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Abstract

Imaging methods are attractive for bondline thickness estimation because they are
fast, nondestructive, and can provide wide area coverage of a material system. How-
ever, automating the post analysis of the resulting imagery remains a challenging
problem because of the need for highly accurate image segmentation results. Image
artifacts, relative thicknesses of the layers, and similar features across material lay-
ers all contribute to the difficulty of identifying the bondline automatically across
a large number of specimens. Open-source foundational models provide automatic
image segmentation capabilities that can be applied to optical microscopy data sets.
In particular, a commercially developed open-source segmentation model was ap-
plied to segmenting the layers in bonded structures consisting of Aluminum 7075
adherends. Bondline thickness estimates from full-field optical microscopy were
compared against manual point estimates obtained from high-resolution optical mi-
croscopy. Finally, random perturbations of the positions of the prompts used to
train the model were used to understand the sensitivity of the bondline thickness
estimates to the labels.
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1 Introduction

An impediment to the adoption of bonded structures for use in aerospace appli-
cations is the lack of a reliable nondestructive technique to assess bond strength.
Building on the work of [1], a phase-based ultrasonic testing (UT) technique was
introduced by [2, 3] to measure interfacial stiffness (viz. chemical bonds per unit
area) and evaluated against apparent bond strength measurements taken for speci-
mens comprised of borosilicate glass adherends bonded together using an ultraviolet
(UV) cured adhesive. To successfully move toward more complex and aerospace-
relevant adherends such as metals or carbon fiber reinforced polymers (CFRPs),
a detailed understanding of sources of uncertainty on the phase-based interfacial
stiffness model is required since metal or CFRP adherends do not exhibit the same
level of uniformity of glass adherends. Bondline thickness, porosity, and acoustic
attenuation are all known to impact the predictions of interfacial stiffness using the
phase-based UT technique [4], and so methods to automatically assess these bond
characteristics are under development. In this paper, image segmentation from full-
field optical microscopy (FF-OM) images was used to estimate bondline thickness
across the length of six sample specimens comprised of Al 7075 adherends with
varying bondline thicknesses ranging from 30 to 260 um. To validate the analyses,
bondline thickness values at discrete locations were obtained manually from high-
resolution optical microscopy (HR-OM) that was obtained at 0.53 pym per pixel. A
sample specimen is shown in Figure 1.

2 Results and Discussion

For validation purposes, HR-OM estimates of bondline thickness were collected man-
ually at 10 locations across the length of each specimen at approximately 2.5 ¢m
intervals. The locations of the optical microscopy measurements were marked using
black ink, which can be seen in the images in Figure 1. The six specimens had
nominal bondline thicknesses of approximately 30, 175, and 225 pm, respectively,
as indicated in Figure 2.

To compare the analysis of the FF-OM images across the entire lengths of the
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Figure 1: (a) Full-field image of a bonded specimen approximately 30 cm long and 1
cm wide comprised of Al 7075 adherends with approximate bondline thickness of 225
pm. (b) Detailed image showing locations marked in black at which measurements
of bondline thickness were determined using high-resolution optical microscopy.




specimens, composite images were formed from overlapping FF-OM images that
were obtained at approximately 7.75 pum per pixel resolution. The pixel size was
selected to resolve the bondline and for practical image size constraints. The com-
posite images were created by optimizing cross-correlation [3]. Due to the geometry
of the specimens, the resulting composite images of the specimens exhibited ex-
tremely high aspect ratio of approximately 40,000 by 850 pixels.

To overcome challenges associated with segmentation of high aspect ratio, each
composite image was then split into adjacent square tiles, forming a movie that
could be segmented frame-by-frame. The tiling-by-squares approach also brought
the shape of the input data closer to the input resolution (1024 by 1024 pixels)
employed by the segment anything model 2 (SAM2) [5], which was used for the
task of image segmentation. SAM2 has robust capabilities to segment objects in
a sequence of images (or frames when referring to video) by tracking the object
or feature via the propagation of the initial prompts, which highlight the regions
of interest (ROIs). The prompting occurs only in the first image (or frame). The
prompt propagation allows the inference process to apply to the rest of the images
(or frames). Refinement can be achieved by adding additional prompts to remove
areas outside the ROI.

An example composite image cropped to approximately the first 15 cm of an
example specimen is displayed in Figure 3(a). Also shown are the first tile (i.e., video
frame), positive (green box enclosing the bondline) and negative (red stars) prompts,
and the resulting bondline segmentation of a subsequent frame approximately half-
way across the length of the specimen (Figures 3(b), 3(c), 3(d), respectively).
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Figure 2: (a) Distribution of bondline thickness estimates across the lengths of the
alloy samples that were obtained from high-resolution optical microscopy. Outliers
indicated by open circles. (b) Sample microscopy image with manual bondline
thickness measurement.
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Figure 3: (a) Composite image formed from overlapping FF-OM images of approx-
imate pixel resolution of 7.75 um resulting in an FF-OM image of approximately
40,000 by 850 pixels. (b) Tile corresponding to the highlighted blue box in the
composite image shown in detail. (c) Positive (green box) and negative (red stars)
prompts for the bondline region. (d) Mask of the bondline region obtained from
image segmentation of the tile shown with the red box in (a).

To obtain a numerical estimate of bondline thickness, pixels corresponding to
the bondline were summed across the vertical direction of the segmented composite
image, and a rolling average was computed with a window size of approximately
2 mm in length. A rolling standard deviation in bondline thickness estimates was
also computed for each specimen using a 2 mm length rolling window. The results
show that most of the manual measurements obtained from HR-OM [Figure 4(a)]
lie within one standard deviation of the automated estimate obtained from image
segmentation.

Root mean squared error (RMSE) across the entire lengths of the specimens was
also estimated by comparing the rolling bondline thickness averages with linear in-
terpolations of the HR-OM values. Based on the RMSE results, the SAM2-predicted
bondline thickness estimates agree with the manual HR-OM measurements to within
12 pm, or less than 2 pixel-lengths. In all cases the automated predictions correctly
capture the trends in the bondline thickness data.

The final analysis of the method considered the effect of the location of the corner
points of the bounding box (or positive prompt) containing the bondline region in
the first frame of the movie representation of the bonded specimens. For this, the
corner points were randomly perturbed in the vertical direction by a random number
of pixels drawn uniformly from 0 to 25 pixels. For each of these 30 trials, the RMSE
value across the specimen was computed. The results show the interquartile range
for RMSE values vary from approximately 0.4 to 3.5 um (Figure 5). The variation in
errors is greatest for the specimens with smallest nominal bondline thickness values
of approximately 30 pum, or 4 pixel-lengths.
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Figure 4: (a) SAM2 bondline width estimates (solid) for each specimen together with
uncertainty bounds (dashed) and manual HR-OM measurements (filled circles). (b)
Root mean squared error (RMSE) of automatic estimates across the entire length
of each specimen.
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Figure 5: Distributions of root mean squared error (RMSE) values for each alloy
sample across 30 random perturbations of the corner points of the bounding box
used to label the bondline in the initial frame for bondline image segmentation.

3 Conclusions

Open-source models for image segmentation are a promising tool for characterizing
bondline thickness from optical imagery. Treating high aspect ratio images as videos
consisting of frames made up of adjacent tiles is a versatile approach to formatting
image data to be segmented using segmentation models that propagate prompts
across a video or sequence of images since regions of interest need only to be identified
in the first image or frame. In this study, the results of the segmentation were shown
to be accurate, with a pixel accuracy range from 1.1 to 1.6 pixels, even though
the ground truth data obtained from HR-OM were collected at locations that were



obscured by a marker. Random perturbations of the prompt containing the bondline
showed that the results are not sensitive to this manual step in the analysis relative
to the overall level of accuracy obtained with automatic segmentation. Finally, a
natural next step is to adapt the method to volumetric X-ray computed tomography
measurements with the goal of improving nondestructive methods for assessing the
strength of composite bonds.
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