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MEASUREMENT OF DAMAGE GROWTH IN ULTRASONIC
SPOT WELDED JOINTS
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Abstract: Ultrasonic spot welding is a joining technique for thermoplastic composites with great
potential regarding processing speed and cost. To investigate the damage tolerance and possible
inherent damage arresting behavior of multi-spot welded joints, a technique is necessary to
measure damage growth in the joints under cyclic loading. Visual inspection is not possible
because the damage is not located on the outside surface and conventional techniques such as
C-scan are not practical during a fatigue test because the specimen would have to be removed
from the setup. This paper details a methodology for quantifying damage growth rates in single-
spot welded joints using surface strain measurements made by Digital Image Correlation. This
represents the first step towards developing a methodology for quantifying damage progression
behavior in complex multi-spot welded joints.

Keywords: damage growth; ultrasonic spot welding; thermoplastic composites; Digital Image
Correlation (DIC), fatigue

1 Introduction

Thermoplastic composites present the opportunity to use fusion bonding, or welding, as a
joining technique instead of mechanical fastening or adhesive bonding. Fusion bonding is
particularly interesting to the aerospace industry since it is fast and cost-effective [1, 2], and
eliminates many surface preparation and process control needs related to adhesive bonding
[3]. The specific fusion bonding technique of ultrasonic welding provides an additional
opportunity for structural joints with the possibility to tailor the damage tolerance and
progressive failure behavior. The damage in these ultrasonically welded joints is confined to
the welded region rather than growing through the adherends [4]. This means that the
individual weld locations in a spot welded joint contain the growth of discrete damage sources,
and the progression of damage to adjacent welds requires a new damage initiation event. To
investigate and exploit this possibility, however, a robust methodology for quantifying the
damage progression behavior in these joints is required.

Monitoring damage progression in an ultrasonically spot welded joint is hampered by the very
feature of damage growth that we would like to exploit — damage growth is contained
between the adherends. The study in this paper is limited to circular spot welds at the center
of the specimen, which are not visible from the outside. Thus, direct observations of the
damage growth are not possible. Non-destructive testing techniques such as C-scan can
provide information about damage shape and size, however, this technique becomes less
practical for continuous monitoring of damage progression during a fatigue test due to the
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need to remove the specimen from the testing machine for inspection. This paper investigates
an alternative indirect approach to monitoring the damage progression behavior using surface
strains measured with the Digital Image Correlation technique (DIC). This technique has quickly
become a staple measurement technique in laboratories for strain measurement but has also
been successfully used in past studies for monitoring hidden interface damages. This paper will
specifically look at the advantages and challenges of applying it on ultrasonically spot-welded
joints.

2 Methodology

This study aims to investigate the suitability of using DIC as a quantitative method for indirectly
monitoring damage progression behavior in ultrasonically spot-welded joints. To carry this out,
displacement-controlled fatigue tests of single lap shear joints with a single spot weld (similar
to previous studies by Choudhary and Villegas [5]) are conducted. The dimensions of the test
specimens are shown in

Figure 1, the loading is applied in the horizontal direction. The lay-up of the adherends is
[0/135/90/135/45/135]s and the ply material is carbon fiber with LMPAEK resin. Fatigue
testing is conducted using a displacement associated with 80% of the B-basis static strength of
10 single-spot welded specimens, with a loading ratio of 0.2 and testing frequency of 5 Hz. As
the focus of this paper is to examine the damage monitoring potential of DIC, the remainder of
the methodology section focusses on describing the measurement and data processing
methods used in the study.

30.0 50.0 40.0 50.0 30.0
|

22}
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Figure 1. Dimensions in [mm] of the single lap shear specimens.
2.1 Experimental measurements

During the fatigue tests, the reaction force in the specimens is recorded by the testing machine
with a peak-valley detection so that the maximum and minimum force in each cycle is
registered. At every 50" cycle, a two second dwell at the maximum displacement is
programmed to facilitate image capturing with two stereoscopic camera pairs for DIC
measurements. The two pairs of cameras each consisting of two Grasshopper 3 (model: GS3-
U3-23S6C-C) cameras are used to monitor the front and back side of the specimen. The
cameras at the front of the specimen have a 50 mm lens and the ones at the back have a 28
mm lens. However, the cameras on both sides are positioned such that they have a similar
field of view that maximizes the overlap region of the specimen.
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2.2 Data processing

The DIC images are first processed with the Vic-3D 8 software [6] 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 compliance change of the specimen
and the displacement field is converted to a strain field using a Lagrangian finite strain
formulation.

Once the strains in the two principal directions (e« and €,y) are obtained, the data is smoothed
using Arbocz [7] half-wave cosine function, which can be written as:

f= Z?:o Yitocos (?) (Al-j cos(jO) + Bj; sin(/@)) (1)

where A;; and B;; are the amplitudes of the corresponding shape functions. The first partial
derivative df /0y is:

g—;: = Z?:o YizoCOS (?) Ji (—Aij sin(jO) + By; cos(j@)) 2)

The coefficients A;; and B;; are calculated based on measured data using for example a linear
least-squares algorithm. In theory, m and n can be chosen for any desired accuracy, but in
practice the least-squares algorithms require a high amount of computer memory that limits
the maximum values for m and n. In the present work, the diccp Python module version 0.1.7
[8, 9] is used to determine the 4;; and B;; coefficients.

Once the noise is filtered from the experimental data by excluding the high frequency terms
from the half-wave cosine formulation, a five step process is followed:

1. Choose 5 vertical probing lines along the surface of the overlap (Figure 2 a and b). The
data is transformed such that both sides of the specimen use the same coordinate
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 (Figure 2c).

3. Find local minima and maxima on the 5 probing lines on both sides of the specimen
using the partial derivative df /0y (Figure 2c). The data from both sides is combined to
get a complete view of the damage state. On the front side the data from the top half
of the overlap is used and on the back side the data from the bottom half is used.

4. Figure 2d shows that the false positives are located outside of the weld boundary and
at the centerline of the weld. These false positives are removed from the calculations.
This is done by first identifying which points are located within the initial boundary of
the weld and afterwards removing the points that are not the outer two points on
each probing line, thus removing the false positives around the centerline.

5. Determine weld area by summing the areas of the 5 probing lines as shown in Figure 3.
The damage is represented as a percentage of the initial weld area.
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a. Surface plot with a single probing line and

extracted points on the front of the specimen.
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c. Line plots of the center probing lines on the
front and the back of the specimen.
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b. Surface plot with a single probing line and
extracted points on the back of the specimen.
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Figure 2. Processing the DIC data. Points on the weld edge are indicated with open dots O,
false positives with closed dots @.

a. Estimated weld height based on each
probing line.

Lal

b. Estimated weld area based on each
probing line.

Figure 3. Weld area estimation based on extracted weld edges.

These steps are performed for each DIC data point so that the damage progression through
the fatigue life can be plotted. The data is then smoothed with the incremental polynomial
method from the ASTM standard E647 [10] to calculate the damage growth rate.
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3 Results

Figure 4 shows the fracture surface for two of the test specimens. The weld location is

determined using the previously described methodology for four different moments during the
fatigue life of the specimens.
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a. Extraction for test specimen 1. b. Extraction for test specimen 2.
Figure 4. Extracted weld edges for two different specimens at four moments during the fatigue
life.

The damage evolution through the whole fatigue life is determined by performing the post-
processing steps for every DIC measurement point. The result for the same two specimens can
be seen in Figure 5. The smoothed result of the incremental polynomial method from the
ASTM standard E647 [10] is also included.
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a. Damage evolution for test specimen 1. b. Damage evolution for test specimen 2.
Figure 5. Damage evolution through the fatigue life for two different test specimens.

4 Discussion

The raw strain data obtained from the DIC is fitted with a half-cosine Fourier fitting to filter the
noise and obtain continuous functions. Figure 6 shows the strain in vertical direction over the
center of the overlap fitted with two different numbers of coefficients. An increasing number
of coefficients leads to the inclusion of higher frequency components. Therefore, the fitted
function approaches the raw data with more accuracy, but more noise is included as well. A
total of 6 coefficients was chosen to proceed with the analysis.
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Figure 6. Half-cosine Fourier fitting of the raw DIC data with different numbers of coefficients

The information from the DIC measurements on both sides of the specimens is combined to
get a full view of the overlap area, relying on the assumption that the growth of damage
occurs from both sides of the centerline and does not cross the centerline of the overlap from
either side. This assumption only has a small effect on the estimated damage percentage in
single spot joints if there are no secondary welds. After the measurements are combined, the
false positives are filtered from the extracted points by finding the two most outer points on
each probing line within the weld area.

The comparison of the extracted points and the fracture surface in Figure 4 shows that the
actual physical weld size is overestimated, which is especially visible when comparing the
extraction at the start of the fatigue life to the complete fracture surface. When comparing the
extraction at the end of the fatigue life, this comparison shows that large damages are difficult
to extract, herein attributed to the fact that secondary bending is dominant when the damage
has grown to most of the initial weld area.

Figure 5 shows the extracted weld area of two different specimens through their whole fatigue
life. Since this data is oversampled, it is smoothed using the incremental polynomial technique
as described in the ASTM standard E647 [10]. Figure 7 shows the comparison of the damage
percentage after the smoothing and the compliance during the fatigue life and Figure 8Error!
Reference source not found. shows the damage growth rate and the change in compliance.
Both graphs show a good comparison between the global compliance in the specimen and the
damage in the weld.
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Figure 7. Damage evolution and compliance for the two same specimens during the fatigue life.
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Figure 8. Damage growth rate and change of compliance versus number of cycles.

While the overall evolution of the damage is well captured, small deviations can be observed
in the comparison with the global compliance (in Figure 7), specifically in the middle of the
fatigue life. These differences can be attributed to damage growth in the horizontal direction.
Note that the proposed method only captures growth in the direction of the loading, since the
features in the other direction are too small to be captured.

Some remarks can be made regarding the expansion of this method to the analysis of multi-
spot joints. First, the assumption in the combination of the measurement data, that the
damage only grows on either side of the centerline, does not always hold. For example, if
several spots are aligned in the direction of loading, the damage might only grow on one side
of the overlap and the spots are not located in the center of the specimens. Second, in this
method two points are chosen on every probing line, making it difficult to know when a weld is
fully damaged. In the current test, this is not crucial information because the joints only consist
of a single weld, therefore joint failure and spot failure are identical. However, in the case of
multi-spot specimens, this is much more relevant information, for instance to be able to
determine the sequence of failure since the failure of a single spot in the configuration does
not immediately mean that the complete joint also failed. Both considerations must be
addressed in the future testing campaign, when a series of multi-spot specimens with different
configurations will be tested in experiments that are similar to those described in the present
paper.
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5 Conclusion

This paper discussed the characterization of damage growth in ultrasonically spot welded
joints with use of surface strain measured by a Digital Image Correlation (DIC) system. The raw
DIC data was first filtered with a half-cosine Fourier function with six coefficients. The resulting
continuous functions were used to locate the local minima and maxima of the strain in vertical
direction. After filtering out false positives, a view of the damage state was obtained.

After the test was completed, the fracture surface could be observed and compared to the
extracted points at different moments, showing that the exact physical weld area cannot be
captured with great accuracy.

When the extraction procedure was performed on every measurement point, a damage
growth curve was obtained. The comparison of the damage percentage and the specimen
compliance as well as the change in damage and change in compliance over the course of the
fatigue life showed that a good representation of the damage evolution was obtained. Small
deviations could be observed between the damage and compliance results, which were
attributed to a growth of the damage in the horizontal direction, that was not captured with
the current method.

It is concluded that the proposed method does allow to measure and observe the evolution of
the damage growth in an ultrasonically spot welded joint. However, one should always keep in
mind that the proposed damage detection methodology consists of an indirect measurement
that still requires further validation against direct damage detection methods such as C-scan
measurements.
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