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ABSTRACT

The multiple layer paint systems on modern cars serve two end purposes, they firstly protect against corrosion and
secondly give the desired visual appearance. To ensure consistent corrosion protection and appearance, suitable Quality
Assurance (QA) measures on the final product are required. Various (layer thickness and consistency, layer composition,
flake statistics, surface profile and layer dryness) parameters are of importance, each with specific techniques that can
measure one or some of them but no technique that can measure all or most of them. Optical Coherence Tomography
(OCT) is a 3D imaging technique with micrometre resolution. Since 2016, OCT measurements of layer thickness and
consistency, layer composition fingerprint and flake statistics have been reported. In this paper we demonstrate two more
novel applications of OCT to automotive paints. Firstly, we use OCT to quantify unwanted surface texture, which leads
to an “orange peel” visual defect. This was done by measuring the surface profiles of automotive paints, with an un-
optimised precision of 37 nm over lateral range of 7 mm, to quantify texture of less than 500 nm. Secondly, we
demonstrate that OCT can measure how dry a coating layer is by measuring how fast it is still shrinking quasi-
instantaneously, using Fourier phase sensitivity.

Keywords: Optical Coherence Tomography, automotive, car, coatings, profilometry, drying, functional imaging, phase
sensitivity

1. INTRODUCTION

Most modern vehicles are protected by multi-layered coating systems, which have been developed and become more
complex over 100+ years'. The need for the multiple different coatings comes from the requirement to protect the
majority steel bodies from corrosion and damage from a variety of physical (e.g. stone chipping and UV induced
chemical breakdown) and chemical (e.g. road salt enhanced oxidation of steel and etching by acids in bird droppings)
environmental attacks. The lower layers currently commonly consist of electroplated galvanisation, location specific
layers with specific tasks and a primer coat. This paper is focused on the topcoats of automotive paint systems. As well
as protection, these layers provide most of the aesthetic properties and consist of a coloured base coat, which may or may
not contain metallic or mica flakes, and clear top coat, which provides the final layer of protection and the surface gloss.

To ensure consistent appearance and protection from the topcoats applied in an automobile factory or body repair shop,
the measurement of several parameters could be of use to the Quality Assurance process. The first of these is the applied
dry thickness of each coating. There are three types of handheld single point devices currently widely used’. Magnetic
and eddy current probes are low cost, and it can give the total thickness of a coating system on metallic substrates, while
ultrasound probes are more expensive but work independent of substrate and are able to measure the thickness of each
layer simultaneously. The second parameter is the consistency of layer thickness. Currently this will be assessed by
multiple single point measurements and inspection for visual differences. Remote ultrasound® and Terahertz Pulse
Imaging (TPI)* are potential techniques to measure thickness over an area, though both would be high cost and
complexity. The third parameter is the compositional consistency of the base coat layer, variances here are most likely to
be apparent to a visual inspection. Alternatively, spectroscopic type methods’, including TPI®, could be able to quantify
composition. The fourth parameter is the size, density and orientation statistics of metallic or mica flakes within the base
coat layer. This impacts the visual appearance and, again, an effective quality assurance measure would be visual
comparison. It has been shown that orientation and size of metallic particles can be measured directly with confocal
microscopy’. The fifth parameter is the surface profile. Due to the levelling properties of coatings during application,
high spatial frequency roughness is not possible without extreme failures in other parameters or damage sustained after
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production. However, low spatial frequency surface texture is prevalent on automobile paintwork. This can be caused by
the clear coat being unable to level low spatial frequency texture present on the underlying coatings and/or substrate,
uneven initial application of the coating, which again low frequency components cannot be levelled, or dynamic
processes that occur in the drying of the layer, such as Bernard-Marragoni cells®. Due to the cost of eliminating
completely, some texture in generally tolerated. However, changes to or issues with the application process can make the
texture unacceptably worse. As part of the QA process to keep the texture consistent and acceptable, surface profile
statistics provide quantifiable measures. Optical pattern projection techniques’ (Moire profilometry) are able to measure
the surface profile over large areas and automatically detect product faults. The sixth parameter, which is useful for the
direct management of the coating process, is the wetness of applied layers. Most applied automotive coating will include
a solvent of some kind (including water), which will evaporate during the drying process causing the layer to thin. As the
layer becomes drier, the evaporation and thinning rates will decrease. Hence, a quasi-instantaneous measurement of the
rate of thinning is a quantitative measure of how dry it is. There are a variety of contact and non-contact methods that
can measure coating dryness, including TPI'”. In summary, there are multiple informative parameters that can be
measured as part of the QA procedures for automotive topcoats, each with different methods of measuring. If one
instrument could measure all, or the majority, of these parameters with relatively low cost, it would have a higher chance
of being adopted commercially.

Optical Coherence Tomography'' is a technique that has proliferated exponentially since its original development in

1991'%. Beyond its original applications in medicine it is finding an ever-increasing amount of applications in other
fields'". In 2016 two papers'*"* were published specifically looking at the topcoats of automotive paint systems. The 3D
imaging, and functional imaging, capabilities of OCT means that it is able to measure all the parameters described above.
Table 1 gives the list of parameters and where their measurements have been (will be) demonstrated with OCT. The
measurement of clear coat and, in the majority of cases, base coat thickness has been demonstrated. The benefit over the
current widely used methods, is that it is non-contact. 2D (B-Scan) or 3D OCT image data means that consistency of the
coating over a length or area can be assessed. The properties of OCT image signal decay through a scattering layer is
dependent on the particle concentration and properties, so a correct composition should have specific signal decay
fingerprint. However, the signal properties will also be dependent instrumentation properties, so in practice quantitative
comparison between results may not be straightforward. The accurate measurement of flake properties is dependent on
lateral resolution, however, currently there is active research on this with appropriate OCT systems. This leaves surface
profilometry and dryness, in this paper preliminary methods and results for measuring these with OCT will be presented.

Table 1. Automobile topcoat parameters that can be measured with OCT instruments.

Parameter OCT study
1. Coating thickness Dong et al'*, Zhang et al"
2. Thickness consistency Dong et al"*, Lawman et al"
3. Base coat fingerprint Zhang et al"”
4. Flake statistics Dong et al (flake size only, limited

lateral resolution)'!, Zhang et al
(Manuscript in preparation)'’

5. Surface Profile Preliminary method and results
presented in this paper
6. State of Drying Preliminary method and results

presented in this paper

Surface profile measurements using time domain interferometers'®'?, Line Field (LF) Fourier domain OCT like***' and
scanning point Fourier domain OCT*** devices are well established. For any interferometer device there are two
primary methods of extracting accurate interface positions, phase and envelope. For time domain interferometers, the
phase method of phase shifting interferometry'’ can be used to get high precision measurements. However, for height
differences greater than 1/4 of the wavelength the technique can suffer with phase ambiguity errors due to the method
only measuring relative, rather than absolute, heights. To overcome this the envelope method of white light
interferometry'® can be used instead, using a broadband (low temporal coherence) source, the sample is scanned relative
to the reference mirror and the central (maximum) position of the interference signal is found. This returns the absolute
position, so does not suffer from phase ambiguity errors. However, the precision of envelope methods is generally worse
than phase methods. To obtain the best of both techniques, they can be combined”®. Likewise, for Fourier domain OCT
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or OCT like devices, surface position can be measured by phase methods™ or envelope methods OCT'****. The
performance of both methods, for car paint samples, will be compared in this paper. Again the ideal method would
combine the two pieces of information, which will be partly explored in this paper.

As well as high sensitivity to spatially relative displacements for profilometry, the Fourier phase is highly sensitive to
temporally relative displacements. LF-OCT has previously been used to image pressure-induced displacement of porcine
corneas™ and measure thermal expansion in materials®. Here we will use this nm sensitivity to quasi-instantaneously
measure the time-dependent thinning rate of a drying solvent varnish coating, comparable to automotive clear coats.

2. METHODS

The LF-OCT system used in this preliminary study has been previously described in Lawman et al, 2016, For this work
the Neo sCMOS camera, 75mm Achromatic (AC) objective and 100 mm AC collection lenses, and 300 I/mm grating
(800 nm central wavelength) were used in the system to give a maximum lateral range of approximately 10mm and an
axial resolution of approximately 2.8 um. The lack of moving parts of LF-OCT ensures positional stability between
measurements and reduces sources of internal vibrations, compared with conventional scanning point systems. Both of
these factors will decrease the noise of the surface profile and drying rate measurements described. Methods of reducing
the cost of an LF-OCT instrument, to be competitive as a QA instrument in the automotive industry, has been discussed
in Lawman et al, 2017'°.

For non-zero padded Fourier domain OCT systems, such as the one used here, the axial Point Spread Function (PSF)
(coherence envelope) consists of around 5 data points (pixels) of significant signal. To measure surface axial position by
finding the centre of the coherence envelope, “edge detection™ was used. OCT axial PSFs generally approximate
Gaussian functions, which when converted to log (dB) units become square functions. The gradient of this then is a
linear function, which passes through 0 at the centre. Hence, the position of the centre can then be calculated with high
precision, using the largest value pixel and the pixel either side, by

AS,

2 (Ax)
Aszz - ASH

X=X
where X, 5 is the position equidistant of the first and second (largest value) pixel, AS,, is the value of pixel a minus pixel
b and Ax is the pixel spacing. For smooth interfaces with high signal to noise, experimental results given in table 2.2.4.2
of Lawman®® for a scanning point Fourier domain OCT, the method has marginally better precision performance than a 5
point least square Gaussian function fit**** but, more importantly, it is much quicker computationally.

In Fourier domain OCT, the product of the discrete Fourier transform is complex with the magnitude of each pixel taken
for structural imaging. The complex phase angle, of each pixel, is known as the Fourier phase and is sensitive to
displacement in the same manner as time domain interferogram phase. Figure 1 describes the algorithm used to calculate
the Fourier phase profile. The resultant phase values can be converted to relative position by multiplication by A /4w,
where A is the central wavelength. For the initial work on combining the benefits of the envelope and phase methods for
the car paint surfaces, the envelope position was converted to equivalent phase by multiplication by 4m/A.. The
appropriate multiples of 2t were then added to the phase profile values to minimise the difference between. This is the
equivalent of stages up to Fig. 4 (c) in Harasaki et al**. Issues with the final stage of the process, the correction of
remaining 2n phase ambiguities, are discussed in the results section.
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Find max magnitude
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Take complex phase ForN
angle P(ux1}, An,x1). consecutive
lateral

If previous axial paositions
cordinate of P, x2, is
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Figure 1. Calculation of surface Fourier phase profile.

To assess the performance of the profilometry methods, firstly a flat surface (flat side of a plano-convex lens) was used
to quantify the precision of the envelope and phase methods. To demonstrate the applicability to measure the surface
texture (“orange peel”) of the clear coat of automotive paints, two sample metallic automotive paint system panels
(Santorini Black and Indus Silver), with observable surface texture, and the surface of a plastic lens case, with less
observable texture, were measured.

To demonstrate the potential of LF-OCT to measure the drying rate, hence dryness, of coatings, a clear solvent varnish
(generic commercial nail varnish) was brushed onto a glass microscope slide and measured every minute. A sample of
results up to 20 min is presented here. Each measurement consisted of 10 images taken in approximately one second,
short enough to be considered quasi-instantaneous. The peak pixels of the two interfaces of the varnish coating were
found by a graph search®® algorithm, using an inverted amplitude energy function. For each lateral position, firstly the
difference of the Fourier phase of the two pixels was taken. Secondly, the value for the first frame was then subtracted
from the values for all the frames. Thirdly, the phase change over the 10 frames was then unwrapped. Finally the
gradient of phase change over the 10 frames was found by fitting a linear function. These gradients were then converted
to optical thickness change rate by multiplication by A./(At.4x), where At is the time between frames.

3. RESULTS

Figure 2 Top shows the measured flat surface profile calculated by the envelope and phase methods, respectively, from
the same single frame measurement. Figure 2 Bottom is the plot of the correlation between the profile heights of the two
methods, which is found to be negligible, R=0.37. This indicates the apparent texture (i.e. error as the surface is assumed
perfectly flat) is not due to physical distortion between the sample and reference surfaces or vibrations, but due to the
methods. Optical imperfections, including sample surface not being at the focal plane (If the Linnik interferometer, of
this instrument, is setup perfectly the focal plane will be at the zero path length. A measured sample will always be
displaced to this.), optical aberrations (particularly significant in the Czerny-Turner spectrograph) and dust/dirt on optical
components throughout the system, could influence either or both methods. The instrument has been developed for
imaging; no additional work has been done to optimise it further for profilometry. For the envelope method, this single
measurement smooth surface rms error (37 nm) is better than reported equivalent values, which we are currently aware
of, for single (157 nm*®) or averaged (55 nm*’) B-Scan images with scanning point Fourier domain OCT. The reason for
the improvement over scanning point systems, is likely to be the increased stability given by LF-OCT having no moving
parts. However, the error is still an order of magnitude higher than typical specialised full field time domain white light
interferometry profilometers. Hence, it is likely with refinement the errors reported here could be improved upon.
However, as is demonstrated below, this 37 nm precision over the profile length of 7 mm is sufficient to quantify the
surface texture of car paints. The error of the phase method is better (23 nm). We are not currently aware of equivalent
values reported for scanning point Fourier domain OCT systems. For LF-OCT like setup, but calculating phase of a
single interface signal before Fourier transformation, an error of less than 6 nm has been reported”' and full field time
domain phase shifting interferometers are typically an order of magnitude better. So again, improvements on the values
found by this preliminary study could be expected with further refinement. However, the failure of the phase method in
this study was due the inability to resolve phase ambiguities, which is described below.
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Figure 2. Top — Measured surface profile of flat surface, from same un-averaged B-Scan image data, by the envelope and
phase methods, rms values 37 and 23 nm respectively. Bottom — Plot of the negligible correlation between the phase and
envelope values, R =0.37.

Figure 3 Top is an example profile measurement of the Santorini Black sample, from one B-Scan image, with the two
methods. The envelope method is robust and returns an accurate surface profile. However, the initial unwrapped phase
profile suffers from phase ambiguities and the returned profile is significantly distorted and misleading. Applying the
first step of correction, using the envelope values, still results in a profile significantly worse than the envelope function
on its own. Figure 3 Middle shows the phase values of this partly corrected profile, with Figure 3 Bottom showing the
differential value. There are two illustrative areas, highlighted A and B, that show separate issues. In area A, the jumps in
the profile are clear 2m ambiguity errors, which should be reasonably straightforward to correct for with an automated
algorithm. However, in area B the signal is the jumps in the profiles are not clear and much more like random noise. In
this location the envelope method (Top black) also suffers from increased noise, implying an underlying decrease in the
effective signal to noise of the data in this location. Further work is needed to find the cause and solve this issue. For the
rest of this paper, the “edge detection” envelope method has been used due to its higher inherent robustness compared to
the phase method.
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Figure 3. Top - Example profiles obtained from a single B-Scan image obtained by envelope, phase and phase with the first
stage of combined ambiguity correction methods. Phase values (Middle), and its differential (Bottom), of partly corrected
profile. Two areas, A and B, with different issues are highlighted.

Figure 4 Top shows the surface profile measurements taken at 10 locations and orientations on the Santorini Black
sample. The low spatial frequency surface texture on the sample is apparent in these profiles. The smaller higher spatial
frequency components of the measured profiles consist of the measurement error and, dust and scratches. Figure 4
Bottom gives is a comparison of example profiles for the three samples measured, with table 2 giving the mean and
standard deviation of the measured rms values. The mean rms values indicate that the Santorini Black sample has the
most surface texture and the lens case the least.
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Figure 4. Top - measured surface profiles of the Santorini Black sample, at 10 different locations and orientations. Bottom —
example profiles for the three samples measured.

10329 - 17 V. 1 (p.6 of 9) / Color: No / Format: A4 / Date: 4/14/2017 1:47:23 PM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http:/SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact author_help@spie.org with any questions or concerns.

Table 2. Measured rms texture values for the three samples.

Sample Mean of measured | Standard Deviation | Measurements (N)
rms texture (nm) of measured rms
texture
Santorini Black 500 160 9
Indus Silver 410 100 5
Lens Case 330 140 5

Figure 5 Top shows the OCT image of the initial measurement of the nail varnish applied to a glass microscope slide.
There is significant texture from the brush application, which partially levels out rapidly. Red lines show the peak signal
positions, found by a graph search algorithm, of each interface. These are used for the phase measurement of drying rate.
Figure 5 Bottom shows the measured drying rates, across the B-Scan images, at five different times. In the initial
measurement, the effect of the levelling is seen in the drying rate profile, with differences in magnitude corresponding to
peaks lowering and troughs filling. At 1 minute, the levelling effect has reduced and the thinning rate is reasonably
consistent (~150 n.nm/s) across the B-Scan. At 2 minutes, there is a small uniform reduction in the drying rate, but by
five minutes the thinning has reduced substantially. At 20 minutes the thinning rate is negligible compared to the initial
rate. Further work is required to investigate the application of this technique to the later stages of simple solvent coating
and practical feasibility for real automotive coatings. Though the errors in these results appear small, they have not yet
been quantified.
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Figure 5. Top — Initial OCT image of nail varnish brushed on a glass microscope slide. The red lines mark the peak pixels
for each interface, found with a graph search algorithm. Bottom — quasi-instantaneous thinning rates at four times, measured
utilising the Fourier phase of the peak pixels over consecutively taken images.

4. CONCLUSION

Automotive coatings are a new application area for OCT with high potential. Compared with other current and potential
techniques for QA and research, the high resolution cross sectional, or 3D, imaging and functional data could be used to
measure multiple parameters of interest. Coating thickness and consistency, layer scattering fingerprints and flake
statistics are active area of research. To this, here we add surface texture quantification and quasi-instantaneous drying
rates. Using a LF-OCT system, our preliminary results demonstrate the feasibility and potential of these measurements.
There is still further work required to develop, explore and detail the capabilities of these methods fully. Future OCT
devices, built specifically for the automotive industry, that simultaneously quantify several parameters are a possibility.
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