Detection of surface defects on
thin metallic wires by geometric
conical diffraction

This opfical defect defection method, suitable for online systems,
uses measurements of the intensity variations on the diffraction
cone to identify scratches along the wire surface.

By Luis Miguel Sanchez-Brea, Philip Siegmann, Eusebio Bernabeu, M.A. Rebollo,

F. Pérez-Quintidn and C.A. Raffo

Thc determination of the surface qual-
ity of thin metallic wires is important
for effective quality control in the man-
ufacturing process. However, the tradi-
tional methods for surface characteriza-
tion'- cannot be implemented in online
systems. The authors propose an opti-
cal method to detect the main defects
on the wire surface, based on geometric
conical diffraction technology that may
be used in online inspection and control
systems. When the light source that illu-

minates the wire i1s a monochromatic,

plane wave at an angle of incidence of

B, respective to the wire axis, the
reflected light generates a cone.>* The
angular distribution of the intensity pro-
vides information about the defects that
appear on the surface.3 Because a defect
on a wire surface prevents that zone
from being truly cylindrical, it reflects
the rays in a different direction than
would a cylinder without flaws. There-
fore, the defects can be detected by a

lack of intensity. Since the concern is
not generally about the location of the
defects, but about the quality of the
wire surface, the authors present a
parameter to measure the surface qual-
ity. If the density of the defects is so
high that statistical methods need to be
applied, the proposed method is still
valid, but the parameters to be

obtained are then the correlation dis-
tance between defects and their mean
heights.©
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Fig. 1a. 3-D sketch of the conical diffraction. All
the output rays have the same 92 angle, but
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Flg 1b. Transverse section of the wire. The ¢, _
i '_-‘different for each mcxdent ray.



Wire alignment device

Rotating screen

CCD camera

3=

| 1 Laser

Diaphragm

Fig 1. Longitudinal sec

In order to check the model the authors
compared the results of the wire surface
obtained with conical diffraction with
those obtained from measurements by
Scanning Electron Microscopy (SEM).

Geometric conical diffraction

When a laser beam impinges a wire
in a direction that is not perpendicular
to the wire axis, the scattered beam gen-
erates a cone.* See Fig. 1. By inter-
posing a screen transverse to the wire
axis a circumference is observed.

Except for angles close to the diffrac-
tion maximum angle, where the diffrac-
tion effect is important, a geometric
model can be used to study the scatter-
ing of light by a metallic wire.” Consid-
er an incident beam with a direction of
k, = k(cos8; - Z—sen @, - %). The beam
strikes the wire surface and, according
to geometric optics, the output rays are
specularly reflected satisfying 6, = 6,,
where 0, and 8, are the angles of the
input and output rays with respect to the
wire axis. However, each ray of the
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beam impinges at a different angle ¢,
forming a cone. See Fig. 1b. The angle
0, of the output rays is related with ¢,
by

¢2:2'¢1

By using a simple geometrical calcu-
lation, assuming an ideal reflector with
a reflectance factor of R=1, it is shown
that the intensity at a given direction on
the cone is

Eq. (1)
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1(6,,¢,) =1, -|cos(g, /2)
'5(92 ‘91)

where /; is the intensity at ¢, = 0. It is
interesting to note that Eq. (2) does not
depend on the wire diameter. According
to this, for perfect wires there is an
exact correspondence between the cir-
cumference obtained at the screen and
the wire surface that allows the loca-
tions & (see Fig. 1b) on the wire and the
locations ((1)2, 82) on the ring to be relat-
ed as

E=R-¢,/2 Eq. (3)
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where R is the radius of the wire. The
distance between the illuminated point
of the wire and the screen d can be
obtained by

d =pltan(8,) Eq. (4)
where p is the radius of the circumfer-
ence at the screen. See Fig. lc.

Geometric conical diffraction can be
used for surface characterization of thin
metallic wires. When the metallic wire
presents surface defects the correspon-
dence depicted in Egs. (1) to (4) is no

longer valid for the location of the
defect, because rays at this location are
reflected in different directions than
those predicted by Eq. (2). Then, there
is a relationship between the lack of
light on a given point of the circle and a
defect at this location. The defects are
placed at the locations where

1,,(¢,)<1(g,)

Eq. (5)

where 7, (¢) is the experimental inten-
sity at the ring and 7 (¢,) is the theoreti-
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cal intensity distribution given by Eq.
(2). In online systems, the goal is not to
identify the location of the defects, but
to measure the surface quality of the
wires. Since the fluctuation of intensity
at the diffraction ring increases as the
density of defects increases, the authors
define I as a parameter to measure the
quality of the wire, based on statistical
considerations
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Eq. (6)

The experimental setup is represented
in Fig. 2. An He-Ne laser beam of 20
mW (A= 632.8 nm) falls upon a sample
wire with an angle 8, = 45 degrees with
respect to the wire axis. A 2-D CCD
camera records the images formed on a
rotating screen to eliminate the speckle.
Fig. 3 shows the ring obtained with the
CCD camera for this wire and how the
defects are detected. The intensity of the
ring is obtained from the image with a
MATLAB algorithm and it appears in
Fig. 4. It is interesting to compare this
function with the image of the wire
obtained by SEM in Fig. 5.

Fig. 6 shows the quality parameter
I'(y) for different values of y. This para-
meter does not vary much for the same
wire. The I" parameter has also been
measured for two other thin steel wires
(diameters 125 and 250 um). SEM mea-
surements indicate that J#7 has a 0.3 pm
scratch on its surface. W2 shows only a
small scratch with a width of approxi-
mately 2 pum and W3, shown in Fig. 5
(diameter 340 um), includes several
scratches with widths between 1 to 3
um. The mean values of I"are represent-
ed in Fig. 7 for these three wires, As
shown, the bigger the defects are, the
larger the Tvalue will be.

Conclusion

The authors propose an optical
method, based on geometric conical dif-
fraction, to detect surface defects on
thin metallic wires. The defects are
detected by measuring the intensity
variations on the diffraction cone. This
procedure allows an accurate detection
of the scratches along the wire, since
the setup amplifics the wire transversal-

ly.
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