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In thermoplastic composite joints with a circular ultrasonic spot weld, the damage growth is located at the
interface between the joined components. This means that any damage in these joints is invisible from the
outside. This experimental study compares three different in-situ methods to measure the damage growth
indirectly. The motivation lies in the potential benefits of using multi-spot welded joints for increased damage
tolerance and the need to prove the damage arresting and damage progression behaviour for certification. The
current study focused on measuring the damage in single-spot welded Single Lap Shear (SLS) joints during fa-
tigue test with the global specimen compliance, the local out-of-plane displacement and the local strain on the
surface. Digital Image Correlation (DIC) measurements were used to obtain the local quantities. The results
showed that the local quantities are better suited to obtain detailed information on the damage state. The local
surface strain showed more distinct features that facilitate the recognition of damage locations. The benefits and
challenges of all methods are discussed as well as the difference in the level of detail, generalization and the prior

knowledge necessary to obtain the damage state.

Introduction

Air travel is arguably the safest mode of long-distance transportation
currently available to the general public. This can be attributed to the
rigorous safety framework that is set up to ensure regulations are in
place and to accidents being investigated such that they can be pre-
vented in the future. The side effect of this framework is that the aviation
sector is very conservative when it comes to safety. Existing and proven
solutions are favoured over new ones, and any new technology is viewed
through glasses that have been tinted by past experiences, in particular
failures. This is aptly illustrated by looking at the adoption of a novel
structural material in this sector: Carbon Fibre Reinforced Plastics
(CFRPs). CFRPs are often promoted for their excellent specific strength
and stiffness that can be tailored to the needs of any design application.
Unlike metals, however, these advantages come with the possibility of
anisotropic properties and a lack of ductility. To facilitate the applica-
tion of CFRPs in aircraft primary structures, the so-called “black metal”
approach was adopted where quasi-isotropic laminate configurations
are applied in familiar structural configurations typically used in metals
(SKF evolution, 2022). This arguably limited some of the potential

* Corresponding author.
E-mail address: e.t.b.smeets@tudelft.nl (E.T.B. Smeets).

https://doi.org/10.1016/j.jajp.2023.100152

advantages offered by composites in terms of tailoring and fabrication
possibilities but permitted the application of known structural concepts
and design strategies to composites rather than a completely new
structural concept. Indeed, new technologies must be considered in
terms of the current safety framework for civil aviation and the existing
pathways it provides and ignoring the concerns and safeguards put in
place by past experience can be as much a barrier to progress as failing to
consider that new technologies could deviate from these concerns and
safeguards.

How does this relate to spot welding of thermoplastic composite
materials? The ability to weld, rather than mechanically fasten or
adhesively bond, is an attractive feature of thermoplastic composite
materials. Mechanical fastening is an established joining technique in
which the physical connection between the joined parts is immediately
visible and inspectable; however, the holes needed to accommodate the
fasteners weaken the composite material. Although adhesive bonding
provides a structurally more efficient alternative to fastening, the risk of
weak and/or kissing bonds within a bonded interface that is hidden from
direct inspection (Jairaja and Naik, 2021) has limited the use of adhesive
bonding in primary aircraft structures. This risk for weak and/or kissing
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bonds is related to the complex processing conditions for the adhesive
bonding process and the sensitivity of the chemistry within this process
to variables such as surface contaminates along the distinct adhesive
interfaces. Welding, being a fusion bonding process rather than an ad-
hesive bonding process, overcomes many of these risks (Yousefpour
et al., 2004). However, from a safety and certification standpoint, this
does not necessarily mean that welded composite joints would be
treated differently from adhesively bonded joints.

The current regulations for civil transport aircraft are described
within 14 CFR part 25', with §25.571 covering fatigue and damage
tolerance requirements. The regulations, however, often capture more of
an intent rather than a means of compliance. For this reason, guidance
documents, known as Advisory Circulars (AC), are published which
detail the current experience-based accepted means of compliance with
the regulations. Advisory Circular AC 20-107B (Federal Aviation
Administration, 2009) describes an acceptable means of compliance” for
composite structures. Concerning adhesively bonded joints, the AC
states that for any bonded joint: the failure of which would result in
catastrophic loss of the aeroplane, the limit load capacity must be substan-
tiated by one of the following methods

(i) The maximum disbonds of each bonded joint consistent with the
capability to withstand the loads in (...) must be determined by
analysis, tests, or both. Disbonds of each bonded joint greater than this
must be prevented by design features, or

(ii) Proof testing must be conducted on each production article that will
apply the critical limit design load to each critical bonded joint, or

(iii) Repeatable and reliable non-destructive inspection techniques must be
established that ensure the strength of each joint.

Examining these three accepted means of compliance, it is clear that
(i) is currently the most feasible and practical. Proof testing all pro-
duction joints would be prohibitively expensive and logistically chal-
lenging for large primary aircraft structures and non-destructive testing
techniques are adept at detecting physical damages at the interface, but
not the reduced strength of a weak bond that does not have any damage.
Here is where multi-spot welded thermoplastic composite joints offer a
possibility. The discrete nature of the spot welded connections combined
with the numerous possible patterns of spots in terms of spot size,
spacing, and distribution provide an opportunity for tailoring the pro-
gressive failure behaviour and using this as the design feature for
limiting damage growth according to (i). However, unlike the progres-
sive pull-out failure mode in metallic spot welded joints (Zhou et al.,
2006), fatigue damage in spot welded composite joints does not prop-
agate into the joined parts where it can be directly observed and
measured (Villegas and Bersee, 2010). Thus, indirect measurement
techniques need to be used to detect and track damages in such joints.
Classical Nondestructive Inspection (NDI) techniques such as ultrasonic
C-scan and X-ray tomography are often used to inspect for damages, but
they become less practical for prolonged and continuous monitoring
during a fatigue test. Current in-situ monitoring techniques consist of
visual inspection (ASTM Standard E647, 2016; Holzhiiter et al., 2018),
Acoustic Emission (AE) monitoring (Carboni and Bernasconi, 2021;
Karimian and Modarres, 2021; Motta et al., 2020) and strain measure-
ments using optic fibres or DIC (Lima et al., 2022; Rodi et al., 2009).
However, each of these techniques comes with its challenges. For visual
inspection, the damage should be visible from the side of the specimens.
This is not achievable when using circular spot welds. AE monitoring

! In the past this has been referred to as FAR part 25; however, due to po-
tential confusion of FAR with Federal Acquisition Regulations instead of Federal
Aviation Regulations, the FAA now prefers the full reference to Title 14 of the
Code of Federal Regulations part 25, or 14 CFR part 25 for short.

2 It is not the only possible means of compliance, but one that is currently
accepted by the regulatory authorities.
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relies on damage initiation and growth generating sound waves. This
means that it is feasible to determine the time at wich an event occurs.
The localization of damage using AE is slightly less straightforward and
can only be done on a single line. Using strain measurements from optic
fibres results in a determination of the damage location only with
respect to the location of the fibre itself, determining the location on the
specimen is not accurate. The current studies using DIC for damage
localization determine the shape of the damage, but lack the quantifi-
cation of the damage in the joint.

This creates a potential challenge for the certification of multi-spot
welded composite joints. To convince the certification authorities of
the damage arresting and damage progression behaviour of a multi-spot
welded composite joint design, an indirect measurement technique that
is more practical for prolonged and continuous fatigue testing is needed.
In this study, several indirect measurement techniques - namely
compliance measurements with an extensometer, surface displacement
and surface strain measurements using Digital Image Correlation (DIC) -
are evaluated in the context of characterizing damage progression in
single-spot welded joints. In this study SLS specimens are used since they
are straightforward to manufacture (Villegas and Rans, 2021). The
purpose of this study is to identify the indirect measurement technique
that is the most suited to measure the damage growth through the ul-
trasonic welds throughout the fatigue life. Ultimately, the goal is to in-
crease the complexity of the analysed specimens and expand the
technique to multi-spot joints where the adherends are joined with a
configuration of multiple single-spot welds to represent a more realistic
configuration. This study will also identify the possible benefits, chal-
lenges and limitations of each of the techniques with the analysis of the
damage growth behaviour of multi-spot joints in mind.

Methodology

A series of experimental tests was carried out with SLS specimens.
The specimens consisted of carbon fibre adherends with an Low Melt
Polyaryletherketone (LMPAEK) matrix that were joined with a single,
circular ultrasonic spot weld at the centre of the overlap. The experi-
ments were conducted under constant amplitude fatigue loading
controlled by displacement. The goal of the experiments was to measure
the damage growth, using displacement controlled fatigue loading
ensured that the growth would be stable, thus making it easier to be
captured.

A schematic representation of the specimens is shown in Fig. 1. The
damage in the specimens occurs at the interface. As mentioned before,
this poses a challenge since the interface cannot be observed directly. A
set of Finite Element (FE) analyses was used to link the relevant features
in the indirect measurements on the surface of the specimen to the
damage location at the interface. The FE analyses provided insight into
the phenomena occurring at the weld edges that would have to be found
in the experimental data. This section first provides general information
about the specimens. Then the set-up of the FE analyses is explained,
followed by the details of the experimental tests and the procedure for
processing the data from the indirect measurements.

Single lap shear (SLS) specimens and materials

The SLS specimen configuration was based on ASTM standard D5686
(ASTM Standard D5868-01, 2005) with an increased width and overlap

Load

Load

Fig. 1. Diagram of the SLS specimens.
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length to accommodate the spot weld in the centre of the overlap. The
nominal dimensions of the specimens are shown in Fig. 2. The adherends
were made with 12 carbon fibre plies with an LMPAEK matrix, provided
by Toray Advanced Composites in The Netherlands (Toray Advanced
Composites, 2019). The lay-up was [0/135/90/135/45/135],. This
lay-up was chosen due to its availability at the time, the lay-up was
pre-made and provided externally, ensuring that the quality would be
more consistent between the specimens than with a home-made lami-
nate. The material properties for a single ply can be found in Table 1.
The energy director used during the welding process was a discontin-
uous energy director of the same material as the matrix, LMPAEK.

Finite element (FE) analysis

The purpose of the FE analysis was to link the information of the
different surface measurements to the knowledge about the damage at
the interface. In the FE analysis the damage at the interface was artifi-
cially introduced at a known location. Different damage sizes were
modelled to obtain a broader view of the features in the surface mea-
surements that correspond to the interface damage. All the FE analyses
were performed with Abaqus 2020 (Smith, 2020).

Damage sizes

The different damage sizes were modelled as welds of different
shapes and sizes. Four different sizes of damage and three different
growth directions were modelled, resulting in a total of ten different
shapes. Fig. 3 shows the spot weld without damage and with three
different damage sizes growing from both sides or from the right side.
The spot welds with damage growing from the left side are a mirrored
version of the right side. Table 2 lists the remaining weld area for every
damage type.

Mesh specifications

The adherends were modelled with 8-noded continuum shell ele-
ments (SC8R) with a mesh size of 0.25 mm through the width of the
specimens and 0.5 mm through the thickness. In the length direction, a
0.25 mm element length was used at the overlap and a 2 mm length
outside of the overlap. The purpose of these analyses was to investigate
the features on the surface that relate to the spot weld, the exact damage
behaviour of the spot was not the main focus of interest. Therefore, the
spot welds were modelled by applying a rigid tie between the nodes of
both adherends that are part of the spot weld.

Boundary conditions

The boundary conditions for the FE analysis are shown in Fig. 4. The
tab on the left side was fully clamped and a sliding support was applied
to the tab on the right side. The loading was applied through a tensile
displacement on the right tab.
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Table 1
Standard modulus carbon UD tape material prop-
erties (Toray Advanced Composites, 2019).

Parameter [Unit] Value
Omaxec [MPa] 2410
Omaxyy [MPa] 86
Omaxy [MPa] 152
Ey [GPa] 135
Eyy [GPa] 10
Eyy [GPa] 4.3

Fig. 3. Different damage types in FE analyses.

Loading details

For all the analyses, a dynamic implicit quasi-static load application
with artificial damping was used to simulate the static loading condi-
tions. To determine the applied displacement, the undamaged weld was
loaded to 80% of the experimentally determined static failure load. The
details can be found in Table 4. The undamaged specimen reached an
opening displacement of 0.363 mm at this load. Since the fatigue ex-
periments were conducted with a constant displacement, the same
opening displacement was then used for all the FE analyses to obtain a
similar loading state for all damage states.
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Fig. 2. Specimen dimensions.
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Table 2

Different damages modelled.
Size Side Icon Area [mm?]
None None O 213.8
Small Both 189.4
Medium Both O 1325
Large Both 42.4
Small Left 174.1
Medium Left O 105
Large Left 38.5
Small Right 174.1
Medium Right O 105
Large Right 38.5

Experimental testing

Manufacturing

A total of 17 specimens were manufactured, with ten used for pre-
liminary static testing and seven for the fatigue testing campaign. An
automatic water-cooled diamond blade cutting machine was used to cut
the adherends from large plates. The adherends were 120 mm long and
40 mm wide as shown in Fig. 2. The material properties are shown in
Table 1. The adherends were joined with a circular spot weld at the
centre of the overlap. To weld the adherends, the edge of the bottom
adherend was clamped with a bar clamp and the top adherend was
restricted using a picture frame. This frame only restricts the sideways
movement, but the adherend is free to move in the direction of the
sonotrode. The frame is used such that any misalignment between the
adherends can be counteracted by the vertical movement which im-
proves the quality of the welds. Instead of a conventional continuous
energy director, a discontinuous energy director was used. The differ-
ence is that the continuous energy director is made of a single piece of
film, while the discontinuous energy director has open areas as can be
seen in the drawings in Fig. 5. The parameters of the welding process
were determined through trial and error, and shown in Table 3. For
more details regarding the ultrasonic welding process, the reader is

. 06000

7 ' SSSeS

Fig. 4. Boundary conditions for the FE models.

Table 3
Welding parameters.
Parameter [Unit] Value
Energy directory type discontinuous
Thickness energy director [mm] 0.320
Sonotrode diameter [mm] 20
Peak-to-peak amplitude [um] 70.8
Welding time [ms] 700
Welding force [N] 800
Consolidation time [ms] 4000
Consolidation force [N] 800
Table 4
Static failure load.
Parameter Value
Mean failure load 10964 N
stdev of failure load 1854 N
B-basis allowable 7624 N

Journal of Advanced Joining Processes 8 (2023) 100152

referred to the work of Villegas (2019). To align the loading during the
fatigue tests, tabs were bonded to both ends of the specimens with
cyanoacrylate and cured at room temperature. The tabs were made from
the same material as the adherends. Lastly, the specimens were prepared
for the DIC measurements, with the surface painted white on both sides
with spray paint, followed by a black spray that created a random
pattern of black speckles. Ideally, the black speckles span 3 to 5 pixels on
the images, which is between 0.17 mm and 0.28 mm for the chosen
set-up.

Test parameters

Before the fatigue tests were performed, a series of 10 static tests
were executed on a 250 kN Zwick tensile/compression testing bench.
The results for the static failure load can be seen in Table 4. The B-basis
allowable was calculated and 80% of this value was used as the initial
maximal cyclic load for the fatigue tests.

The fatigue tests were performed on a custom-made 60 kN fatigue
test bench. To avoid unstable crack growth, the fatigue tests were per-
formed with displacement as the control mode. The specimens were
loaded to the desired maximal cyclic load that was obtained from the
static tests and the displacement was registered. This displacement was
used as the maximal cyclic displacement, and Table 5 shows the opening
displacement for all specimens. This initial determination accounts for
the test machine compliance and ensured that all specimens were loaded
under more similar conditions. The fatigue test was then performed with
a frequency of 5 Hz and a load ratio of 0.2. The load ratio ensured that
the specimen was always loaded in tension. Thermoplastic materials are
viscoelastic, therefore viscoelastic heat will be generated when they are
subjected to a high-frequency loading (Villegas, 2015). This viscoelastic
heat could influence the damage behaviour and should thus be avoided
as much as possible. The loading frequency in these experiments was
chosen to be in line with similar experimental campaigns (Lecinana
et al., 2023; Sioutis and Tserpes, 2023).

Measured quantities

DIC - local surface displacement and strain measurement The local
displacement on the surface of the specimens was measured using a
stereoscopic DIC system with two Grasshopper 3 cameras on each side of
the specimen. The data acquisition was performed with the VIC-Snap
software by Correlated Solutions (2023b). The cameras had a focal
length of 50 and 23 mm on the front and back of the specimen respec-
tively. The cameras on both sides were positioned such that their field of
view was similar. The speckle pattern was applied on the specimens by
using a full coat of white paint with black speckles that were spray
painted on top. More details regarding the DIC data acquisition and
processing as well as some reference images of the speckled specimens
can be found in the online dataset related to this publication (Smeets
et al., 2022) A dwell of one second between each 50 fatigue cycles was
implemented before and after an image was taken to ensure that there
was no movement of the specimen in the images. Fig. 6 shows how the
data points were integrated into the cyclic loading.

The raw data from the DIC measurements is expressed in pixel co-
ordinates where the coordinates of the top left corner are (Opx,0px) and
the bottom right corner is at (2048px,2248px). The post-processing of
the data with the Vic-3D 8 software (Correlated Solutions, 2023a) also
used pixel coordinates. For a more straightforward interpretation, the
graphs showing processed results have axes using millimetres as well as
pixels.

Global displacement and reaction force The global reaction force of the
specimens was measured by the fatigue testing bench with a peak-valley
measurement such that every cycle was recorded. The global displace-
ment in the specimen was measured by applying a virtual extensometer
on the DIC measurement data. The virtual extensometer was obtained by
extracting the relative displacement between 2 points on the surface, but
does not use the complete surface of the DIC data.
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(a) Continuous energy director.
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0.81-1.09 mm

1.96 + 10% mm

(b) Discontinuous energy director.

Fig. 5. Schematic representation of two types of energy directors.

Table 5
Applied opening displacement for all specimens.

Specimen Displacement [mm]

0.402
0.383
0.409
0.353
0.397
0.403
0.379

NO s W=

Fracture surfaces

After the fatigue tests were performed, an image of the fracture
surface was made with the Keyence VR-5000 3D measurement system
(Keyence, 2022). These images were used to gather knowledge about the
initial state of the weld area and compare it to the state that was
extracted from the local surface data.

Local surface data processing

The DIC images were first processed with the Vic-3D 8 software
(Correlated Solutions, 2023a) to correlate the stereo images and obtain
the local displacement in all three directions. From this displacement
field, a virtual extensometer can be defined to track the global compli-
ance change of the specimen and the displacement field was converted
to a strain field using a Lagrangian finite strain formulation.

In the FE analyses the local strains and displacements in all three
directions were extracted at every node on the surface.

A Data point

—e—»
1sec ! 1sec

Fig. 6. DIC data points in the cyclic loading.

The output data of both the FE analyses and the experimental tests
were processed with the same procedure. The strains in the two prin-
cipal directions (exx and e,,) were smoothed using the half-cosine
function by Arbocz (1982). The function is as follows:

f= Zn: zm:cos (?) (Ajcos(jO) + Bsin(jo)) a

=0 ‘i=0

where, A;j and Bj represent the amplitudes of the corresponding shape
functions, and L is the width of the specimen. An added benefit of
smoothing is that the discrete data is represented with continuous
functions, meaning that the first and second partial derivatives can be
analytically calculated using the amplitudes of the shape functions.

The amplitudes for the shape functions were computed with the
“dicpp” Python module version 0.1.7 (Castro, 2021; Castro et al., 2021),
which uses a linear least-squares algorithm to calculate the coefficients
Aj and Bj. In this work, a value of m = n = 6 was assumed, providing
enough detail to allow the other processing steps, while still filtering out
enough noise from the data by omitting the higher-order frequency
terms from the half-cosine function. After the calculation of the shape
functions, a five-step process was followed:

1. Choose 5 vertical probing lines along the surface of the overlap
(Fig. 7a and b). The data was transformed such that both sides of the
specimen use the same coordinate system. The coordinate system of
both sides is determined using the four corners of the overlap. With
this information, the coordinate transformation between the back
and the front side could be determined and all the data could be
represented in the same system. The choice to use 5 probing lines was
made to provide enough detailed information while not using too
much computational power during the processing of the data.

2. Extract the data along the probing lines (Fig. 7c).

3. Find local minima and maxima on the 5 probing lines on both sides of
the specimen using the partial derivative df /dy (Fig. 7c). In a SLS
specimen, the tension on the specimen causes secondary bending due
to misalignment of the adherends. In the locations where the
adherends are still attached, the neutral axis of the secondary
bending changes, causing a local minimum or maximum in the strain
in the vertical direction. Thus, by locating the local minima and
maxima, possible weld locations can be detected. The displacement
and strain data from both sides were combined to get a complete
view of the damage state. On the front side, the data from the top half
of the overlap was used and on the back side, the data from the
bottom half was used. The adherend on the front is loaded from the
top, thus the bottom half of the overlap is unloaded and this means
that the peaks in the strain often don’t surpass the noise in the signal.
Therefore only the data from the top half of the front was used. Since
the specimen is anti-symmetric, the same reasoning applies to the
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(a) Surface plot with the 5 probing lines on the front of the specimen.
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(c) Line plots of the centre probing lines on the front and the back of the specimen.
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(b) Surface plot with the 5 probing lines on the back of the specimen.
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(d) Fracture surface with the locations of the extracted points.

Fig. 7. Processing the surface strain data. Points on the weld edge are indicated with open dots and false positives with closed dots.

bottom half of the back. This does assume that the centre of the spot
coincides with the centre of the overlap, but since the specimens
were manufactured by welding the centre of the overlap, this
assumption is not expected to impact the results.

4. Fig. 7d shows that the false positives were located outside of the weld
boundary and at the centerline of the weld. These false positives were
removed from the calculations by first identifying which points were
located within the initial boundary of the weld and afterwards
removing the points that were not the outer two points on each
probing line, thus removing the false positives around the centerline.

5. Determine weld area by calculating the distance between the points
on each line to calculate the area for that section and summing the
areas of the 5 probing lines as shown in Fig. 8. The damage was
represented as a percentage of the initial weld area.

The results from the FE analyses were processed first. The processed
FE results served as a verification tool for the processing steps. The
choice of the number of probing lines, the use of local minima and
maxima, and the locations of the false positives were determined during
the FE post-processing. Once all these aspects were verified, the pro-
cessing procedure was applied to the experimental data in the same way.
Furthermore, the FE results also showed that the quantities of interest
are the in-plane strain in the vertical direction and the second derivative
of the out-of-plane displacement since the latter is inversely related to
the radius of curvature (Megson, 2013). It was not necessary to simulate
the complete fatigue life of the specimens in the FE analyses since the
variety of damage states made sure that the processing steps could be
verified during the whole fatigue life of a representative specimen.

For the FE results, this procedure was only applied once, whereas, for

the experimental data, the procedure was applied for every data point to
obtain a damage growth curve for the complete fatigue life.

Results
Fracture surfaces

Fig. 9 shows the fracture surface of two different specimens after the
fatigue test was completed. Two different specimens were chosen.
Specimen 1 is a regular shape that is close to the ideal circular weld,
while specimen 2 has a much more irregular shape. To easily distinguish
the two, specimen 1 will be denoted with a ‘ symbol and specimen 2

with a * symbol.

Global reaction force and displacement

Numerical analyses

In the numerical analyses, the area of the weld was known before-
hand. Fig. 10 shows the global compliance and the weld area from these
analyses for the different damage types that were modelled. The
compliance was determined at the same global displacement for each
analysis.

Experimental tests

The displacement obtained with the DIC measurements was used to
calculate the global displacement during the fatigue life. The resulting
global compliance during the test is shown in Fig. 11a. The difference in
fatigue life between both specimens seems rather large. However, this is
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(a) Estimated weld height based on each probing
line.
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(b) Estimated weld area based on each probing
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Fig. 8. Weld area estimation based on extracted weld edges.

a common variation in fatigue damage growth. Due to the complex and
stochastic nature of fatigue loading, there is often a large variation in the
fatigue life of different specimens with the same configuration. Espe-
cially considering the difference in size and shape between the 2 spec-
imens. Furthermore, Fig. 11b shows that the damage behaviour of both
specimens is very similar, with specimen 2 simply showing a larger
damage propagation phase, which can be seen from the longer plateau
in the compliance.

Out-of-plane displacement

Numerical analyses

The second derivative of the out-of-plane displacement was calcu-
lated and shown in Fig. 12 for the FE analysis without pre-existing
damage. The data was extracted along the probing line at the centre
of the specimen.

Experimental tests

The second derivative of the out-of-plane displacement was calcu-
lated using the coefficients from the Fourier fitting and shown in Fig. 13.
The data was plotted along the probing line at the centre of the
specimen.

Surface strain

Numerical analyses

The processing steps described in the Methodology were applied to
the numerical data and the experimental data. Fig. 14 shows the known
weld edges and extracted weld points for the numerical analysis of the
undamaged weld.

The processing was applied to all the numerical analyses to compute
the welded area for each one. The result can be seen in Fig. 15 where the
measured weld areas are compared to the known weld areas.
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Fig. 10. Known weld area and global compliance from the numerical analyses.

Experimental tests

Applying the same procedure to the strains that were measured by
the DIC results in the images in Fig. 16. The results for two different
specimens are shown on top of an image of their fracture surface at four
different moments during the fatigue life of the specimens.

To observe the damage evolution behaviour of the specimens, pro-
cessing steps were applied for each DIC data point during the fatigue life
of the specimens. This is shown in Fig. 17.

Discussion

The goal of this study was to compare different measurement tech-
niques in the context of providing a reliable measurement of the damage

(b) * Specimen 2

Fig. 9. The fracture surface of two of the specimens after the completion of the test, taken with the Keyence microscope (Keyence, 2022).
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Fig. 12. Second derivative of the out-of-plane displacement along the centre of
the specimen for the FE analysis without pre-existing damage. The dotted
vertical lines indicate the known locations of the weld edge.

growth in single ultrasonic welded joints with the perspective of
expanding the configurations to multiple spot welds. The three mea-
surements were the global compliance, the local out-of-plane
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deformation and the local surface strain.

Global compliance

the

Based on the FE results presented in Fig. 10, it can be concluded that
global compliance correlates very well with the total amount of

damage in the welded joint. However, since this measurement only uses

data concerning the global state of the specimen, the information that

was obtained from it was also global. The FE analyses where damage
was modelled on both sides, exhibit the same relation as those where
damage was only modelled from one side. This shows that detailed in-
formation such as the location of damage growth cannot be obtained

with this method.

Out-of-plane deformation

are

In SLS specimens, the loading and the neutral axis of the specimen
not aligned, resulting in an out-of-plane deformation of the specimen

due to secondary bending. Because the neutral axis changes when there
is an intact weld present at the interface, it was expected that the radius
of curvature of the secondary bending changes at the border of this
intact weld. The radius of curvature of the bending is approximately
equal to the inverse of the second derivative of the displacement
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(b) * Specimen 2

Fig. 13. Second derivative of the out-of-plane displacement along the centre of the specimen for two of the specimens at the start of the fatigue life. The dotted

vertical lines represent the estimated locations of the weld edge.
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Fig. 15. Measured and known weld areas of the numerical analyses. The dotted
grey line represents the ideal scenario where the computed and known damage
sizes would be equal.

(Megson, 2013). In the FE results in Fig. 12 it can be seen that peaks in
the second derivative of the out-of-plane displacement indeed align with
the edges of the damage quite well.

However, the equivalent results from the DIC measurement in Fig. 13
show that this reasoning cannot be applied here. The DIC data inher-
ently has some noise. The changes in the second derivative that should
be seen at the edges of the damage, were so small that it was not possible
to distinguish them from the noise in the signal. This means that the
filtering steps that were applied to the data cannot separate the noise
from the signal, therefore the peaks cannot be detected in the out-of-
plane displacement of the DIC measurements.
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Surface strain

Numerical analyses

Some of the locations of local maxima and minima of the strain
coincide with the known edges of the welds at the interface. Fig. 14
shows that after removing the false positives at the centre of the weld
and outside of the weld area, the extracted points show a good corre-
lation to the known boundary of the weld. Although we can already
visually observe which points were false positives, the filtering step in
the procedure in the Methodology was necessary to be able to obtain a
single quantity for the remaining weld area from the cloud of points. It
should be noted that to apply this filtering, the initial location of the
boundary of the weld has to be known beforehand. After performing the
same computations for all the modelled damages, Fig. 15 shows that the
evolution in the computed damage size matches the evolution in known
damage size. Although there was a quantitative difference between the
computed and known damage sizes, the plot shows a linear relationship
between the two, therefore it can be concluded that the qualitative
evolution of the damage was extracted quite well.

Experimental tests

Fig. 16 shows the extracted points on the fracture surface for
different points of the fatigue life. This figure is the result of the pro-
cessing steps in the Methodology. Some considerations regarding the
filtering of the points and its effect on the final results should be made:

o The false positives appear either outside of the initial weld region or
in the centerline of the weld during the first 80 to 90 % of the fatigue
life. Therefore step four, the filtering step can be applied without
interfering with the data.

e The extraction of the points at the start of the fatigue life can be

validated with certainty because at this point in time it can be

assumed that the boundaries of the weld were the same as what can
be seen on the fracture surface afterwards.

Towards the very end of the fatigue life, the extraction of points tends

to ‘explode’, meaning that the extracted points grow outward with

respect to the ones from previous timestamps. What happens, in this
case, is that the damage has grown so much that the strains as a result
of the secondary bending obscure the local minima and maxima
corresponding to the weld edge. Since the fourth processing step in
the Methodology was forced to choose two points on each probing
line, the chosen points were further apart. Since this only happens in
the last 10 to 20 % of the fatigue life, this part of the data can simply
be disregarded without losing information on the damage evolution.

Similar to the previous point, when the damage has grown beyond

the location of a probing line, i.e. the weld does not cross that line

anymore, the fourth processing step still chooses two points on that
line, meaning that this data was also nonsensical. Since the damage

in SLS specimens mostly grows in the y direction, this does not pose a

problem until the very end of the analysis.

The overall damage data in Fig. 17 shows significant noise. This is
because a DIC image was taken every 50 cycles, which means that the
data was oversampled. To overcome this, an extra filtering step can be
applied. There are two readily available options to filter the data, the
half-cosine Fourier fitting that was used to apply an initial filter as
explained in the Methodology and the incremental polynomial tech-
nique outlined in ASTM E647 (ASTM Standard E647, 2016) are both
suitable techniques. The method from ASTM is a well-known method to
smooth crack growth data and obtain the crack growth rate at the same
time. The disadvantage is that a number of points (equal to half of the
subset size) are lost at the start and end of the analysis. This can be
somewhat overcome by decreasing the subset size near the edges of the
data set. The half-cosine Fourier approximation does fit the whole data
set, however, the approximation will always go towards zero at the
edges. An added disadvantage is that plateaus in the data are much
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Fig. 16. Weld edges extracted from the surface strain of two of the specimens overlayed on an image of the fracture surface.
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Fig. 17. Extracted weld area during the fatigue life of the two specimens shown in Fig. 9.

harder to approximate with the Fourier method. This is especially
relevant with the expansion to multi-spot welded joints in mind since a
damage arresting behaviour could be expected in these joints. Therefore,
the ASTM method with a minimum of 101 data points and a maximum of
601 data points was used here, these values resulted in enough
smoothing to overcome the sampling without losing data. The result is
shown in Fig. 18. The ASTM method also allows for the calculation of the
first derivative, which is shown in Fig. 19

Since the global compliance does give a good global view of the
damage in the joint, the data obtained through the surface strain can be
compared to it in order to verify the measurements. The compliance data
was smoothed in the same way as the damage measurements.

The comparison in Fig. 19 shows that there was a good correlation
between both results. This shows that the surface strain does result in a
good representation of the damage growth behaviour. However, some
differences can also be seen in this comparison. These deviations were
probably a result of damage growth in the direction transverse to the
loading. The surface strain method only captures the growth along the
loading axis. The strains along the transverse direction were the result of
the Poisson contraction of the adherends, therefore the peaks in the
strain were much lower. Extracting the edges of the damage along this
axis would run into the same issue as with the out-of-plane displacement
in the sense that it would not be feasible to distinguish the actual peaks
from the noise in the data.

These results show that the exact damage state of the spot welds can
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be extracted from the local strain on the outer surfaces of the SLS
specimens. However, external intervention is always necessary for some
of the processing steps. Especially the filtering of the false positives re-
quires the definition of the initial bounding box of the spot weld to be
inserted in the processing code. In the current application of a single spot
at the interface, this is feasible, but this might impact the extension to
larger configurations.

The specimen specifications, such as the materials used, the type of
energy director, and the lay-up of the adherends, will have an effect on
the damage growth through the spot welds. The focus of this work was to
provide a method of capturing the damage growth. The parameters that
affect the damage growth were not studied. The methods presented in
this paper can be used in future work to study these effects.

Multi-spot welded joints

The purpose of this research was to study the different measurement
techniques in the context of characterizing the damage progression in
multi-spot welded joints. As a first step, the techniques were applied to
single-spot joints and the results were evaluated in the previous sections.
The expansion of these analyses to multi-spot welded joints and possible
challenges should also be discussed.

In the case of a multi-spot arrangement, the shortcoming of
compliance as a measure of the damage growth is even more impactful.
An important aspect when characterizing the damage progression is the
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Fig. 19. Smoothed damage growth rate and compliance change during the fatigue life of the two specimens shown in Fig. 9.

sequence of damage initiation and complete failure of the different
spots. Due to the global nature of the compliance, it is not possible to
obtain this information with only this measurement technique. How-
ever, in the analysis of these specimens, the measurement of the
compliance can still serve as a verification method.

In the processing of the surface strain results, it was observed that the
strain peaks at the unloaded side of the specimen do not always surpass
the noise in the data. To overcome this, the measurements from both
sides were used and the information was combined. However, in a multi-
spot arrangement, this solution might not be as simple. Consider, for
example, a configuration with four spots aligned in the loading direc-
tion. In such a configuration, only the outer edges of each outer spot are
highly loaded. Furthermore, the area of interest will be larger, which
means that the spatial accuracy of the DIC measurements is reduced. The
result of these two factors is that the strain peaks at the inner edges of the
spot welds will likely not surpass the noise in the DIC measurements on
either side of the specimen, making it impossible to extract the locations
of these edges. Since these edges are not as highly loaded, it can be
assumed that the damage growth here will be significantly slower than
at the loaded edges, but it cannot be assumed that the damage growth is
non-existent without proof.

Another aspect that makes the analysis of multi-spot joints more
challenging is the combination of strain measurements from both sides.
In the single spot joints, this combination was made based on the
assumption that the centre of the intact weld coincides with the centre of
the overlap and that the damage does not grow beyond the centre of
overlap from either side. In the case of a multi-spot welded joint, not all
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spots will be located at the centre of the overlap and damage could grow
beyond the centre of the overlap, depending on the configuration. This
could be solved by using a separate ‘bounding box’ for each of the spots
and combining the information for each bounding box separately. This
will require careful analysis to ensure that the data from the front and
the back sides are transformed correctly.

With the current method to process the strain data, two points are
always chosen per probing line for every time step. However, when a
spot is fully damaged, these two points would also still be identified.
Therefore, the strain data on its own is not a sufficient indicator to
determine whether a single spot in a multi-spot arrangement is fully
damaged or not. In the analysis of damage progression through a multi-
spot welded joint, this is important to determine. To do this, one could
either set a maximum damage percentage above which the spot is
considered fully damaged. Another strategy could be to use a different
measurement technique to determine this. For example, a sudden
change in global compliance could also indicate that one of the spots has
completely failed.

All these aspects impact the feasibility of the expansion of the
method to larger configurations. The challenges can be overcome when
considering arrangements with four spots on lab-scale specimens, but
their effect will be significantly increased with a larger amount of spots.
Furthermore, the method relies on the DIC measurements, which require
the specimens to be painted and speckled. Applying this outside of a lab
context is very time-consuming. This means that while the method is
suited to be applied in a lab environment, the application outside of that
environment will not be as straightforward.
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Conclusion

To find a method to confidently determine the damage growth
behaviour in single ultrasonic spot welded joints, three measurement
techniques were compared. FE analyses were used to investigate how
damage growth influences these techniques and to observe the phe-
nomena that would have to be found in the experimental data to char-
acterize the damage growth.

Firstly, the global compliance of the specimen was determined. Only
information about the global damage state of the system can be ob-
tained. Since the measurement does not use any local quantities, a
detailed view of the damage state cannot be obtained.

The second quantity investigated was the out-of-plane displacement
over the whole surface, measured with DIC imaging. The FE results
showed the peaks in the second derivative correspond to the weld edges,
due to a change in the neutral axis of the secondary bending in the spot
location. However, it was found that the noise in the experimental data
was so large that the peaks were not distinguishable.

The last quantity of interest was the in-plane strain over the whole
surface. This quantity was also obtained from the DIC images. The FE
results showed that the locations where the first derivative of the ver-
tical strain is equal to zero coincided with the known locations of the
edge of the undamaged welds. When applying the same method to the
experimental data a good correlation between the damage growth and
the compliance was seen, as well as a good correlation between the
change in damage and the change in compliance per cycle. This confirms
that the surface strain is a quantity that can be used to determine the
growth of damage.

Based on these results, it can be concluded that the surface strain
provides the most detailed information on the damage growth in single
ultrasonic spot welded joints. However, it should be noted that this
measurement does not show the full story either, for example only the
damage growth in the direction of the loading is measured. In some
cases, it could be useful to also include the global compliance to get a
better view of the complete damage growth behaviour of the specimens.
Furthermore, the DIC measurement technique requires the surface to be
speckled to produce images of a high enough resolution with a reference
image such that they can be correlated to each other. In a lab environ-
ment, this requirement is easily fulfilled, but in a service environment or
on full-scale aircraft this will be more complex. The damage observation
technique proposed in this paper is thus better suited to gain an un-
derstanding of the damage behaviour of ultrasonic spot welded joints on
a coupon level rather than an in-service structural health monitoring
technique.
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