded single lap joint sample is used for comparing the
detection of different defect types using pulsed phase thermography (PPT). Firstly, a polytetrafluoroethene
(PTFE) insert, of the type widely used to simulate defects in composite materials, was added to the bond line
of the joint. Liquid layer kissing defects were simulated using silicon grease. PPT clearly identified the PTFE
but not the silicon grease contamination. The PPT identified the silicon grease defect when the joint was
loaded. It is postulated that kissing defects can be detected using thermography if a small load is applied to
the joint, as loading opens the defect and produces a gap that provides sufficient thermal contrast for
detection. Thermoelastic stress analysis (TSA) is used to validate the approach. On-site application is
addressed both in terms of the load application and the use of low cost infrared (IR) detectors.
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1. Introduction

Sensitive and reliable non-destructive methods of detecting defects
in adhesive bonds must be identified to enable adhesive bonds to be
used in primary structural roles. Such non-destructive evaluation
(NDE) approaches should be suitable for use in the field and provide
efficient and rapid inspection over potentially large areas.

There are several types of defects that can occur in adhesive
bonds. These defect types can be broadly split into three categories:
voids, inclusions and low volume/kissing defects. Voids and inclu-
sions are relatively easy to detect using a range of NDE techniques
as they generally have different properties to the surrounding
materials. A variation in material density greatly aids defect detec-
tion when using ultrasound, where as a variation in heat transfer
properties enhances the thermal contrast for detection using ther-
mographic approaches. The final, and most elusive, type of defect
may be called a low volume defect or kissing defect [1].

A kissing defect can be defined as the improper adhesion of
adhesive to adherend. Physically, kissing defects are low volume
defects that have material properties that are similar to the sur-
rounding materials and therefore do not provide sufficient con-
trast to be detected using typical NDE procedures. There are
several theories [2] of the cause of kissing defects, including:
contamination, improper adhesive curing or mixing and variations
in environmental conditions during joint construction.
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In the present investigation it was necessary to define a means
of creating simulated kissing defects in known locations. It has
been suggested that simulated kissing defects can be produced in
two ways: dry contact and liquid layer [1]. The dry contact bond is
achieved by compressively loading an adherend to precured
adhesive to achieve intimate contact with zero adhesion across the
entire bond. Dry contact defects have been investigated using
ultrasonic techniques [3-5] where the nonlinearity of the response
was found to be inversely related to the amount of compressive
load, i.e. the degree of contact of the two surfaces. A liquid layer
kissing defect is created by adding of a small amount of con-
taminant to the bond line, e.g. [6,7]. This type of simulated kissing
defect is more realistic in terms of adhesive bonds as it can be
introduced to just part of the bond with the surrounding area
bonded. Ultrasonic detectability of liquid layer defects have also
been investigated [1] using basic c-scans on a realistic bond and
with compressive loading applied uniformly across the bond area.
It was found above a low level (5 MPa) of compression that the
reflection coefficient is reduced for the defect thus decreasing the
likelihood of detection if any leakage path exists for the liquid
layer to escape through. Where this liquid layer is contained the
increase in pressure reduced the reflection coefficient more gra-
dually. The literature shows that NDE of adhesive bonds is typi-
cally carried out using ultrasound. However, ultrasound is a gen-
erally a time consuming process often requiring coupling with the
material to obtain the highest sensitivity.

There have been some applications of thermographic approa-
ches to the identification of defects in bonded joints, e.g. [8,9] ,
however these have been based on identification of a region of
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distinct differing thermal properties, such as flat bottom holes, air
gaps, full delamination and inserts. Kissing defects contain far less
thermal contrast than has been created in these cases. Pulsed
thermography (PT) data may be processed into pulse phase ther-
mography (PPT) phase data to enhance the detectability of low
contrast defects via use of a fast Fourier transform (FFT) [10].

While promising results have been obtained using ultrasonic
approaches, the purpose of the present paper is to investigate an
alternative method for identification of kissing defects based on
thermography. Liquid layer defects in bonded joints are investigated
and it is demonstrated that the defects can be classified as kissing
defects. A comparison of the thermal response from a PTFE insert,
representative of a typical composite calibration sample, and the
simulated kissing defects is described. As PPT relies on thermal
contrast between the defect and bulk material of the joint, the work
investigates if the application a small load can help identify a kissing
defect. A literature review has been conducted to ascertain if such a
proposition has been explored previously. A US patent has been filed
describing an idea [11] but no subsequent research or experimental
proof of concept is in the public domain. For validation purposes
thermoelastic stress analysis (TSA) [12] is used to analyse stress fields
on the surface of the joints. A single lap joint configuration with
simulated defects in the bond line is used so that TSA and PPT could
be carried out whilst loading in a standard servo-hydraulic test
machine. A finite element model establishes the minimum gap the
loading must produce to provide sufficient thermal contrast for kis-
sing defect identification. Finally, the feasibility of using a vacuum
loading to open a kissing defect is investigated.

2. Experimental procedure
2.1. Thermographic techniques

2.1.1. Pulse phase thermography

PPT is an active thermographic method where a pulse of heat is
applied to the surface of a component and the thermal evolution
on the surface is monitored using an infrared (IR) detector [13,14].
The current work focusses on the use of PPT in the reflection mode
shown in Fig. 1a with heat source and detector focussed on the
same surface of the component [15]. Reflection mode requires only
single sided access making it versatile and suited to a wide range
of on-site applications. Heat is pulsed onto the surface of the
component. The surface temperature decays as the heat front
propagates through the thickness of the material. If the heat
transfer properties below the surface are laterally uniform across
the observed area, the surface temperature will decay uniformly. If
there is a region of different thermal properties this will cause a
change in the rate of heat transfer through that region and result
in an area of different temperature on the surface directly over this
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region [16], as shown in Fig. 1b. This region of different thermal
properties may be a defect within the material. Direct analysis of
this thermal data is known as PT. In PPT the thermal data is pro-
cessed using a FFT. Phase values are produced with reference to a
generated sinusoidal wave. The frequency of the wave is selected
to be appropriate to the material and geometry of the component
being tested. A range of frequencies is typically used to inspect the
full thickness of a sample, as in lock-in or modulated thermo-
graphy [17]. The extraction of phase data typically enables deeper
and more sensitive probing of the component as experimental
variations such as uneven surface heating and optical surface
features are removed [18].

2.1.2. Thermoelastic stress analysis

In TSA a component is usually subjected to a cyclic tensile load
within the elastic region of the sample. An IR detector is used to
monitor the surface of the component. The cyclic load induces a
small temperature change due to the thermoelastic effect [19]. The
temperature data collected may be related to the sum of the
principal stresses, A(6; + 03), using,

T
AT=-2% Aoy +0 1
P (61+07) (D

where AT is the temperature change, T is the absolute tempera-
ture of the surface of the material,  is the coefficient of linear
thermal expansion, p is the density and G, is the specific heat. Eq.
(1) is only valid where the temperature change occurs isen-
tropically (i.e., no heat transfer, plasticity, dissipation etc.). It is also
assumed that material properties are such that they are inde-
pendent of temperature. The thermal data is processed using a
lock-in amplification routine with the applied cyclic load used as a
reference signal. Therefore the magnitude and phase of AT are
obtained. The phase data contains information about the syn-
chronisation of the loading and the thermal response.

2.2. Sample preparation

Single lap joints were manufactured from [0, 90],s carbon fibre
reinforced epoxy resin pre-preg SE84LV by Gurit. Pieces of the
same CFRP panel were used as spacers to reduce the bending
moment in the lap joint, as in Fig. 2. The bond was made using
Araldite rapid curing epoxy adhesive with a total bond area of
30x30 mm? and a bond thickness of 0.2 mm. Defect material of
10x10 mm? was added to the bond line to create defect. Three
defect materials were used: 0.02 mm thick polytetrafluoroethene
(PTFE), Frekote mould release agent and silicon grease. Specimens
without defects were used as control specimens to compare
mechanical properties. The PTFE was a loose insert cut to size to be
used as a thermal control sample to establish experimental para-
meters for PPT and TSA experiments. The silicon grease and
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Fig. 1. Pulse phase thermography, showing (a) a schematic of the experimental setup and (b) variations in heat flow through defect and non-defect regions.
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Frekote release agent aimed to simulate kissing defects by apply-
ing them to one of the adherends of the lap using a stencil. The
silicon grease was applied in a single layer using a spatula and the
Frekote was applied in six layers using a cloth to minimise
bleeding. The adhesive was applied to the opposite adherend to
minimise smearing of the contaminants. The bond was cured at
room temperature with a pressure of 0.3 MPa applied uniformly
across the joint for at least 3 hours, until the adhesive was fully
cured. Testing was carried out at least 24 hours after joint manu-
facture. All lap joints we manufactured in the same method using
the same materials with only the contamination varied.

2.3. Assessment of simulated kissing defects

Five of each of silicon grease, and Frekote contaminated lap
joints along with five defect free mechanical control joints were
tested to failure using an Instron 8802 servo-hydraulic test
machine. The failure loads and shear strengths of the control joints
and those containing defects are presented in Table 1. As expected
the addition of the silicon and Frekote contaminations significantly
reduce the failure load and shear strength of the joints by about
50%. Both contaminants have reduced the adhesion and hence the
failure loads of the joints by approximately the same amount.
Generally a reduction of adhesion area of about 11% resulted in a
reduction of failure load by about 50%. A kissing bond is defined to
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Fig. 2. Schematic of CFRP lap joint including contamination location.

Table 1
Failure load and effective adhesive area for failed lap joints containing no defect,
Frekote and silicon grease.

Contamination Failure load  Shear strength Adhesive area
(KN) (KN/m?) (mm?)

Control (no defect) 11.9+04 13222 + 444 900

Silicon grease 6.6 +0.5 7333+ 625 800

Frekote mould release 6.0 + 0.6 6666 + 750 <800

Control sample —
~ cohesive failure
1 residual
adhesive

No defect

No apparent

Frekote mould release

give a reduction in shear strength of the bond by 80% [2] when the
defect is over the entire bond. As the silicon grease and Frekote
contaminations produced defects in a small patch in the bonded
region rather than across the entire bond, it is considered that a
reduction in joint strength of 50% for this type of defective joint
indicates kissing defects. Failed samples of the mechanical control
(defect free), thermal control (PTFE) and simulated defects (silicon
grease and Frekote) were also inspected, see Fig. 3. The post
mortem observations show that that there is a change in the
failure modes between the joints without a defect and those with
simulated defects. The uncontaminated bond failed via cohesive
failure, which demonstrates good adhesion between the adhesive
and adherend, however the contaminated bonds fail via adhesive
failure. It has been suggested that the mode of failure of a bond
caused by a kissing defect should be adhesive [2], which is con-
firmed as the mode of failure for the contaminated joints tested. A
second observation is that the introduction of the Frekote and the
silicon grease had visibly different effects on the adhesive. The
silicon grease prevented adhesion between the adherend and
adhesive in the area where it was applied on one adherend only;
the adhesive remained bonded to the other adherend as shown in
Fig. 3. The Frekote appears to have affected the adhesive and
prevented adhesion of the adhesive on both adherends. Both
contaminants were only introduced on one adherend, so the Fre-
kote has penetrated through the thickness of the adhesive. The
action of the Frekote has effectively removed the adhesive from
the vicinity of the bond. As the definition of a kissing defect is the
adhesive remains in the area of application but does not bond to
the adherend, the Frekote has produced a defect that cannot be
defined as a kissing defect. Furthermore, as Frekote has very low
viscosity there was some bleeding from the area where the Frekote
was applied, which led to it spreading into a larger area of the
bond than was intended. In view of the two above reasons, i.e. the
penetration of the Frekote into the adhesive and its low viscosity,
it was concluded that Frekote was not suitable for introducing a
controlled simulated kissing defect. Therefore the kissing defects
in the current work are all simulated using silicon grease, as
described in Section 2.2.

The PTFE insert samples were also inspected as a thermal
control sample for defect identification. Ultrasonic c-scans have
been taken of the PTFE and silicon defects using a 25 MHz very
high frequency transducer, see Fig. 4. Generally ultrasonic
inspection of composites uses transducer frequencies below
5 MHz [20] due to high levels of attenuation. As a higher frequency
can resolve a thinner feature, the standard frequencies used for c-
scanning composites are not able to resolve kissing defects. In the
current case it has been possible to use very high frequency
transducers able to resolve the thin defects of interest, which were

Silicon grease
contamination
on adherend

Silicon grease
contamination
on adhesive

PTFE insert

Silicon grease

Fig. 3. Photos of adherends after failure showing variation of failure modes of the bond for an uncontaminated joint, a Frekote contaminated joint, silicon grease con-

taminated and PTFE insert joint.
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Fig. 4. Ultrasonic c-scans of (a) PTFE and (b) silicon lap joints using 25 MHz transducer, step size 0.2 mm.

not resolvable even with a 15 MHz probe. Fig. 4 shows both the
PTFE and silicon grease contamination are clearly identified using
the 25 MHz transducer. It could be claimed that the defects are not
true kissing defects as they are detectable by very high frequency
ultrasound, however as these defects are not detectable using
standard ultrasound they can be commonly categorised as kissing
defects. The purpose of these ultrasound images was to establish
that the defects are not detectable using standard frequency
ultrasound and to enable the location and extent of the con-
taminations to be established. There is an anomaly identified in
the upper edge of the silicon grease lap which could be improper
adhesion or could be delamination of the adherend introduced
during the cutting of the adherends.

The results from the tests to failure of the silicon grease con-
taminated laps were used to define the loading parameters for the
NDE. TSA tests were carried out at 3 + 1 kN and the TSA mean load
of 3 kN was also used as the static load for PPT. The aim of the
tensile load was to create a bending moment in the sample that
was sufficient to open the defects. Defects are found on the neutral
axis of bending for the sample, as is typical for lap joint config-
urations; therefore, a relatively large tensile load at 50% of the
failure load was selected for the tests to give the best chance of
defect detection.

2.4. Experimental procedure

The IR detector used for both the TSA and the PPT was a Cedip
Silver 480 M photon detector with an indium antimonide (InSb)
sensor array with a detectable wavelength range of 2-5.5 um. The
detector is cooled using a Stirling pump maintaining an operating
temperature of 77 K. The detector recorded at 383 Hz at the full
detector array size of 256 x 320. The heating source used was a
Nikon Speedlight SB-600, which is an external camera flash unit
that was triggered remotely to provide surface heating to the
bonded areas. The standoff distance between IR detector and
specimen was 250 mm and the distance between flash and spe-
cimen was 150 mm.

The loading sequence was as follows. Each sample was clamped
in the test machine and PPT was carried out on the unloaded
samples. A load was applied to the sample up to the TSA mean
load of 3 kN. PPT was carried out again at this load. The cyclic load
of 3 + 1 kN at 5 Hz was then applied and TSA was carried out. Once
the TSA measurement was complete the sample was held at 3 kN
and a repeat of the PPT was carried out. Finally the sample was
unloaded and a final PPT test was carried out. Comparison of the
unloaded PPT before and after loading was made to check for any
clear signs of damage caused by the loading. Also, comparison of

the loaded PPT before and after the cyclic loading was made to
ensure that damage had not evolved.

3. Results
3.1. PTFE

Fig. 5 shows a sample of the TSA and PPT results for the PTFE
inserts. TSA AT and phase data (A¢) are presented allowing
analysis of any changes in the surface stress field and any phase
shift obtained between the cyclic loading and the thermal
response. Variation in TSA phase data shows areas where a range
of factors may be affecting the response including non-adiabatic
conditions, localised plasticity or localised heating. The TSA AT
data shows a gradient from a lower value at the top of the bond
(i.e. the free edge) to a higher value in the adherend at the lower
edge of the bond, a typical contour plot is shown in Fig. 5a. The lap
joint geometry results in an offset loading in each adherend which
develops the stress gradient across the lap. This bending causes
peel stresses in the lap and results in compression across the bond,
as the bond is loaded in tension this compression reduced the
tensile stress across the bond, causing the gradient, however the
resultant stress remains tensile. It is notable that the PTFE insert is
not visible in the TSA data indicating that its presence has no effect
on the stress field. The TSA A¢ in Fig. 5b shows a uniform phase
distribution across the PTFE insert. However at the upper and
lower edges of the lap where the peel stresses are the largest there
is a change in A, indicating some possible damage in the bond.

The PPT A¢ in Fig. 5¢ identifies clearly the PTFE insert prior to
the application of load. The results of the PPT taken with the
sample at a load of 3 kN also revealed the PTFE insert, see Fig. 5d. A
comparison of profile plots across the width of the defects for the
loaded and unloaded condition is shown in Fig. 6. The magnitude
of A¢ between the surrounding well bonded area and the bonded
area containing the PTFE was not changed by the addition of load.
Therefore it can be concluded that the simulated PTFE defect is not
being opened under this load thus the heat transfer path through
the defect region is not altered. The PTFE is identified due to the
contrast of thermal properties compared to the surrounding
materials equally for both cases. The lack of change in A¢ suggests
that it is not appropriate to use this kind of insert to represent a
debond in an adhesive joint.
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Fig. 5. PTFE insert results (a) TSA AT (3+1:kN), (b) TSA A¢, (c) PPT A¢ (0 kN) and (d) PPT A¢ (3 kN). Bonded regions are highlighted with a dashed box, defect locations with

a solid red box and phase profile data used in Fig.6 taken across defects with a line.
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Fig. 6. PPT phase contrast data taken along the profile line across the PTFE insert
for both the unloaded and 3 kN static loaded PPT results. Vertical dashed lines mark
the extent of the defect.

3.2. Silicon grease

Similarly to the PTFE insert lap joint, the silicon grease con-
taminated joint TSA AT data shows a gradient across the joint, see
Fig. 7a. The TSA AT data is unable to identify any clear anomalies
in the stress distribution through the joint with the silicon con-
tamination; however, the TSA A¢ data shown in Fig. 7b does
identify a discontinuity in the joint. The TSA A¢ data shows the
greatest contrast at the edges of the lap joint where the largest
peel stresses are found. It also shows variations in A¢ at the upper
and lower edges of the defect. The TSA A¢ data suggests that the
loading of the lap is opening the bond where the silicon grease
was placed, which is then having an effect on the coupling of the
thermomechanical behaviour at the upper and lower edges of the
defect.

PPT is unable to identify the silicon grease when the joint is
unloaded, see Fig. 7c, which implies that the contamination has
little effect on the heat transfer through the defect region. This is
the expected thermal response of a kissing defect. When the joint
is loaded to 3 kN the data shown in Fig. 7d shows that a defect is
identified at the upper edge of the lap possibly due to the peeling
at this region. More importantly however, the silicon grease insert
is clearly identified indicating that sufficient load has been applied

to open a gap between the adhesive and adherend where the
silicon grease is present. The detection of such a defect using PPT
relies upon sufficient thermal contrast being introduced to cause a
detectable variation in the PPT A¢ data. The profile plot data
shown in Fig. 8, taken horizontally through the central region of
the defect, see Fig. 7c and d, shows that the phase contrast is
greatly increased when the joint is under load thus demonstrating
promise that the addition of load may enable wider defect
detection using PPT.

4. Thermal finite element modelling

The discussion from the previous section postulated that a
kissing defect is detectable when sufficient load is applied to open
the defect and create a gap. To further explore this idea a finite
element model (FEM) of PT and PPT was created to identify the
minimum detectable gap using the current experimental set up.
The heat transfer model used here was developed in [21] so the
details are not provided in the present paper. The model does not
include the addition of load but simulates the opening of the
defect by increasing the defect thickness. The defect material is
taken as air and, the thickness of the defect is varied between 50
and 200 pm.

Fig. 9a shows the surface thermal contrast (T.) between the
defect and defect-free regions plotted against time. Fig. 9b shows
that the maximum value of T, increases with increasing defect
thickness as the heat paths through defect and non-defect regions
are increasingly varied. Using the detector sensitivity as a detect-
ability threshold, shown as the dashed horizontal line at 20 mK in
Fig. 9a and b, a minimum thickness of an identifiable gap of
approximately 75 um is required for the 10 mm wide defect in the
CFRP lap joint to be detected above the threshold. This means that
gaps below 75 um are undetectable. The temporal duration of T,
remaining above this threshold is also proportional to the thick-
ness of the air gap making the detection of thinner defects also
dependent on suitable recording frequency for the detector.
Although not considered here, the lateral extent of an air gap will
also influence the T, obtained as this will further alter the relative
heat path through the component.
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Fig. 7. Silicon grease contamination results (a) TSA AT (3 4 1kN), (b) TSA A¢, (c) PPT A¢ (0 kN) and (d) PPT A¢ (3 kN). Bonded regions are highlighted with a dashed box, the
defect locations with a solid red box and phase profile data used in Fig.8 taken across defects with a line.
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Fig. 8. PPT phase contrast data taken along the profile line across the silicon grease
contamination for both the unloaded and 3 kN static loaded PPT results. Vertical
dashed lines show the extent of the defect.

5. Application in an industrial setting
5.1. Equipment concept

The FEM results in the previous section highlight that only a
small opening is required for a defect to be detected. Therefore it
may be possible to use a loading device other than a test machine
to open the defects that can be used for in-situ or on site studies.
The concept of the application of a vacuum load to open a pre-
viously undetectable defect to enable defect detection is shown in
Fig. 10 using vacuum position 1. Here the detector and the heat
source are inside the vacuum chamber, with the camera control
system outside the chamber. When the vacuum is applied the
defect opens, the heat source is pulsed and the detector is trig-
gered to capture the images for the PPT. Tightness tests using a
vacuum on one site of the bond and monitoring any change in
pressure are a common method of inspecting for leakage paths in
adhesive bonds, thus that application of a vacuum to a bond is
already available in industry.

The photon detector used in the work requires cooling to
cryogenic temperatures which with modern systems is typically
achieved using a Stirling cooling engine. There is some concern
about applying a vacuum to such a device, but more importantly

the cost of photon detector systems is high. Therefore a pre-
liminary study has been undertaken using a low cost micro bol-
ometer to investigate the feasibility of using such a device for
thermographic NDE. Bolometers are relatively low cost and do not
require cooling. However they are much less sensitive and operate
at lower framing rates. The combination of a lower cost IR detector
and the addition of load through a portable device would enable a
practical NDE tool for in-situ inspection to be developed.

5.2. Test specimens

Initial studies testing the concept of the addition of vacuum
load were undertaken by applying the vacuum load to the rear of
the sample while PPT inspection was carried out from the other
side, shown in Fig. 10 as vacuum position 2.

Trials were carried out using two test pieces. The first test piece
comprised a 0.125 mm thick piece of aluminium adhered to a
0.5 mm thick CFRP panel, see Fig. 11a. The Araldite epoxy adhesive
used in the lap joints has been used for this CFRP/aluminium bond.
The total bonded area is 200x82 mm?2. A second test piece repre-
sentative of an industrial application found in liquefied natural gas
(LNG) carriers was also produced to demonstrate the concept may
be applied to different material systems. The second piece consists
of layered Triplex™ material adhered to a CFRP plate. The Triplex
comprises a 0.6 mm thick piece of aluminium with a layer of glass
cloth adhered to both sides. Within the LNG carrier the Triplex is
adhered to thick insulation blocks thus a stiffness mismatch is
present between the two adherends of the bond. The stiffness
mismatch has been recreated for laboratory testing using a CFRP
plate as the second adherend. The adhesive used Araldite adhesive
is also used for this test piece creating a total bond thickness of
1.4 mm. A 20 mm square silicon defect is introduced to the CFRP
side of the bond with total bond dimensions of 250x150 mm?, see
Fig. 11b. It is noted that there was no noticeable distortion of the
panels during manufacture.

5.3. Structural finite element modelling

A structural FEM was developed using Ansys 14.0 to investigate
the amount of displacement likely to occur for the flexible
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Fig. 9. (a) Thermal contrast through time between the surface temperature over the defect centre and a non-defect region for air gaps of 50-200 um, (b) maximum thermal

contrast produced for varied air gap defects.
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Fig. 10. PPT set up with vacuum load applied to the front of the sample (vacuum
position 1) and the rear of the sample (vacuum position 2) while inspection is
carried out on the front surface.

adherend under vacuum loading. The model assumed no adhesion
at the kissing defect location. The edges of the defect were given a
boundary condition of zero displacement, i.e. no propagation of
the defect was allowed. The vacuum pressure applied to the alu-
minium was varied between 0 and 100% vacuum and the dis-
placement was recorded. The displacement is that of the flexible
adherend and the adhesive, as the simulated kissing defects were
introduced between the CFRP and the adhesive. In Fig. 12 max-
imum and mean displacements across the defect are presented.
The maximum displacement provides the size of opening that
occurs at the centre of the defect, thus only identifying the centre
point of the defect, which may cause an underestimation of defect
size. This could result in misclassification of the defect. By using
the mean displacement a more accurate prediction of defect size
and hence more accurate classification is possible. In industrial
NDE acceptance criteria are generally based on lateral size
thresholds, which will be dictated by the application of the com-
ponent under inspection. Misclassification occurs when there is
insufficient contrast created across the full extent of a defect.

Fig. 12a and b show the maximum and mean displacement of
the aluminium between the central point of the defect and the
fixed edge under the application of various levels of vacuum
loading. The results of the FEA are symmetrical so the results for
half the defect are shown in Fig. 12. These results confirm that for
this thin aluminium sheet the defect is being opened under very
little applied vacuum pressure thus enabling defect detection as
thermal contrast is created. The magnitude of opening of the
defect is found to be far larger than that required for defect
identification as expected for such a flexible adherend thus indi-
cating that the concept of vacuum application should reveal the

simulated kissing defects. The results of the Triplex/CFRP bond,
shown in Fig. 12¢ and d, demonstrate that a low level of vacuum
loading enables the defect to open and thus creates thermal con-
trast to enable defect identification.

5.4. Loading concept verification

To validate the concept of vacuum loading the vacuum is
applied to the rear of the sample while the bond in inspected on
the opposite side, shown in Fig. 10. A circular aluminium vacuum
chamber of 120 mm diameter was held in place on the aluminium/
triplex side of the bonds using ‘tacky tape' commonly employed in
composite materials processing. The bond was inspected from the
CFRP surface for both panels. The vacuum chamber was connected
to a pump which allowed the pressure reduction on the sample to
be incrementally changed. The vacuum pressure was varied
between ambient pressure, i.e. 0% vacuum, and maximum vacuum
possible, 100%, using a vacuum pump.

Fig. 13a and b shows the PPT phase results of the same region of
the aluminium and CFRP sample with no load applied and 100%
vacuum loading. Features of the aluminium bond are indicated in
Fig. 13a. The darker circular ring visible in the images (indicated by
the dashed line) is due to the presence of the aluminium vacuum
chamber attached to the rear of the sample while the strip across
the centre (indicated by the dotted line) is where the aluminium
located. Lines of fibre and resin are visible in the images as the
CFRP had a low fibre volume fraction of 37%, hence there is a
visible heat transfer contrast between resin and fibre as the fibre is
sparsely distributed in the resin. Without the addition of load the
silicon grease contamination is not visible in the phase data,
however with the addition of the vacuum it is clearly identified in
the centre of the image. Line profiles of data were taken across the
defect location as indicated in Fig. 13 (solid line), for each level of
vacuum applied; these are provided in Fig. 14a. The phase contrast
is shown to increase with increased percentage vacuum as the
defect is opened further and the heat path changes. Fig. 14b shows
the mean A¢ obtained over the defect for each level of vacuum.
The uncertainty is taken as the standard deviation of the phase
values taken over the defect. There is an increase in the phase
contrast as the vacuum is increased from 0 % to 60 %, as the defect
is opened. Above 60% vacuum the changes in contrast are insig-
nificant. This indicates at 60% the defect is as open as its maximum
amount, without inducing propagation. Upon unloading of the
sample the defect closed again and became undetectable, hence
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)
(on

2500 1400

- 5 1200 -
E 2000 £
£ T 2 1000 -
[ I @
E 15004 100% '_; 800 J .
= o N N 80% 3
[ . e ]
3 1000 - - 60% § .
g T --- 40K £ a0
] A RN ®
£ 5004 — o ST — - 20% £ .
< —— RS 2 20 -

0 T T T 0 T T

0 2 4 6 10 0 20 40 60 80 100 120
Position along defect (mm) Vacuum pressure (%)
(o] © _ 9
E sm- .

z 1 E 700 -
R — g 6.00 - ‘
€ i T N =
s 10 100% 2 s .
e B N 8% 3 4w
2 . 60% 5
T N Y .
-] Trmeell . ---40% £
g 4 1 BN : ® 200 -
2 Lo Tl - —20% c . .
3 21 TESee— é 1.00 -

0 : - - 0.00 + T T T T

0 2 4 6 10 0 20 40 60 80 100 120
Position along defect (mm) Vacuum pressure (%)

Fig. 12. FEA results of aluminium/CFRP bond showing (a) displacement across defect from defect centre (0 mm) to defect edge (10 mm), (b) mean adherend displacement for
varied applied vacuum pressure and results from Triplex/CFRP bond showing (c) displacement across defect from defect centre (0 mm) to defect edge (10 mm), (d) mean
adherend displacement for varied applied vacuum pressure.

ro 4

Fig. 13. PPT phase data for the CFRP/aluminium bonded sample (a) unloaded and (b) full vacuum applied to the rear of the sample. The vacuum chamber is highlighted by
the dashed line and the aluminium bond is highlighted by the dotted line.
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Fig.14. (a) phase contrast profiles taken across the defect region under vacuum loading conditions of 100% vacuum and 0% vacuum and (b) the mean phase contrast between
defect and non-defect regions taken across the width of the defect related to partial vacuum percentage applied.

Fig. 15. PPT phase data for the CFRP/Triplex bonded sample (a) unloaded and (b) full vacuum applied to the rear of the sample.
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Fig. 16. (a) phase contrast profiles taken across the defect region under vacuum loading conditions of 100% vacuum and 0% vacuum and (b) the mean phase contrast between
defect and non-defect regions taken across the width of the defect related to partial vacuum percentage applied.

showing that there was no plastic deformation. Further corro-
boration that the defect did not propagate is the close correlation
of the bonded sections of the profile data as shown in Fig. 14a. As
the defect did not propagate into ‘well bonded’ areas the loading
remained non-destructive and hence the approach can be con-
sidered to be non-destructive. The amount of vacuum pressure
required is dependent on the adherend material and the size of the
defect to be identified. The defect becomes identifiable in the
mean phase contrast data at just 40% of the maximum vacuum
load in this trial.

Fig. 15a and b shows the PPT phase results of the Triplex/CFRP
bond with no load applied and 100% vacuum loading. It is clear
that without the addition of load the silicon grease contamination
was not visible in the phase data; however with the addition of

the vacuum it was easily identifiable in the centre of the image.
The profile plot, in Fig. 16a, demonstrated that the regions away
from the defect, i.e. the well bonded regions, were unaffected by
the application of the vacuum, hence the defect was not propa-
gated by the loading. An unloaded image was taken after the full
vacuum was applied showing that permanent deformation had
not been caused to the component by the vacuum loading. Fig. 16b
shows the mean phase contrast between the defective and non-
defective regions for each vacuum partial pressure applied. The
defect becomes identifiable in the mean phase contrast data at just
60% of vacuum pressure.

A feasibility study was undertaken FLIR Tau 320 micro-
bolometer was used to assess the use of a much lower specifica-
tion detector than the current photon detector. The Tau 320 is an
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Fig. 17. (a) thermal data collected using bolometer and (b) greyscale profile data taken from solid green line in (a) across the defect site. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

uncooled system with a maximum frame rate of 25 Hz. A CFRP
panel with PTFE defects to demonstrate that such a bolometer
would be suitable for PT to identify shallow strongly contrasting
defects. The fixed optics of the detector mean that the experi-
mental set up is not ideal as highlighted in IR data in Fig. 17a,
however, defect detection is still possible. The profile data taken
across the identified defect is presented in Fig. 17b, which is given
in greyscale as it is not possible to extract a calibrated video file.
Bolometers are available that can collect data at higher frame rates
and with increased thermal resolution that may be better suited
for PPT.

6. Conclusions

Through the combined use of PPT and TSA it was found that the
addition of a PTFE insert may not be classed as a defect. The
addition of silicon grease to a bond provides a more realistic defect
than the PTFE insert. The silicon grease contamination caused the
bond to fail via adhesive failure, is not identifiable through
material thermal contrasts and has caused a lack of adhesion in
that region of the bond therefore there is confidence that a
simulated kissing defect was produced. PPT cannot detect the
simulated kissing defect unaided. When a load is applied to the
specimen the defect is opened creating a gap that provides suffi-
cient thermal contrast to enable PPT to identify the defect. A FE
model identified how thick a gap must be to create enough ther-
mal contrast to be detected. The modelled data predict that 10 mm
wide air gaps with more than 75 pm thickness create sufficient
thermal contrast for the current detector.

Vacuum loading has been successfully used to aid the identi-
fication of kissing defects. A feasibility study using a low cost
bolometer for defect detection using PT was undertaken. These
results demonstrate that through the use of portable vacuum
loading and a lower cost IR detector a portable and financially
viable means of inspection for industrial applications is possible. It
should be noted that although the technique has been applied to
adhesive bonded joints, the work is also relevant to inspection of
debonds at the face sheet/core interface in sandwich structures as
well as detecting defects in single skin composite components.
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