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This paper presents a novel noncontact measurement and inspection method based on knife-edge diffraction
theory for corrosive wear propagation monitoring at a sharp edge. The degree of corrosion on the sharp edge was
quantitatively traced in process by knife-edge interferometry (KEI). The measurement system consists of a laser
diode, an avalanche photodiode, and a linear stage for scanning. KEI utilizes the interferometric fringes projected
on the measurement plane when the light is incident on a sharp edge. The corrosion propagation on sharp edges
was characterized by analyzing the difference in the two interferometric fringes obtained from the control and
measurement groups. By using the cross-correlation algorithm, the corrosion conditions on sharp edges were
quantitatively quantified into two factors: lag and similarity for edge loss and edge roughness, respectively. The KEI
sensor noise level was estimated at 0.03% in full scale. The computational approach to knife-edge diffraction was
validated by experimental validation, and the computational error was evaluated at less than 1%. Two sets of razor
blades for measurement and control groups were used. As a result, the lag will be increased at an edge loss ratio of
1.007/um due to the corrosive wear, while the similarity will be decreased at a ratio of 5.4 x 10~/ m with respect
to edge roughness change. Experimental results showed a good agreement with computational results. © 2021

Optical Society of America
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1. INTRODUCTION

Metal surface corrosion is a typical material damage proc-
ess involving the deterioration of metal parts caused by the
chemical effect in the presence of oxygen and water. The rate of
corrosion on the metal surfaces increases with increasing tem-
perature and increasing contents of C, N, P and S [1]. Beginning
long ago, corrosion has become the primary concern in various
industry sectors such as the natural gas and oil industry, and the
shipbuilding, machine tool, turbomachinery, and aerospace
industries because of safety issues. Corrosion is a too costly prob-
lem in many applications. Damage resulting from corrosion
lowers the mechanical and material properties of metal parts.
Although metal or polymeric coatings help prevent erosion,
those methods could not be an ultimate solution. Scheduling-
based maintenance by vision inspection is the most common
method to avoid corrosion issues on metal surfaces, but this
method is limited to small-area inspection and does not allow
for continuous metal surfaces monitoring. Thus, the industry is
looking for low-cost monitoring and prediction technology to
prevent catastrophic problems in advance due to the corrosion
effect. There are two main reasons why corrosion propagation
is difficult to predict and model: unstable slow corrosion rates
and unpredicted results. The corrosion rate varies with many
aspects: ambient environment, surface deformation, and fluid
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flowing rate; all of them will affect the corrosion rate. Moreover,
the corrosion area on a specific structure is also hard to predict
since it may happen anywhere in the structure. However, most
of the commercially available corrosion measurement systems
are designed for postprocessing, so the parts to be measured
should be individually taken apart from whole systems, and the
sample targets compatible with those measuring instruments
are mostly planar. There are few methods to in-process enable
monitoring and prediction of corrosion development.

A majority of research on corrosion monitoring and predic-
tion have primarily focused on postprocessing to characterize
the corrosion development from the planar metal surfaces by
ultrasonics, radiography, optical fiber, microscopy, and surface
profilers [2-12]. Those methods track the corrosion propa-
gation in various structures such as pipelines, plate surfaces,
and pipe walls, primarily focusing on uniform etch and pitting
corrosion. However, sharp edges and corners of metal parts,
for example, propellers in a boat engine, turbomachinery, or
airplane engine, are also vulnerable to the corrosion process.
Although those parts are coated or surface-treated against
humidity, high temperature, and saltwater, those methods
cannot permanently prevent rust from building up on sharp and
corner edges. The corrosion issues on sharp edges always exist
because corrosion could cause crack initiation and accelerate
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mechanical part wear due to a dramatic increase in mechanical
stresses at the sharp edges or corners.

Despite continuous research efforts, corrosion contin-
ues to present challenges, and there exists a knowledge gap
in understanding corrosion propagation in microscale or
nanoscale processes in certain environmental conditions [13].
Technological investigation microscale or nanoscale corrosion
science enables us to understand and predict corrosion initiation
and progress mechanisms. Such efforts would detect corrosion
initiation before corrosion processes initiate. Because edges and
corners of the metal surface are more sensitively reactive to cor-
rosion than the planar surfaces [14,15], microscale or nanoscale
corrosion measurement techniques capable of corrosion propa-
gation and its characterization at the edges or corners must have
asignificantimpact on infrastructure and industry.

Although the work of finding the best solution for edge
monitoring never stops, all these methods have more or fewer
problems. There are some investigations for corrosion inspec-
tion systems, but they just focus on the corrosion effect for the
surface conditions. Also, the profile for the sharp edges can be
traced by many methods such as the microscope, SEM, and
AFM, but they all perform the measurement in the same way
asconventional postprocessing. For those methods, the sharp
edge needs to be removed from the manufacturing system, and
thus the working process must be paused. Currently, there exist
no instruments for corrosion propagation monitoring in sharp
edges 7 situ and real time. Based on the reasons above, industries
need a novel method to track the corrosion propagation along
the sharp edges in real time for workpiece quality control and
system maintenance. Fortunately, knife-edge diffraction can
satisfy all the requirements above.

Recently, many approaches to dimensional measurements
by utilizing the diffraction phenomenon at the shape edges, the
so-called knife-edges, have appeared. Knife-edge diffraction
is a phenomenon first proposed by Foucault in 1856 [16], and
its principle could be explained by geometrical optics. In 1961,
Keller summarized his work from former researchers [17].
When light propagates where no particles are present in the free
space and passes partially through the sharp edge, a portion of
the light will be blocked, and others will just propagate in the
free space. The diffracted rays can be viewed as ordinary rays that
come from the Huygens wavelet generated by the blocked inci-
dent rays on the edge boundary. The light interference between
the blocked and unblocked lights takes place. Now, with the
phase difference from the original rays and the diffracted rays,
the light will change with the area blocked by the sharp edge
changes due to the alternating constructive or destructive inter-
ference between original rays and diffracted rays. Therefore,
a fringe pattern can be generated. Since the diffracted rays are
generated on the edge, we can estimate the edge profile by track-
ing the recorded knife-edge diffraction fringe pattern. Lee ez al.
utilized the knife edge for optical metrology and developed
knife-edge interferometry (KEI) techniques for displacement
sensing [18-22], cutting tool condition monitoring [22-24],
and motion error measurements [25]. Korneev ez al. [26]
demonstrated an experiment using a knife edge for producing
partial interferograms and observed that the interferograms
correspond to the knife-edge orientation. Xochihuila ez a/. [27]
used the KEI for testing concave lenses with a collimated beam.
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In this study, a new measurement method based on knife-
edge diffraction theory is proposed to allow for in-process,
low-cost, convenient corrosion monitoring at the sharp edges so
the corrosion rates of sharp edges could be characterized. This
study will help predict the corrosion status and life cycle of metal
parts. The measurement principle, measuring system design,
and experiment results are discussed below.

2. MEASUREMENT PRINCIPLE

The measurement principle of the KEI system for the mea-
surement and inspection of corrosive wear propagation, as
depicted in Fig. 1, is based on the edge diffraction theory [28].
For instance, when the sharp edge (e.g., a razor blade) is light-
ened by a light source such as a laser diode and is scanned along
the perpendicular direction, based on the Huygens—Fresnel
principle [29], the shining area on the razor blade can be viewed
as a Huygens wavelet, which can be represented as a point light
source in an optical system. In that case, the original beam will
interfere with the pointlight source scattered at the edge, and the
diffraction signal can be recorded by the photodiode. Assuming
a laser beam transmitted into the system with a diameter of a,
a razor blade is placed perpendicular to the optical axis at the
right side of the laser diode. The light intensity sensor is placed
along the optical axis at the right side of the razor blade. Now
the light intensity on the sensor can be calculated by the Fresnel
diffraction equation [30] as
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Here, j is the expression of the imaginary part, £ (2/A) is
the wavenumber, X is the wavelength of the laser diode, and z is
the distance between the razor blade and the sensor. Also, x, and
¥, imply the positions of the light intensity sensor, while x, and
7, show the point on the cross section of the laser beam at the
plane of the sharp edge for integration. The simulation results
of edge diffraction with respect to parameter changes are shown
in Fig. 2, where @ indicates the diameter of the laser beam,
and L is the optical distance between the knife edge and the
detector.

Figure 2 shows the knife-edge interferometric fringe patterns
according to three parameter changes. Here the detector size
was considered to be infinitely small as a point on the optical
axis. However, the detector size could introduce the difference
between the simulation result and the actual fringe pattern. In
real experiment data recording, the detector has its own effective
sensing area. The actual light intensity was integrated over the
effective sensing area and normalized. The simulation result,
including the effective sensing area effect, is added in Fig. 3.
In this simulation, the detector diameter equals to 100 pm,
which is the effective sensing area of the photodiode used in the
experiment.

Although the knife-edge diffraction was well studied many
years ago, newer experimental approaches and applications
have recently been introduced by Lee [16-18]. Lee proposed
a new parameter that can be introduced into the knife-edge
diffraction theory for real-life applications: edge roughness
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Fig.1. Schematic of the principle edge diffraction theory. The beam is partially blocked by a razor blade; the gold area is the light field diffracted by
the edge, while the orange field is the transmitted field from laser beam. ¢z and ¢ are the diameter of the laser beam and photodiode, x, implies the x
coordinate of the point in laser beam, y, is the y coordinate of the point in the laser beam, Zj is the distance from the edge to the photodiode, o is the
standard deviation of the edge roughness in the Gaussian PDF, and 7 is the edge loss on the edge.
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Fig.2. Fresnel diffraction simulation results with respect to (a) beam diameter, (b) wavelength, and (c) optical distance between the edge and the
detector.
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Fig.3. Fresnel diffraction simulation result (effective sensing area 100 pm) with respect to (a) beam diameter o, (b) wavelength A, and (c) optical
distance L between the edge and the detector.
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Fringe patterns for verification. (a) Fringe pattern with different edge roughness from 0 to 10 pm, and (b) fringe pattern with different edge
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Fig.5. Analysis results. (a) Similarity changes as edge roughness increases, and (b) lag changes as edge loss increases.

Now the intensity distribution of the diffraction can be used
as evidence to expose the changes in edge roughness.

To determine the topography conditions of the sharp edge,
the KEI signals can be analyzed by the cross-correlation method
[22]. Cross correlation can track the similarity and lag of two
data sets as a function of displacement of one relative to another.
In this study, this method was employed to characterize the
edge roughness and the material loss of the sharp edges. The
outputs of cross correlation of two data sets are the lag presenting
macrocorrosive wear and the lag representing microcorrosive
wear. Macrocorrosive wear represents the critical corrosive wear
changing the dimensions of the sharp edges. On the other hand,
microcorrosive wear indicates the roughness on the sharp edges
and causes the interference loss because of the inherence of the
diffracted light at the sharp edges. Thus, the lag and similarity of
cross correlation could be a result of macro- and microcorrosive
wear of the sharp edges, respectively. While analyzing the data,
the cross correlation for measurement group data and control
group data in day one will be utilized as a reference to calculate
the similarity. The similarity can be calculated by comparing
the cross-correlation result between one day and another. By
using the similarity and lag calculated from the cross-correlation
function available from MATLAB and the algorithm developed
by Svilainis [31], the corrosion effect on sharp edges can be
characterized.

To implement the cross-section method for corrosive wear
measurement, we derived two groups of simulation data for
confirmation. Figure 4 shows the plot of the fringe pattern for
verification. In Fig. 4(a), we generated the fringe pattern with
different edge roughness information for similarity confirma-
tion, while Fig. 4(b) implies the fringe pattern with different

edge corrosive loss for lag verification. The result of the sim-
ulation can be seen in Fig. 5. Figure 5(a) shows the result of
similarity changes with respect to edge roughness changes. As
the 10 pm edge roughness increases, the razor blade’s similarity
decreases from 1.000 to 0.9945. In Fig. 5(b), the relationship
between the lag and the corrosive edge loss is generated. Six
groups of data with edge loss increment (every 24 pum) was
applied into the script to calculate the lag for each group. After
the data analysis by the script, the lag increases as the loss-
induced fringe pattern changes increase. The analysis result of
those generated data can be seen in Fig. 5(b). The actual edge
loss for group 5 was 120 pm, while the calculated edge loss was
120.9287 um. The error rate was estimated to be 0.8%.

3. EXPERIMENT

A prototype KEI system was constructed to explore the corro-
sion phenomenon on the sharp edge (razor blade). The whole
experiment setup consists of a laser diode (A 633 nm), an aper-
ture (¢ 1 mm), a precision linear stage for scanning, two razor
blades, an avalanche photodiode (APD), hydrochloride acid
(concentration about 36.5%-38.0%). The schematic of the
experiment setup and the real system can be seen in Fig. 6.
A well-aligned laser diode was placed at the right side in the sys-
tem generating the laser beam passing through an aperture. Two
sets of razor blades were securely fixed on the precision linear
scanning stage for the experiment as a measurement group and a
control group. At the end of the system, a light intensity sensor
made by the APD was placed strictly parallel to the optical axis.
A microscope (200 ) was located at the same height as the light
intensity sensor for edge profile collection purposes. During the
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(b)

Experimental setup. (a) Schematic of experiment setup, and (b) prototype of experiment setup. (1) Laser diode was placed at the left side of

the experiment setup for light supply. (2) The aperture was placed at the right of the laser diode to constrain the diameter of the laser diode. (3) The
linear stage with razor blades was placed in the middle to generate the laser blocking motion. (4) The microscope was placed at the right side for edge
picture recording. (5) The APD sensor was placed at the end for light intensity recording.

1.2 .
> —— Day1
= —— Day2
% 0.9 ——Day3
= —— Day4
— —— Day5
g 06 —— Day6
5 Day7
£
c 0.3
b4

0.0

00 03 06 09 12 15
Scanning Length (mm)

Fig.7.

Fringe patterns. (a) Measurement and (b) control group.

1.2
2 |0 l
R /
Q 0.9' I',
= ¢
e 0.6
E 1.20
5 03 105

0'986 0.8
0.0

00 03 06 09 12 15
Scanning Length (mm)

experiment, the razor blade from the measurement group will be
rinsed with hydrochloride acid every day for corrosion purposes
[32]. Meanwhile, the razor blade in the control group will be
isolated to keep the natural condition as a comparison. When
the hydrochloride dries out, the laser beam will pass through two
razor blades separately to generate the fringe patterns. Those
groups of data will be recorded by the National Instruments
data acquisition card with an acquisition rate of 100 kHz. Three
sets of data per day for each group were recorded to avoid the
occasional error. The recorded fringe can be seen in Fig. 7.

The developed instrument in situ measures the corrosion
conditions. If the sample is detached for the postprocess-
ing to validate the work, the optical alignment will change,
which means that the initial condition information of the
corrosion will be lost. Thus, the experiment was performed
without detaching the measurement samples, but the proper
measurement methods were used for the validation.

The recorded data were analyzed using the cross-correlation
method. Fringe patterns were tracked over 1.5 mm. By com-
paring the similarity from Day 1 to Day 7, the extent of edge
roughness was monitored. Similarity and lag results for seven
days are shown in Fig. 8. Here, the similarity values overall
decreased from Day 1 to Day 7, and the decrease of 0.0068
implies the 10.99 um edge roughness changes due to the corro-
sive wear, which was calculated from the relationship [Fig. 5(a)].
From Fig. 8(b), the lag changes 105.73 from Day 1 to Day 7 in
the measurement group, which equals to 105.21 pum of corro-
sive edge loss happening on the edge. While analyzing the data,

the noise level should also be considered. To determine the noise
level of the KEI system, the error that needs to be considered is
the noise in data recording. During the data recording process,
the standard deviation of the data recorded by photodiode is
0.00089 V (0.03 % sensor noise in full scale).

The test sample will lose its initial position when the sample is
relocated for postprocess measurement. The reference distance
marked on the measurement sample was measured to esti-
mate the corrosive edge loss without detaching the knife edge.
Thus, the validation process was performed on-machine. The
razor blade has a hole in the middle. When the test sample was
scanned, the laser passed through the hole and the knife-edge
area. As seen in Fig. 9, the laser light was blocked within the
distance & when the razor blade was scanned by the precision
linear stage moving in a constant speed v. The distance & can be
calculated by multiplying the time Az and the scanning speed
v. Here, the distance 4 was measured as corrosive wear taking
place for 7 days. The change of the distance & can be considered
as corrosive edge loss. As seen in Fig. 9(b), the corrosive edge loss
calculated from the cross correlation and the validation method
[Fig. 9(a)] showed good agreement.

We also took pictures of each razor blade every day by using
a portable optical microscope for corrosive wear monitoring
validation. The edge profile for two razor blades from Day 1 to
Day 7 can be seen in Fig. 10. Asa result, it can be considered that
the proposed edge corrosion monitoring system can be utilized
for corrosion propagation monitoring of the sharp edge.
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Edge images for measurement and control groups.

4. CONCLUSION

This study introduced a low-cost and novel sensing method
for sharp edge corrosion monitoring based on edge diffraction,
and the theoretical model enabling corrosive wear quantifi-
cation was developed. The computational results showed a
good agreement with experimental results. The KEI sensor
noise level was estimated to be 0.03% in full scale. Based on
the proposed measurement principle, two types of edge defects

could be determined: edge roughness and edge loss. There has
been no previous study reported about noncontact corrosive
edge monitoring, to the best of our knowledge. The scanning
electron microscopy or atomic force microscopy could be used,
but those are for postprocessing. The proposed method could
in-process measure, characterize, and monitor the corrosive
wear propagation. Our next step is to increase the resolution
of the knife-edge interference system by signal processing and
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optics modeling available for real manufacturing systems for
commercial use. The ability of edge roughness monitoring can
also be optimized because the similarity only changes 0.005 with
10-pum standard deviation of edge roughness PDF added. It is
expected that this technique can be used for health monitoring
and maintenance of impellers, propellers, or blades, astheir edge
quality and conditions are critical for their performance in the
near future.
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