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Abstract

This thesis presents optical metrology systems using laser & position-sensitive detectors.
In this area, a new diffraction strain measurement technique is developed, implemented,
analyzed and characterized. Related research work on the optical metrology components is

also included, dealing with position-sensitive detectors analysis and iaser-beam appiications.

The research in optical metrology systems using lasers and PSDs comprises
development of a novel whole-field strain measurement technique and its implementation as
Multipoint Diffraction Strain 2nd Tilt Sensor using Moire Interferometer and Multichannel
PSD. All the different variations of diffraction strain sensors as developed by different
researchers up to date, measure single point strain on the sample only. At the same time, the
whole-field strain measurement techniques like Moire Interferometry and ESPI have their
own shoricomings iike iengthy fringe processing and unage suvtiaction algorithms. Besides
this is the obvious degradation of their spatial resolution at lower strain values owing to the
sparse fringes. On the other hand, the developed system has the unique feature of direct and
near-real-time diffraction-based strain and tilt measurement at a large array of points on the
sample surface. The system uses simultaneous position tracking of smaller beamlets
diffracted differently from different regions of the component surface under test. Using this
setup, whole-field strain and tilt distribution patterns over the component body can be
obtained immediately, without the need for fringe processing. Furthermore, the system also
has capability of measuring rotation and shear strain, making it a truly versatile whole-field
strain sensing system. Simultaneous strain and tiii measurement at more than one thousand
points is being reported in this research. Complete microcomputer-based implementation of
ilis sysiem is described. Detailed characterization and analysis of the developed system is
presented along with some important development decisions. The system offers a promising
combination of features like direct and fast calculation of whole-field strain with a fine

spatial resolution and good sensitivity. These make this technique suitable for precision
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applications in structures, mechanics and micro-mechanics, while offering a considerable

saving in time and equipment cost.

Work on Optical Metrology components starts with a unique analysis of position-
sensitive detectors used in noisy industrial envirenment, where several other light sources
also coexist and thus produce unpredicted effects on PSD output. Many researchers of other
photo-sensors have analyzed their performance in presence of these stray noises, while this
problem has many times been outlined in context of PSDs too. Nonetheless, detailed
performance analysis of PSDs with stray optical noises is very much needed. For this
purpose, we first describe and model these stray noises with respect to the operation of PSDs
and then analyze the response of the detectors in the presence of these spurious signals. The
experimental results are compared with the results from the proposed mathematical model
and it is observed that the measured performance is within a fraction of a percent of the
calculated one. The analysis of systematic errors encountered during data collection is also
presented. The study is expected to be very useful for the accuiate & precise use of PSD-

based sensors in the industriai units iike produciion lines, workshops and ot

Following this, the work on laser beams analyzes their use in a novel material processing
technique. Laser welding of galvanized steel sheets in lap configuration is the challenging
problem being investigated for more than two decades, originating due to the difference in
the melting points of steel and zinc. Earlier solutions are either insufficient for desired results
or too cumbersome to be realized in practice. For this purpose, dual laser beams method is
being discussed modeled and analyzed, involving a pre-cursor beam and a higher-power
welding beam. The first beam cuts a slot, thus making an exit path for the zinc vapours, while
the second beam performs the needed weliding. The work also presents somie experiments
performed on the shop floor using this method, along with the metallurgical analysis from
iaboratory showing successful absence ¢of Zinc in the weld area. Owing to its simpler
approach and lesser time consumption, this technique is expected to be very attractive in

terms of workshop implementation and welding throughput.
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List of Terms, Abbreviations and Symbols

Terms

The use of terms and parameters is largely in view of their utilization within the

experimental mechanics and metrology communities.

Accuracy

Linearity

Position Resolution

Range

Sensitivity

Spatial Resoluticn

Position Uncertainty

Systemetic Error

Abbreviations

BiCMOS
CCD

The stability of measurement in terms of standard deviation present in
multiple readings
Maximum deviation of output from input for a specified range of
measurements as a fraction of full-scale reading.

The minimum displacement that can be resolved by a given position
Sensor.

The maximum difference between two extreme values which can be
dependably measured without significant distortion.

The smallest change in input that produces a statistically significant
change in response.

Distance between two distinct adjacent micro-measurements made
from a set of input data. |

Maximum error present in the position measurement due to the
(optical) noises

The inherent bias of a measurement sensor or process.

Bipolar complementary metal oxide semiconductor

Charge-coupled device
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CMOS
CNC

CQO, Laser
CW Laser

ESPI
FSD
FSR
HAZ
HeNe

HPDL

T AQTID

TS VWIS EY

LE

LEP

MEMS

M’

Nd:YAG Laser
N&:YVO, Laser
PSD

QD

SEM EDS

S

3-D

Complementary metal oxide semiconductor
Computerized numerical control
Carbon dioxide laser

Continuous wave laser

Duty cycle

Electron speckle pattern interferometry
Full-scale deflection range

Full-scale reading

Heat-affected zone

Helium Neon

High-power diode laser

Tioht amnli

ght amplification through stimulated emission of radiation

Lateral effect

Lateral effect photodiode
Micro-electro-mechanical structure

Beam quality factor
Neodymium-yittrium-aluminum garmet laser
Neodymium-yittrium-vanadate iaser
Position-sensitive detector

Quadrant detector

Scanning electron microscopy energy dispersive spectroscopy
Systeme Intcrnationale d’unites
Signal-to-noise ratio

Transverse mode of laser

One-dimensional

Two-dimensional

Three-dimensional
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Symbols

a Incidence angle on diffraction grating
Diffraction angle from diffraction grating

By Vertical angle of diffracted beam

da Change in incidence angle

dfs Change in diffraction angle

dP Change in grating pitch

OoP Error in position calculation

A¢ Change in rotation angle

As Fringe spacing

A6, Tilt angle in xz-plane

46, Tilt angle in yz-plane

six Shift in light spot in x-axis

Ay Shift in light spot in y-axis

& Normal strain in x-axis

& Normal strain in y-axis

f Focal length of focusing lens

S Frequency of virtual grating

ge Acceleration of gravity

g Gap width in material processing

7 Intensity of radiation

i Current output of sensor

Iy Current output from n-terminal

i’ Noise current output from n-terminal

Ky Error factor for uncoliimated beam

L Length of sensor

A Wavelength of incident light

m Diffraction order (+1/-1 used)

me Milli-strains
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Milli-radians

Micro-strains

Micro-radians

Frequency of radiation
Beam solid angle

Pitch of diffraction grating
Position calculated in x-axis
Position calculated in y-axis
Rotation angle of specimen
Density of material
Thickness of sample
Displacement field in x-axis
Velocity of material processing
Volume of material
Displacement field in y-axis

Velocity of moving material
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Chapter # 1 Introduction

1. Introduction

As many of the hi-tech industrial products of the world are moving towards
miniaturization and larger integration, the importance of micro and nano technologies is
growing exponientially. This is alsc coupled with the increasing requirements -of industrial
automation and quality control. These trends are giving rise to the need of measurement
techniques, which can work on these smaller scales with accuracy, reliability and ease of
integration. Optical measurement or metrology techniques, having these and other attractive

features, have thus seen an unprecedented boom along with the above-mentioned trends.

i.1 Optical Metrology

Optical Metrology is the science, which deals with the measurement techniques utilizing
optical methods. Of major interest in these has been the measurement of distances and
angles, though a whole lot of other parameters can also be directly or indirectly measured [1].
Recent advances in optical devices, vision systems and computer technology have enabled

the diverse development of new optical systems and techniques for measurement.

In optical metrology, different propertieslof light or electro-magnetic waves are utilized
one way or the other including interference, diffraction, speckle and polarization. There are
diverse techniques employed in optical metrology basing on these effects including normal
interferometry, speckle interferometry, Moire interferometry, holography, spectroscopy,
photoelasticity, profilometry and fiber optics technology. Optical metrology systems may
utilize processes of simple detection, triangulation, signal processing and image processing.
The target measurements with optical metrology include different parameters and physical
properties including distance, angle, velocity, frequency, irradiance, vibration, temperaturc,

flow and strain [2,3,4].
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Plane waves = Diffracted waves

i
i

Figure 1.1. Phenomena of Diffraction [2]
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Figure 1.2. Phenomena of Interference [2]

1.2 Lasers

The advent of lasers in early 1960s has provided an invaluable tool for the development
of advanced optical instrumentation. There are many properties of lasers, which have given
rise to sophisticated techniques in optical metrology. Along with metrology applications,
laser beams are usefully applied in telecommunication, medicine, envirommneiiiai inGiiiiorning,

defence and material precessing [5].

1.2.1 Properties of Lasers

Some specific properties of laser light make it distinctly useful and suitable for different
applications including metrology and material processing. One of these properties is

directionality, which makes the laser beam travel for long distances with minimum

Optical Metrology with Lasers and Position-Sensitive Detectors 22
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divergence. This is the reason for narrow beam formation of laser light and also makes its
detection easy and predictable. Due to this property the output power of laser light gets
concentrated in small areas and the brightness of laser light is very high compared to other

sources. The focused power thus produced is very useful for laser-based material processing.

Another useful property of laser is monochromaticity so that a normal laser beam
contains only a narrow range of wavelengths compared to normal light sources. With the
special line-narrowing techniques, this property can be improved further for specific
applications like spectroscopy. Another unique property of laser is coherence so that the
electromagnetic waves in a laser beam are traveling in phase with one-another. Thus the
coherence length or the distance over which the light remains in phase for lasers is very high
compared v oiher conventionai or scientific light sources. Similar effects are obsarved in

terms of time over which the laser light remains coherent [6].

1.2.2 Lasers in Optical Metrology

The above-mentioned properties of lasers make them very attractive for a number of
metrology applications, which are not practicabie with other light sources. One of the major
example for this is interferometry, which has become possible due to the properties of
coherence and monochromaticity. With these properties, the interference of laser light beams
produces fringes, which are visible and useful for the measurement applications. On the other
hand, interference between the waves of the normal light cannot produce visible fringes. At
rotating output beams due to the properties of directionality and monochromaticity. Such

useful phenomena may not be possible with conventional light sources.

The laser-based metrology instruments inciude different iypes like alignment iools,
trackers, telemeters, interferometers, speckle interferometers, holographic interferometers,
velocimeters, profilometers, vibrometers, gyroscopes, shearographic instruments and

different fiber-optics sensors [7].
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1.2.3 Lasers in Material Processing

Due to high directionality of laser beams, the irradiance, fluence and brightness of these
beams are very high. This makes them very useful for a number of material processing
applications including engraving, cutting, welding, drilling, cladding and surface treatment.
Some of the advantages of using lasers for such purposes are precision, surface finish,

neatness and working with diverse geometries and material configurations [8,9].

s Workpiece

R A~ ’ ﬂ""!. -

Figure 1.3. Laser welding as an area of laser material processing
1.3 Optical Displacement Measurement

Many of the applications in the industry, telecommunications and other fields require
accurate measurement of displacement of objects through non-contact methods. The needed
applications may include slow-moving tools or the components vibrating at moderately high
frequencies and may involve measurement ranges varying from the sub-millimetric ranges
for the precision instruments to tens of meters in the case of the remotely-controlled vehicles
or robots. The requirements may also warrant position-measurement in the axial or lateral

direction w.r.t. the optical axis of the measuring instruments [10,51].

Measurement of linear displacement may have different possible solutions. Due to its
ruggedness and often contact-less characteristics, optical svstems are very popular,
particularly when fast changes in displacement need to be measured. Many of these methods

allow measurement in sub-micrometer or even sub-nanometer range [10,67].
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Among the important optical or electro-optical displacement measurement techniques
first may be Optical Interferometry, which is mostly used in the applications requiring high
resolution and accuracy in the measurement of small or very small linear displacements.
Among others, it is used in precision tooling, calibration instrumenis and for measurement of

different engineering parameters.

Some systems to measure displacenient by optical means are based on a light source and
a light sensor where displacement produces change in optical power detected by the sensor.
This change may be due to the closer-farther movement of the reflecting body or due to the

light obstruction caused by the movement of a body.

Position-sensitive-detectors (PSD) are semiconductor devices, which give electrical
output based on the position of the light spot falling on the surface of these devices. These

may be of different types as described in later sections [52,53].

Lt MO LI rcol

Figure 1.4. Linear dispiacemeni measui€ineiin witn £S5 uud 1assi (58]

~

Figure 1.5. Angular displacement measurement with PSD and laser [58]
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Linear displacement optical encoders are basically made of a light source and a light
detector, optically connected through a ‘ruler’ of alternate constant-size transparent and
opaque zones. With the movement of the ‘ruler’, the sensor sees a train of light pulses and

can thus convert them to the information of the object movement.

Another displacement sensor system proposed is based on the determination of the
coordinates of a self-luminous object through the measurement of the wave fronts emitted by

the object and detected by a Shack-Hartman wave-front sensor | 10].

1.4 Position-Sensitive Detectors - Discrete

Semiconductor position-sensitive detectors (PSDs) offer very good solutions for position
measurement applications and since their inception in late fifties, these devices have become
a major tool for lateral position measurement. These detectors are mostly semicondiicior
devices and can be of different types, which are suitable for differeni applications. Ior
normal measurement or alignment applications discrete detectors are used such as quadrant
detectors etc. For more deiailed tracking or profiling applications imaging or array iype
detectors are utilized which also include CCD cameras used as PSD by processing the light
spot image on it. In addition there can be non-semiconductor devices like Vidicon tubes,

which also funciion as PSDs.

In discrete PSDs, two tvpes of devices are commonly used for position-sensing
applications as shown in figure. The segmented PSDs or four-quadrant detectors are used
more for applications with smaller movement span or for alignment. On the other hand, the
continuous PSDs or the lateral-effect photodiodes are used for wider displacement
measurement with hign linearity. In aadition to these two types, some times devices are also

made with other geometries like wedges etc [54].
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The illumination angle is chosen such that the diffracted beam emerges normal to the

grating or = 0. Also during the experiment, the illumination angle remains unchanged or da

= (). Thus:
dﬁ:———sinaz—-izisina:—sx sin . (2-3)
dx

Here & 1s derivative of the displacement component along the grating principle direction
(du/dx), i.e. the normal component of the strain in the x-direction. The change in diffracted

angle df can be calculated using the spot shift on the sensor surface and focal length /as
Ax) = fdf =-¢.fsina. (2-4)

It may be considered that if the sample undergoes some out-of-plane horizontal tilt in x-z
plane, this produces the shift in the individual light spots which is understandably in the same
direction. For this case if strain is not present or dP = 0, and angle of incidence changes as

much as the tilt of the sample or da=A46, from the earlier differential of the diffraction

equation it comes to
df =-Afcosa . (2-5)

In Equation (2-5) the measured shift of the beam on the sensor is due to both to the tilt of the

grating and to the resulting change in the diffraction angle. Thus,

df = AD —Ax%. (2-6)

The change in diffraction angle can be deduced when the specimen is subject to the strain, &,
and out-of plane tilt, 46. Important point to consider here is that due to divergent nature of
the non-collimated beams used, an extra factor K will be inserted. Hence the corresponding

shift, Ax, of a typical spot on CCD plane can be related to the strain and tilt as
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K—”AA% =—¢ sina + AO(1 +cosa) (2-7)
and
K_r'm% = +¢, sina + A0(1 +cosa), (2-8)

where f is focal length of cach micro-lens, «a is the angle of incidence and Ky is a
multiplication factor which is 1 if the two beams are collimated and the subscripts | and 2

refer to the two incident beams. Solving these two equations give

Ax, — Ax
£ =K, b R} 2-9)
T 2fsina
and
Af ax, +Ax, (2-10)

"N 2 f(tcosa)

The two incident beams, thus, enable to separately compute the strains and the rigid

body tilts of the specimen. The y-axis strain can similarly be calculated.

2.5 System Construction

The basic Multipoint Diffraction Strain Sensor (MDSS) setup (Figure 2.3) is compact,
simple and versatile. The current system uses a 1/2” CCD camera with a 44 x 33 micro-lens
array. Each micro-lens has a diameter of 144 pum and a focal length of 8.190 mun. The
specimen grating is a 1200 lines/mm reflective diffraction grating. The specimen can be tilted
using a precision rotation stage. Also the specimen has a strain gauge attached to the back
side. A 685 nm laser diode is coupled into two optical fibers and provides the two symimetric
incident beams. The spot image is digitized and processed using custom-developed software

written in MATLAB® according to Equations (2-9) and (2-10).
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Lateral-effect devices have been in use since early 1960s. The first such device was
presented in 1957 being a 2-axis device consisting of four point contact electrodes placed on
a common resistive sheet. Its response was highly non-linear, which was corrected by later
improvements in its geometry. The improved devices (duo-lateral) were later shown to be
very much linear in their response and alse having better precision in measurement [53,571

Lateral effect detectors have several advantages over quadrant devices for normal
metrology applications. Because there is no gap in the active areas, the size of the image is
not subject to constraints on minimum diameter. Also, the position information is available
as long as the light falls somewhere on the active area of the detector. And that the position is

determined according to the optical centroid of the light spot, making it indifferent to the spot
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tends to be lower because of the series resistance that the divided photo-currents encounter.

Also, these devices exhibit lower signal-to-noise ratio.

These devices are aiso available in one or two-dimensionai COﬂIl’J"rdleﬂb und have

mainly four different types. The duo-lateral type has electrodes on both front and rear

urfaces and typically has minimum error and gcod resclution. Teira-lateral type has four

U)

g~eclectrodes on the front surface of the device and is characterized by low leakage and fast

) response. Pin-cushion type is an improved form of the tetra-lateral with reduced signal non-

J~ linearity at the edges. Transparent duo-lateral detectors are essentially the same in principle

{
3
N

as duo-lateral, but they are constructed on transparent substrate. Sometimes odd-shaped
PSDs are also manufactured for specific applications like circular and spherical shapes for

angular position measurement {11,20,58,59].

The lateral-effect photodiodes are used for wider displacement measurement with high
lincarity, good resolution and fast responss. Besides norma! displacement sensing a5 sho
in figure, the application areas include optical metrology, industrial automation, training

simulation and many others [2,12,51,54].
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nt light displacement sensor [2]

1.5 Position-Sensitive Detectors — integrated

There are other devices which consist of an array of some sort of simpler light detectors
and thus can sense the position of the light falling on the surface like an imager. They can
provide information about the shape and distribution of the incident light spot. They are
generally used with some signal processing algorithm and this way they can help discerning
true incident light from the cluttered environment of false lights. Most familiar and useful

example of this category includes photodiode arrays and CCD arrays.

1.5.1 PSD or PD Arrays

Arrays of photo-diodes can provide a simple indication of the location of the laser beam
through the observation and determination of which diodes are illuminated. Two-dimensional
arrays with hundreds of diodes in each axis are commercially available. These normally
consist of one-dimensional or two-dimensionai arrays of detector cells like charge-coupled
detectors or photodiodes along with multiplexers. which enable sequential reading of these

devices as given in figure [54].
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Figure 1.10. Integrated photodiode arrays with multiplexing [54]
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There has been interest in producing photodetector array based sensors using CMOS or
BiCMOS technology, where specific architectures are also developed for light spot centroid
computation. Arrays have been made with individual current divisions as per lateral-effect
devices or as per quadrant devices. There have aiso been experiments for the manufacturing
of lateral-effect detectors using standard IC technologies like planar, CMOS or BiCMOS,

which are useful for larger device integration.

A useful device among these is Digital PSD or the array of active digital pixels. This
consists of 1-D or 2-D array of digital pixels along with circuits for triggering and readout.
Computational circuitry for centroid determination may also be added. Each pixel may
include a photodiode along with a comparaior circuii foi one-bit amplitude quantification
The device function is similar to CCD imagers in many ways, while the advantage is easier

processing for binary pixel values instead of grey-scale [13,51].

1.5.2 CCD Imagers

CCD or Charge-Coupled Device is very popular technology for imaging and cameras.
Construction of CCD is as an array of closely spaced MOS diodes. The light is recorded as
an electric charge in each diode. Using a proper sequence of clock voltage pulses, the
accumulated charges can be transferred in a controlled manner to the output of the device.

The relatively complicated structure as shown in figure makes CCDs costlier and harder to

(4}

dizital cutput, which mav be of different resolutions
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depending on the pixel size used in the array [14].

The imaging detectors like CCDs are sometimes used for light spot position sensing
instead of PSDs, particularly in instrumentation applications requiring higher accuracy and
noise rejection. Light spot detection algorithm is needed for its use as PSD. It is obvious that
the mass production of 1ow-cost CMCS imagers and the rapid development of digital signal
processing ICs together will partially replace PSDs in some of the traditional applications

[52,59].
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Figure 1.11. CCD Imager Technology

1.5.3 Discrete vs Imaging PSDs

Functionally speaking, PSD gives an output that is a function of the center of gravity of

N

the total light distribution on the active area. The CCD on the other hand detects the peal
A

1.
11

value of the light quantity distribution over the aciive area {or each: individual pixel, and

-+
(@]

values are put out sequentially [14].

There are many areas where there comes a choice between using imaging PSD vs
discrete PSD basing on their different merits and demerits. As an example, PSDs are
irequently used for the industrial coordinate measuring systems. Many such systems basing
on CCD imagers have been reported where the advantage of using CCDs mainly is the
nossibility 1o perform processing operations on the images and thus to satisfy the
performance requirements which are not possible with discrete PSDs. This means lower
sensitivity to background-induced noise and better toierance to lower light-to-background
contrast. Simultaneously, there is also possibility of processing multiple light spots at the
same time. These advantages come from the individual nrocessing or the pixel signals. Most

of these are also present for the digital photodiode arrays.

The major disadvantage is in terms of time, The need of image processing makes the

operation very slow, and takes the per-point operating time to many seconds or even 10s of
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seconds. On the other hand a suitable 4Q detector can be used with sufficiently high
precision and bandwidth needed for normal industrial operations with well-marked target

points [15,51].

1.6 Position-Sensitive Detectors - Tubes

Some non-semiconductor tube detectors are also used as PSDs. One important type is
Image Dissector, which is a modified photomultiplier tube (PMT). The modifications make it
possible to identify the areas of the photocathode that is generating the photocurrent. It
consists of normal photomultiplier elements, such as the photocathode, dynodes and anode.
‘The modificaiions thai make a PMT an image dissccior arc the electron-beam-defini ng

aperture, an electrostatic field that focuses the photoelectron beam from the photocathode,

and a deflection scheme that makes it possible to steer the beam through the aperture.

Another tube PSD as shown in figure is Vidicon, which is a type of imaging detecior
used in television cameras. Vidicons in tracking or positioning systems are used in a manner
very similar to the image dissector. That is, position iformation is gathered from the

deflection current that was being applied when a signal was picked up.
Such tube type photodetectors have been extensively used in advanced areas like high

energy physics already for some time. Aiso some of the precision aerospace tracking

applications are also implemented using such tube detectors [2,541.
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Figure 1.12. Image-dissector or Vidicon tube
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1.7 Metrology Applications of PSDs

PSDs are widely used in commercial and industrial applications. Lateral-effect detectors
are mostly used in optical distance measurement based on the triangulation principle etc as
shown in figure [54]. Such sensors are used in various kinds of position, ieighi, thickiiess
and vibration measurements needed in different industrial processes. Quadrant detectors are
mostly used as centering indicators rather than as linear position sensors. Imaging

PSDs are used where noise rejection or multiple beam tracking is required [16,58].

1.7.1 Engineering Measurements with PSDs

For the normal engineering and measurement applications simplest and cheapest way 10
measure the position through light spot is to use a PSD. In many straightforward applications
this is exactly what is done. Examples are alignment systems where the position of a
reference laser beam relative to the PSD is measured. Such systems are used for alignment of
everything from bridges to optical systems. As PSDs can be made to operate at very low

temperatures, this alignment method has also been applied to infrared optics.

The shortcoming of the normal PSD for many precision or complex applications is that it
cannot differ between a direct beam and a noise or reflected beam. It will just output the
resulting center of gravity from the two spots. Using a CCD or digital PSD in such

applications gives the possibility to differ between direct hits and reflections by evaluating
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will add to the complexity of the system and slow it down [11].
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Figure 1.13. Laser-based optical triangulation system for profilometry [54]
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Figure 1.14. Components of a laser alignment system with quadrant PSD [2]

1.7.2 Strain Measurement with PSDs

Along with other measurement applications of optical systems, strain measurement is
very important one, specifically in mechanics, material science and engineering. A number of
optical techniques such as moire’, speckle and holography have been developed and are
routinely used in these areas. Among these optical techniques, diffraction methods provide
strain information directly and possess several other advantages, such as the fact that the
system is simple and easily integrated. Since the early use of diffraction grating strain gauge,
this technique has advanced steadily and is now widely applied. An important application in
such measurement systems is the one using PSDs to measure the shift in the diffracted beam
and hence to gei a measure of strain in the component as shown in figure. The detector cai

be interfaced with a micro-computer, for the ease of operation and data recording [26,27,28].
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1.8 Target Research in Optical Mctroicgy and its Components

The research in the field of PSDs and optical metrology in our study is organized to be
valuable and somewhat comprehensive, and thus impart thorough understanding of the area
to the researchers. The research is also constrained by the availability of the nceded research
resources and by the flow of the on-going projects in the laboratory. At device level, some
work was done while working for the performance analysis of lateral-effect PSDs. Major part
of work was done at system level, while targeting the strain measurement application using
imaging PSDs. For this, a novel technique in this field was developed, tested and
characterized. In addition to these, somc woik was also done on thie application of laser
beams, but material processing was target in this part of research, as required by the running

projects in the laboratory.
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1.8.1 Target Research in Optical Strain Metrology

PSD-based diffracted-beam strain measurement is a useful technique due to direct
measurement, straightforward approach and easier integration. An important factor in its
usefulness is the absence of fringe analysis requirement present in many approaches, which

makes the system simpler, lighter and faster [26,27].

All the existing werks en diffraction-based strain measurement deal with sensing strain
at a single point like a strain gauge. Many applications in the industry warrant the
measurement of strain distribution rather than sensing strain at a single point only. Current
diffraction strain sensors, or the electrical strain gauges, cannot fuiilii this need uniess placed
in an array. A possible research avenue can be of using many smaller diffracted beams, to
fulfill this need of mapping strain at the body of a target component. To our knowledge, this

is unprecedented in research literature.

For the proposed research on PSD-based strain metrology systems, earlier figure
illustrates the principle of strain measurement using diffraction. Here the diffraction grating
bonded to the surface of the specimen follows the deformation of the underlying specimen.
The grating is illuminated by two superimposed laser beams and thus diffracted orders are
produced by both the beams according to the diffraction equation. The incident beams are
placed at the angle such that the first diffracted orders of both the beam emerge normal to the

surface of the grating and are detected by the CCD camera.
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Figure 1.17. Operation of diffraction grating [2]

In the proposed research, a CCD camera or imaging PSD will be fitted with beam-
division optics. In this camera, the diffracted beam is decomposed into many smaller beams,
which should be incident on the CCD surface all in parallel. Now these beamlets should
represent the diffraction from different areas of the sample surface. When the grating is

deformed, tilted or rotated, the position of the diffracted beamlets shift accordingly.

Processing these relative shifts of the light spots, amount of the strain or the tilt experienced

by the sample can be calculated. The operational and mathematical [21] analysis of such

sensor will be done under different conditions of laser beams and with different types of

movements present in the specimen along with the strain.

Use of imaging PSDs for this purpose can be useful as light-position accuracy of about

1/10 pixel can easily be obtained if the incident light spot is having circular span of few

pixeis widtn {17].
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Wave-front Lenslets Detector

Figure 1.18. Imaging detector with beam-division optics
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Figure 1.19. Position shifting of sampled diffracted beam microspots in the condition of

(a) No strain (reference position), (b) Uniform strain and (c) Non-uniform strain

1.8.2 Target Research in PSDs

In the industrial environment, the role of PSDs is diverse, inciuding ailguiiiéi,
displacement sensing and as a part of other analysis instrumentation. In such environment,
the system laser source is co-existing with different kinds of light sources, laser and non-
laser, along with their reflections and back-scatters from various surfaces. Some of the
systems may involve scanning or rotating laser beams too. They may produce different
effects while mixing with the real signal. Though the analysis of internal noises has been
done [18,19], these externai noise souices have been mentioned or described by some of the
earlier authors [51,54]. Thus it is felt that a detailed operational analysis in such environment

is very much needed.
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For the proposed research on PSD performance in industrial environments, the needed
theory will be developed first and the mathematical model will be built using that.
Experimental setup will be used to find out actual lab results with such spurious beam
environments. The setup will include main and noise laser sources of adjustable intensity.
Other optical sources may also be used as the interference. PSD detector along with its
requisite circuit will be used for the experimentation. The setup should be interfaced with the
computer so that the data can be logged. The figure shows the proposed setup while the noise

beam and the diverse illumination mix with the original laser beam on a PSD surface.

Original

// <€ L Beam
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Figure 1.20. Ditterent noise sources co-existing with originai beam for opticai meirology

1.8.3 Target Research in Laser Beams

As discussed, the laser beams have diverse applications in the areas of optical metrology
and material processing etc. Owing to a running project in material processing, some
regearch on laser beams and their effects will he carried out for the laser-based welding

techniques.

Laser welding of zinc-coated steel sheets in lap configuration poses a challenging
problem to the researchers. The solutions proposed in the last many years have noi yei found
an easy-to-apply realization to replace conventional resistance spot welding. The many
advantages offered by laser welding still justify a quest for very efficient methods. The ideal
solution should firstly solve the technological problem of the residual Zinc vapors trapped in

the joint weld due to the lower boiling point of the Zinc (907°C) with respect to melting point
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of steel Fe (1530°C). The solution should also be practical and economical enough to be

installed on the production lines [76,77,78].

For this purpose, a novel dual beam solution for such configuration is proposed. In this
new two beam method, the froni beam of the tandem sysiermn shall cut a siot with @ mniuimai
kerf, while the second beam shall seam-weld, joining the two sides of the kerf, while the
residual zinc evaporates through the slot ahead of it. For this purpose, two different laser
beams one for cutting and other for welding can be used, while alternately both beams can be

derived from the same source and split for these jobs.
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2. Optical Metrology System — 1:
Multipoint Diffraction Strain Sensor with Basic Setup

A Multipoint Diffraction Strain and Tilt Sensor based on multichannel imaging PSD is
developed and characterized with the novel feature of simultaneous strain measurement at
multiple points. Unlike conventional interferometrv based systems. this sensor uses
principles of diffraction to directly measure strain at large number of points. In this sensor, a
high-frequency diffraction grating is illuminated by two symmetric laser beams and ihe
diffracted beams are sampled on a CCD camera via a micro-lens array into an array of dots.
The shift of the individual dots is sensed and strains or rigid body tilt are calculated directly.

This novel technique is expected to be very vatuable in numerous industrial applications.

2.1 Problem Background

Optical methods have shown great promise for contact-free deformation measurement
using principles of diffraction, interterence and polarization. Laser light is widely used due to
its unique properties [42,43]. Compared to conventional electric strain gauge [44,45] they
silfer mauny uiiractive advantages. Boing non-contost, they have liherty in terms of
measurement region and instrument utilization. Additionally, they can possibly provide a
strain map, which is not possible with single measurement strain gauges. For precision
deformation measurements, interferometry has been widely used, though it entails time-
consuming fringe analysis and numerical differentiation for strain calculation. Diffraction
techniques directly provide derivatives of displacement using a straightforward approach and

ihus have better potential in strain analysis.

a
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2.1.1 Existing Systems

In 1956 Bell [28] first proposed a diffraction grating-based strain gauge. Since then,
many different developments and variatioug have been proposed and many of them are now
widely used in the industry, as reviewed by Moulder and Cardenas-Garcia and Sevenhuijsen
et al [29,30]. In these techniques researchers used various grating typés and imaging devices
or discrete position-sensitive devices (PSDs) for sensing [26,27,31,32]. For example,
Severhuiisen et al. [30] used a numerical grating spectrum method to measure the local strain
directly. Ma and KLirita [31] used two plasma-coupled device linear image sensors to
measure the location of the two diffracted spots before and after deformation. Among these,
the work of Asundi and Zhac {26,41] utilizing the approach of combining high-frequency
grating with PSDs, offers many advantages over the conventional electrical resistance strain
gauge, specifically the adjustable gauge (beam) size and multi-point measurement, while

maintaining the advantages of high sensitivity and accuracy.

A major problem is that all these works deal with sensing strain at a single point like a
strain gauge. Many applications in the industry warrant the measurement of strain
distribution rather than sensing strain at a single point only. These may include strain
variations present at a machine component under stress, a large beam used in a building
structure or even a small component used in MEMS. Diffraction strain sensors and electrical
strain gauges cannot fulfill this need unless placed in an array, which is read out sequentially.
Some researchers have tried with somewhat different methods involving fiber optics, but

have reported observation at only 2-3 points [33].

On the other hand, there are whole-field optical strain measurement techniques, such as
electronic speckle-pattern interferometry (ESPI) and Moire Interferometry, which have been
widely applied in the industry [34-37]. In ESPI interference fringes are produced by the
images from defusely-reflected laser light, while in Moire Interferometry fringe pattern is
produced by two opposite and symmetric beams incident on the sample with grating.
However, these approaches are not without their own limiiaiious. Specifically, ESPI suffers

from its low spatial resolution and relatively poor fringe visibility, and thus is mostly used for

qualitative observations [34]. Moire Interferometry technique on the other hand, is not that
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restrictive, but obviously needs lengthy fringe processing algorithms to yield the final output.
Also, whenever there is fringe processing involved, problem of low value strain
determination comes up due to the fringes being too sparse to give fine resolution
measurements [38]. Additionally, with such system there is problem of decrease in fringe
~ contrast-with increasing fringe frequency. It may alsc be mentioned that along with its useful

strain sensitivity, the technique is very much sensitive to rigid body rotations too [34].

2.2 Proposed Solution & Comparison

2.2.1 Overview

A technique for whole-field strain mapping using the sampled diffracted wavefronts is
presented. This research is expected to open up a new avenue and provide a versatile tool for
the industrial and structural applications, as a 2-D map of strain on the component body may
provide much clearer picture to the analysis team. To our knowledge, such multipoint optical

strain measurement feature has never been reported in earlier works.

A Multipoint Diffraction Strain and Tilt Sensor has been developed using a multichanne!
imaging position-sensitive detector, with the novel added feature of whole field strain
determination. This unique feature has been implemented by simultaneous iracking of
sampled wavefront diffracted from the component under test. In this sensor a high-irequency
diffraction grating is honded on the specimen  which is illuminated by two svmmetric
collimated laser beams. The first orders of diffracted beams impinge on a CCD camera, via a
microlens array. The deviation of the individual spots generated by both the beams is directly

proportional to the normal strain and a component of the shear strain.

2.2.2 Comparison with Others

Being a whole-field approach, this technique can be compared with other whole-field

optical strain measurement techniques like Moire Interferometry and ESPI as given [34-37].
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The obvious advantage of this multipoint diffraction method compared to others is its
direct approach. The strain is calculated without the need of any fringe processing and
numerical differentiation needed for interferometry [9,10]. Image subtraction for speckle
techiniques is alsc not needed here. This makes processing time needed for the final strain
map calculation much shorter and near-real-time. We found that the time taken for the

production of strain and tilt maps consisting of >1300 points will be <5 seconds.

At the same time it can produce map with good spatial resolution compared to other
methods and specifically to speckle technique. This resolution is only bounded by the

separation of the micro-lenses on the array, i.e. distance between the individually-shifting

micro-spots, which is <150 microns in cur case. This reselution is alse not hampered at

the lower strain values where farther apart fringes may degrade such resolution for fringe

processing methods.

The system resuits show good combination of sensitivity and accuracy considering oiher
whole-field approaches and specifically compared to speckle method where measurement

quality is largely hampered by thc poorer fringe visibility.

Being a simpler approach, the total computing and storage resources needed for this

method are going to be lesser.

2.3 Operating Principle

The Multipoint Diffraction Strain and Tilt Sensor is developed using a high-frequency

diffraction grating along with a micro-iens array and CCD based multichanns! imaging PSD.

A reflective diffraction grating is bonded to the surface of the specimen and follows the

deformation of the underlying specimen. The grating is illuminated by two symmetric

monochromatic laser beams at a prescribed angle such that the first order diftracted beams

emerge normal to the specimen surface. The micro-lens array samples each of this incident
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beams and focuses» them as spots onto the CCD. When the specimen is deformed, tilted or
rotated, the diffracted wavefronts emerging from the specimen are distorted and hence the
spots shift accordingly. The symmetric beam incident from other direction gives a similar
array of spot patterns. Strains at each spot location, which corresponds to a small area of the
specimen, can thein be readily deduced from the shift of the spots as described below.

Without loss of generality, spot shifts along one direction are used in this derivation.

Figure 2.1 illustrates the principle of multipoint strain measurement using non-
collimated divergent laser beams. The diffracted wavefronts emerging from the grating are
sampled into wavelets by the multi-lens array and focused onto the CCD. Each wavelet
represents the diffraction from a small area of the sample surface. When the grating is
deformed, ihe position of the diffracted wavelets on the CCD would chift accordingly as
shown in figure 2.2. Coming figure shows the simulated spot pattern for a 4x4 array of
micro-lenses for one of the beams when the specimen is unstrained, undergoes uniform strain
and non-uniform strain. The shift of the spots is proportional to the sample strain. in ihis
particular example, the shift of the spot 1s aiong one direction. However, in general the shift
would be in two directions but the principle would be unaffected as the horizontal and

oy |

vertical shifis are independent of each other.
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Figure 2.1. Operating principle of diffraction strain & tilt sensing
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Figure 2.2, Position of individual micro-snots with (a)
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no strain, (b) uniform strain and
(¢) non-uniform strain in the sample
2.4 Basic System Theory
Starting from the well-known diffraction equation [39] and differentiating it we get
P(sine +sin f)y=mA ‘ 2-1)
Pcosada + dPsina + Pcos df + dPsin f=0. (2-2)
where o and Bare the angles of illumination and diffraction, P is the pitch of the grating

whose principle direction is the x-axis, m is the diffraction order (x1) and A 1is the

wavelength of light.
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The illumination angle is chosen such that the diffracted beam emerges normal to the
grating or = 0. Also during the experiment, the illumination angle remains unchanged or der

=0, Thus:

ar dau
smaz—-d—sma =-g, sinx. (2-3)
X

dp =-

Here & 1s derivative of the displacement component along the grating principie direction
(duw/dx), i.e. the normal component of the strain in the x-direction. The change in diffracted

angle dff can be calculated using the spot shift on the sensor surface as

e £ n foie. (2.4
ASaay v

At the same time, we may consider that if the sample undergoes some out-of-plane
horizontal tilt in xz-plane, this produces the shift in the individual light spots which is
understandably in the same direction. For this case if swain is not present or dF = U, and
angle of incidence changes as much as the tilt of the sample or da=486,, from the earlier

differential of the diffraction equation we may get

dff =-A6, cosa (2-5)

Here the measured shift of the beam on the sensor is due both to the tilt of the grating

2 tn tlha maznlting Aiffrantian nv\n-lo hl—\nﬂno ur’nvn‘ﬂ rrvvpc
200 W0 RS DO GIUErAsUNn ange ae,
Ax;
ap =86, - /. (2-6)

Thus the change in diffraction angle when the specimen is subject to strain, & and out-of
plane tilt, 4¢ can be deduced. Important point to consider here is that due to divergent nature
of the non-collimated beams used, an extra factor X, will be inserted. Hence the

corresponding shift, Ax, of a typical spot on CCD plane can be related to the strain and tilt as
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K, .
-’Ax‘f=—gxfsma+A¢(1+cosa), (2-7)
K Ax / . s \ e
s /f:+5‘j sina + Agll +cosa ), (2-8)

e . . . | o .
where f is focal length of each micro-lens, o is the angle of incidence and K, is a

multiplication factor which is 1 if the two beams are collimated and the subscripts 1 and 2

refer to the two incident beams. Solving these two equations gives

r Ax2_A)Cl ’
ey = By T (2~9‘)
2fsina
hx, + Ax, L
Ag 2 T (2-10)

=K, ——.
2 f(1+cosa)

The two incident beams thus enable us to separately compute the strains and the rigid

body tilts of the specimen. Y-axis strain can similarly be calculated.

2.5 System Construction

The basic MDSS system setup is a compact, simple and versatile. The current system
uses a 1/2” CCD camera with a 44 x 33 micro-lens array. Each micro-lens has a diameter of
144 um and a focal length of 8.190 mm. The specimen grating is a 1200 lines/mm reflective
diffraction grating. The specimen can be tilted using a precision rotation stage. Also the
specimen has a strain gauge attached to the back side. A 685 nm laser diode is coupled into
two optical fibers and provides the two symmetric incident beams. The spot image is
digitized and processed using custom-deveioped software written in MATLAB® according to

earlier equations,
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Figure 2.3. MDSS based on laser diode divergent beam setup for (a) strain and (b) tilt

measurements

2.6 Basic Setup Output

2.6.1 Data Processing

The process for strain measurement proceeds as follows. Record and determine ceniroid
of the spot images for the unstrained sample for both beams (shown in Fig. 2.4(a) for one of
the beams). Deform (strain and/or out-of-plane tilt) the specimen and then record the
deformed spot patterns for the two beams as shown in Fig. 2.4(b). Centroid detection is

critical to this routine and as seen in Fig. 2.4(c), the spot images are not perfectly circular due

¢ and orati

B -

to imnerfections in the onti ngs, which makes it more difficult.

n

Figure 2.4. (a) Reference and (b) strained spot images, and (c) enlarged sample sub-

image of spots
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2.6.2 Strain and Tilt Maps

The strain and tilt can then be deduced from the shifts as presented earlier, and are
shown in Fig 2.5. Normal and shear strain components can aiso be individuaily caiculaied as

per strain equations and are shown in Fig 2.6.

X-STRAIN MAP

X-Tik MAP

Strain (US)

Vertical Vertical

- 1.6000
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o
<
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Figure 2.5. (2) Strain and (b) tilt distribution for a specimen subject to uniform strain

with some inevitable tilt
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x10 XSTRAIN MAP

Siran (US)
Srain (uS)

Vertical

Figure 2.6. (a) Normal and (b) shear strain distribution for a specimen subject to uniform

sirain

2.6.3 Multi-step Curves

Figure 2.7 shows the comparison of applied strain and tilt with the measured strain and

tilt for increasing deformation of the specimen.

Plot of Veasred X-Smain vs XSuan Flot f Measared X-Til va XTX
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Figure 2.7. (a) Applied v/s measured strain (b) Applied v/s measured tilt
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2.7 Basic System Characterization

Earlier figure shows the comparison of applied strain and tilt with the measured strain and
tilt for increasing deformation of the specimen. The plot shows good correlation and linearity
for the measured and applied values, thus verifying the MDSS sysiem. Somie cliaracierisics
of the MDSS system can be gleaned from these results. The sensitivity to strain/tilt is
governed by the centroid detection algorithm, and for a 6 pixel square micro-spot, the
sensitivity is 20 uS for strain and 10 uR for tilt. The accuracy was experimentally established
as the standard deviation between multiply-recorded data, and was found to be about 10 uS
for the mean strain measurements. The range for maximum strain and tilt, assuming that the
spots remain within the same micro-lens, is governed by the maximum allowable shift of the

: ol So TR
L 10A L=

individuai spots. Based on Eq. 2, and considering ihai each sub-window iias a size o
pixels, the maximum measurement range is 19 mS for strain and 9 mR for tilt along x-axis.
Experimentally stightly smaller values were obtained due to the irregular spot shape. Based

on the above experimental data the specifications of the MDSS system are given in Table 1.

Table 2.1. Major Specifications of MDSS

Range Measurement | Accuracy Measurement | 2-D Spatial

Linearity Sensitivity Variability Resolution

|
19 me/ 9 mR 1% of FSD 10 pe/ 5 pR 20 pe /10 pR | 10 pe/ S uR { 144 pm

Plot of Messured X-Sirain ve XStrain

Hewn Seain (uS)
[

a0k ; ; . : : . . i
0 1 2 3 4 2 ° ! L] » w AR
XSHreiniReps)

Figure 2.8. Accuracy calculation with multiple readings
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2.8 Conclusions

A basic-setup MDSS system has been developed and characterized with a novel
technique of simultaneous strain and tilt measurement at a large nurﬁber of points. The
current system is based on a simpler uncollimated laser beam setup. However, using a
standard moiré Interferometric system with the current MDSS, both strain and deformation
patterns can be obtained in near real time without the need for fringe processing. The system
characteristics are quite impressive and can be further improved with proper choice of
incident laser, micro-lens array, and algorithm. Furthermore, the system is also capable of
measuring rotation and shear strain. Indeed, it is possible to measure all three strain
components as well as rotation and tilt making this a truly versatile whole-field strain sensing
system. The system offers many promising features including a useful combination of
compactness, data collection speed and resuits accuracy. Diverse applications oi the

technique in microeiectronics, micromechanics aud vilier areas are expecied.

2.8.1 Related Publications

1. S.Igbal and A. Asundi, Characterization of Multipoint Diffraction Strain Sensor (MISS),
Key Engineering Materials Vol 326-328 (2006), pp 87-90.

2. S. IqBaI and A. Asundi, Simultaneous Micro Measurements of Sirain and Till using
Multichannel PSD. Asia-Pacific Conference on Transducers & Micro-Nano Technology,
Singapore, 2006

Optical Metrology with Lasers and Position-Sensitive Detectors 54



Chapter # 3
Optical Metrology System-2:
Multinoint Diffraction Strain & Tilt Sensor Based

on Moire Interferometer



Chapter # 3 Optical Metrology System - 2

3. Optical Metrology System — 2
Multipoint Diffraction Strain and Tilt Sensor Based

on Moire Interierometer

A Multipoint Diffraction Strain Sensor has been developed using a moiré interferometer
and multichannel imaging PSD, with the novel feature of whole field strain determination.
This unique feature has been implemented by simultaneous tracking of sampled wavefront
diffracted from the component under test. In this sensor a high-frequency diffraction grating
is bonded on the specimen, which is illuminated by two symmetric collimated laser beams, as
in a typical moiré interferometer. The first orders of diffracted beams impinge on a CCD
camera, via a microiens array. The lens array serves a dual puipose - 10 sampic the diffracted

pots on the CCI). The deviation of the

wavefront and to focug the wavefront to a number of .

)l

[§

individual spots generated by both of the beams is directly proportional to the normal strain
and a component of the shear strain. Simultaneous strain measurement at more than a
thousand points can be readily obtained and is demonstrated. This novel technique is
expected to be very valuable in numerous industrial metrology applications encompassing

different areas where whole-field strain map is desirable.

3.1 Operating Principle

Moiré Interferometry is normally used for optical measurement of mechanical
deformation through fringe analysis. In this technique, two beams of monochromatic,
coherent and collimated light symmetrically illuminate a specimen grating such that the first
order diffracted beams emerge normal to the surface of grating. Interference of these two
diffracted beams generates an interference pattern, which can be analyzed 1o obtain the

specimen deformation. By recording the displacement components in two perpendicular
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directions, the three in-plan strain components can be obtained through numerical

differentiation [38].

Figure 3.1 illustrates the principle of multipoint strain measurement using a set-up
similar to that for moiré interferometry. The diffracted wavefronts emerging from the grating
are sampled into wavelets by the multi-lens array and focused onto the CCD. Each wavelet
represents the diffraction from a small area of the sample surface. When the grating is
strained, deformed or tilted, the position of the diffracted wavelets on the CCD would shift
accordingly as shown in figure 3.2. The shift of the spots is shown to be directly proportional
to the derivative of the deformation. In this particular example, the shift of the spot is along

one direction. However, in general the shift would be in two directions but the principle

weuld be unaffected as the horizontal and vertical shifts are independent of each other
Beam-1 /\ $
Strain & Tilt Moire I
Movements

Multichannel
Imaging PSD

' Sampled
Grating diffracted beam

Specimen

Figure 3.1. Operating principle of MDSS based on Moire Interferometer.
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Figure 3.2. Deformations and respective changes in micro-spots of both beams
(a) Unstrained sample with both spots coinciding in middle (b) Uniform strain with
spots moving sideways (c¢) Non-uniform or heterogeneous strain (d) Uniform tilt with spots

moving in tandem (e) Non-uniform tilt or warping
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3.2 System Theory
Starting from the well-known diffraction equation [39] and differentiating it we get
P(sina +sin f)=mi, (3-1)
Pcosada + dPsina + Pcos fdf +dPsin g =0. (3-2)

where « and £ are the angles of illumination and diffraction, P is the pitch of the grating

whose principie direction is the x-axis, m is the diffraciion order {£1) and A s the

wavelength of light.

3.2.1 Normai Strain

le is chosen such that the diffracted beam emerges normal to the

10
= ~ 2 22l4

dﬂz_ﬁsinaz—gg—sina :-EI sina . (3-3)
X

& is derivative of the displacement component along the grating principle direction

(didx), i.e. the normal component of the strain in the x-direction. ine change in difiracted

angle dff can be calculated using the spot shift on the sensor surface as
Ax, = fdfi = —¢,fsinex, (3-4)

where f is the focal length of lens. The symmetrical beam incident from the opposite

direction will cause an equal but opposite shift of the waveiet spot. Thus
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Ay =g, fsina. (3-5)
Combining the two equations we get

_du  {(Axy—Axp)  (Axy — AP

T T 2fsina 217 (3-6)

The use of two beams in this manner eliminates measurement errors due to out-of-plane
tilt of the specimen. Very similar expression can be derived for the y-axis strain component
calculations, if the principle direction of the grating is in the y-direction and the illumination

beams are in the y-z plane, then

A Gy -an) Ay, AP (3-7)
Y dy  2fsina 2712 .

3.2.2 Shear or Rotation

If, on the other hand, sample experiences shear strain or a rotation [38], then this will be
recorded as the orthogonal movements of the spot array, i.e. for the grating lines parallel to
the y-axis, spots would shift in the y-direction. As the rotation or shear i1s given by the
orthogonal movement of the spots, it may be detected simultaneously with the normal strain
[39,40]. Thus if the sample is rotated within the plane by an anglc ¢, its orthogonal

diffraction angle is given as
sin B, =sinasing. (3-8)

Differentiating this and equating to spot movement as before, and noting that the

diffracted beam is initially normal to the grating plane at zero rotation, we get:

dp, =sinadg=Ay,/ f . (-9)
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Thus for the two beams with grating principal axis along x-direction, we get

A¢=A_)’2;_Aﬂ=ﬂ’ (3-10)
2fsina dy

and similarly for the grating with the principle direction along the y-direction

_ AXZ _Axl _ dV

. 3-11
2fsine  dx (-11)

Hence all three components of in-plane strain can be deduced from this technique.

3.2.3 Horizontal & Vertical Tilts

At the same time, we may consider that if the sample undergoes some out-of-pianc

norizontal iili in xz-plune, ilus produces the shift in the individual light spots which is

differential of the diffraction equation we may get
df =-A0, cosa. (3-12)

But the measured shift of the beam on the sensor is due both to the tilt of the grating and

to the resulting diffraction angle change, which gives

_ _Ax }
ap=26,-%. (3-13)

Thus as before forming expression for both of the beam shifts and adding them we get

the tiit to be as
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- A +Av, (3-14)
2f(1+cosax)
Similar expression can be formed for the vertical tilt in the yz-plane
AG = DNFA¥ (3-15)

7 2f(l+cosa)

The two incident beams thus enable us to separately compute all the strain components

as well as the out-of-plane rigid body tilt at each point of the specimen.

3.3 System Construction

3.3.1 Moire Interferometer Setup

The setup for Multipoint Diffraction Strain Sensor has been developed to be compact,
relatively simple and versatile at the samc timc, in view of its projected use in precision
machine or microelectronics industry. The system is utilizing a lens-array made up of 44x33
lenslets and a 1/2” diagonal CCD detector camera with an aperture of 6.4mm x 4.8mm. The
diameter of each lenslet is 144 pm and focal length of each is 8.190 mm. A polarizing
attenuator controis the iight intensiiy incident on the camera surface. A cross grating of 1200
lines/mm was bonded on the sample surface as the target. The specimen could be rotated as
well as deformed in its plane. A commercial Moiré Interferometer as shown in figure 3.3 and
figure 3.4 was used as it simplifies alignment and also allows for additional verification of
strains from the moiré interferometric fringes, which could also be recorded. Indeed, while
the muitipoint diffraciion sirain sensor can be used oi1 its 0w, it is also a convenisnt add-en

to the commercial moiré interferometers.
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Figure 3.3. MDSS adapted to a commercial moiré interferometer with Sample loading

machine

-

e LY

ferometer with Sensor and

3.3.2 Measurement Verification

The strain measurement is checked against the strain value calculated via fringe analysis.
Thus, the average x-axis fringe spacing in the reference image and in the strained image are
determined as shown in figure 3.5. Then the relative strain is calculated from difference in
fringe spacing As and virtual grating frequency f, as &=1/f,4s. For the MDSS, the normal in-

plane strains are calculated using equations given earlier for u- and v-fields and for shear or
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rotation. The spot centroids for each beam before and after loading is determined using a sub-
pixel centroid detection algorithm and the entire calculation is programmed in MATLAB®
which in addition permits other checks on the calculations to be performed as well. Each

beamlet window is of about 18x14 pixel size. Illuminated pixels of light spot are determined

by comparing light level of each pixel with a specific threshold and thus the sub-pixe!

centroid position from the illuminated pixels is computed.

AN N
FLAEEALPLERAN PRI T LAY

(b)
Figure 3.5. Fringc pattern of {a) reference and (b) strained images for comparative strain

calculation.

A

3.4 Moire Intericrometer Setup Gutput

3.4.1 Data Processing

The operation of Multipoint Diffraction Strain Sensor starts by the input of reference

mzaaz tzl-am gMermgtale b scsnhing An the vight and 1o intarfaramator haame and

Trre iy IR Ew S 15188 M teli el A aee  araad

recording the beams diffracted from the un-strained specimen. The centroids of the
individual spots are computed from these images and stored by the system software as the
reference positions. Afterwards the sample is strained and two images of the beam diffracted
from the strained sample using the right and left beams are processed as before. The system
computes the individual shift of each spot in the images both from the right and left beams;

arAd thes o1 e +1a 111
and thus computcs the strain averaged over each sampled area. In addition, any shear

(orthogonal) strain or in-plane rotation of the specimen is also calculated and displayed in the
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form of a distribution map. Typical spot images along with a combined image (red for before

and green for aﬁer)‘and an enlarged view of a few sub-images are shown in figure 3.6.

The data processing operation of the system is fairly fast and the strain map is produced
almost instantly, i.e. within few seconds. Simultaneously, detailed statistics of the strain
distribution are also displayed, like mean and standard deviation, etc. As an image from each
of the right and left beam is needed at a certain strain condition, straining of the sample may
be done in steps, while stopping and allowing for beam-switching and imaging operation. For
the quicker computation process, the system also has the provision of feeding multi-step
stored data of the strained images at a time and a multi-step mean strain curve is also

produced, as shown later.

Figure 3.6. (a) Reference and (b) strained images along with (c¢) combined image and (d)

|

sampled spot images.

3.4.2 Strain & Rotation Maps

The tests were mostly performed on a circular disk sample of hard plastic having about

2.5” of diameter, with grating rigidly bonded on its surface. For the case of in-plane strain,
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the resulting strain map of sampled area is shown in figure 3.7. Since the area is small and
can be seen from the fringe patterns in earlier figure, the strain is fairly uniform. Although
the rotation/shear strain component in this case is small, the shear strain/rotation map picks

up these changes which are not apparent from the fringe pattern. Figure 3.8 and figure 3.9

es of non-uniform strain Hy 'Q{‘ﬂ("\cr at the “r’o part of the Sample or by pf_\klng a

show the ca

wedge on the right edge of the disk.
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Ficure 1.7 2.1 Strain \/fov\ for uniform v-strain (with some shear comnonent).
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Figure 3.8. 2-D Strain Map for non-uniform strain (Map of the area near the left edge of

the sample, with the left edge values being more negative)
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Figure 3.9. 2-D Strain Map for non-uniform strain (Poking from right side makes the
right edge strain values in the map to be more negative, with a visible ditch in the middle of

edge.)

3.4.3 Kotation and Tiit Maps

Figure 3.10 shows the results for the case of pure rotation. in this case, the noruai sirau
component is zero as is to be expected and the shear component shows uniform rotation over
the entire sampled area. In these maps, strain (or rotation) is given as gray-scale (color-
coded) along vertical axis, with the units of «S (micro-strain or ug) or uR (micro-radians).

Figure 3.11 is simultaneously showing x-strain and x-tilt of the component.
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Figure 3.10. Strain and rotation maps for pure rotation applied.
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Figure 3.11. (a) Strain and (b) tilt distribution for a specimen subjected to uniform tilt

3.4.4 Multi-step Curves

To compare the results with the moiré interferometric pattern, the average strain from all
the spots was determined and compared with the average strain calculated from the fringe
spacing in moir¢ interferometry at different loads and rotations. Figure 3.12 shows the mean
normal strain and shear strain comparisons for the disk under compression. Good correlation
(within few percent) is found between the calculated and experimental values. Similarly for
the case of rotation, the rotation measured using MDSS is compared with the rotation values
applied. Once again the correlation is excellent as seen in figure 3.13. This figure contains
rotations measured from both the gratings with first part corresponding to a grating with the
x-direction as the principle direction and second part is for the grating with principle

direction as the y-direction. Next figure 3.14 shows the results for tilt applied to the sample.

Optical Metrology with Lasers and Position-Sensitive Detectors 69



Chapter # 3 Optical Metrology System - 2

For the first part, it is normal x-tilt, while for second part it is y-tilt as v-field is used from

interferometer instead of the normal u-field.
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Figure 3.12. Mean (a) normal x-strain and (b) shear strain for increasing applied load —
comparison of measurement with MDSS (vertical) and with moiré¢ intcrferometric fringe

method (horizontal).
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Figure 3.13. Comparison of applied rotation (horizontal) with that measured using

MDSS (vertical) with grating principle direction as (a) x- direction (b) v- direction.
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3.5 Design Decisions

Design of this new system passed through different stages and involved design trade-offs

at these stages. Feilowing are some of the importani decisions taken en-route for

performance improvement.

3.5.1 Use of Moire Interferometer

The oprinciple of multi-channel diffraction measurement can be implemented with
different laser beams having different beam properties. In the beginning of our
experimentation, a pair of collimated but narrow beams from fiber laser source was used for
this purpose. The obtained images of the diffracted beam are shown in figure 3.15. The
obvious probiem seen was that the bearii couid not iiluminate whole screen at a time, and
also that the illuminated part of the lens-array changed with the shift of the beam, thus
making the reliable strain calculation very difficult. Next beam type tried was the un-
collimated divergent beam from the same source, which would easily fill more than whole of

the screen. The images were very uniform with discrete micro-spots, but as it soon became
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obvious that the divergent incident beam would give a divergent diffracted beam. And such
diverging wavefroﬁt would deviate the results from the values calculated from the theory
developed, i.e. an error factor K would be needed as & = Kr &un-collimaed). Moire
Interferometer beams on the other hand are correctly-incidnet, collimated and enlarged for

the needed whotle-field imaging, and thus produce resulis being theoreticaily valid too.

e R s S 2 g e

(2) (b)

Figure 3.15. Effects of spot movement on collimated narrow beam

3.5.2 Use of Two Beams for Strain Calculation

It may be mentioned that the strain in the specimen can also be calculated using a single
beam diffraction, which is given by the initial equations. As pointed out earlier about errors
in such measurements [27,31], the major source of error in strain calculation through
diffraction is the out-of-plane tilt of the specimen surface, which also gives rise to similar
spot shifts as strain. But as covered in our theoretical treatment earlier, use of two
symmetrical opposite beams from Moire Interferometer produces iwo diiierent spoi siniis
calculated from both beams. Now the tilt can easily be purged out being related to the sum of

the shifts or (Ax,+Ax,), while the strain may more cleanly be calculated being related to the

difference of the shifts or (Ax,-Ax;).
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3.5.3 Image Light Thresholding for Spot Determination

The output of CCD-based camera is 8-bit gray-scale image, thus showing different levels
of illumination at different pixels of lighted spot. The spot centroid was first calculated from
this image and the shift of the spots was determined by comparing the information in two
images. It was soon found out that the spot-shift calculation from such gray-scale image was
not correct mainly owing to the inherently present light in the background pixels, e.g. the tilt
cf 4

the imaoes were then

as measured as that of about 2 pixels. Thus as an alternate, the ima ges

v oo

3
I
>4
€
N
%]

)
b

processed by comparison of each pixel to a suitable threshold value determined by the
average amount of light present in the pixels of the picture, and then were converted to
binary image containing 1s for light and Us for dark areas. This would give correct resuits of

shift and strain calculation for different light conditions and specimens used.

Next problem came with the irregular images taken from imperfect or ‘dirty’ gratings

AnmAd +m ot .- 3 sats 3 3 )
bonded to the specimens, showing larger variation of light or presence of darker spots within

rz

the same image. For this purpose, the thresholding algorithm had to be modified again. as the
threshold now was kept according to the average amount of light in the close-by region or in
the specific sub-window being processed, instead of relating it to the cumulative average
light of the image. This approach worked for most diffracted beams of varying light intensity.
But it was also found that correctness of shift calculation was slightly hampered as per the
variation in the certroid calculation for each sub-window. Examples of different images are

given in figure 3.16.
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Figure 3.16. (a) Regular image from camera, (b) Irregular image from camera, (c¢)

Normal image after thresholding

3.5.4 Technique for Strain Calculation Comparison

An important design and analysis issue was choosing ihe technique io which ihe strain
calculation from MDSS can be reliably compared for result correctness verification. At first
the samples were used with a normal strain gauge bonded on its back. It was soon found out
that in compressive or negative strain applications, the measured values were non-linear and
somewhat unrelated to MDSS calculations. The difference came firstly due to the fact that
strain gauge is a single-element sensor whose position on the specimen may well be different
from the mean position measured on the grating. And the other bigger and obvious reason of
the difference is the pending efieci 1n ihe specimen under compressive 10ads, wiich imakes

the front and back strains entirely different from each other.

Other possibility tried was the strain calculation from the mechanical movement of the
loading tool sides, as a fraction of the length of the specimen. Such caiculation was of course
more crude and hampered by many factors including variable strain distribution, bending
effects and the tolerances in the mechanical movement of the loading machine. Compared to
these, fringe analysis of the Moire Interferometric patterns is the whole-field approach like
ours, Its suitability for use also came from the fact that it is optical method like ours and also
uses the same bonded grating for strain calculations, which makes this comparison much

more meaningful and trustworthy.

3.6 System Characterization

3.6.1 Linearity or Data Correctness

[a a TN B B P IS P L minnlind e d saamnAnTYRA ~re
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1.

uniform but gradually varying values. The applied strain values are determined by Moire

Interferometric fringe processing method. The comparison shows good correlation and
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linearity between the measured and applied values, thus verifying the measurement capability
of this technique. Considering the maximum measurement range for this system, which is
being determined later, the measurement linearity of the system comes to be within 1% of
FSD for strain measurements and within 2% of FSD for the tilt measurements. One reason of
larger error margin in iilt calculations is probably due to the applied valuss read on the
screw-type mechanical gauge of the rotational stage, having larger margin of human error as

compared to the fringe processing method used for the determination of applied strain.

Table 3.1. Comparison of applied and measured values of x-strain and x-tilt

Sr No X-Strain (ug) X-Tilt (prad)
Applied Measured Applied Measured

I. -1234 -1264 -3500 -3041

2. -926 -931 -1750 -1680

3. -555 -547 0 5

4. -252 -254 1750 1654

5. 0 17 "

3.6.2 Sensitivity

The system sensitivity to strain or tilt changes is largely governed by the imaging
resolution and centroid detection algorithm for the generated micro-spot, so that the
minimum shift in spot can be discerned. Considering a medium-sized spot covering the area
of 0x0 pixeis (witicii iS Cioser 10 Our CRpeiimciitation as shown in figure 3.17), and that e
minimum movement of the spot can be that of the shift in one pixel only, the minimum
sensed spot shift comes to be 0.22 micron. This corresponds to the strain sensitivity of 18 pe

and tilt sensitivity of 8 prad.
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5 10 15 5 10 15

Figure 3.17. Enlarged subwindows showing micro-spots shape and size in pixels
3.6.3 Accuracy

The accuracy of the system was experimentally established as the standard deviation
present in the list of multiply-recorded data, as shown in figure 3.18. It may also be noted

1

et s P P P A Ffaw
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on differs while considering the strain present at 2 single point or while
considering the mean strain of whole the map. It was found that the accuracy of mean strain
calculation is about 3 pe and that of the mean tilt calculation is about 1.5 prad. The tighter
value of tilt accuracy may well be due to more stable application of tilt to the specimen. On
the other hand, accuracy for an individual point was found to be at much looser value of

about 50 pe. This may largely be attributed to the imaging resolution of the camera used,

which comes to be significant due to the finite pixeli size.

3.6.4 Range

The range for maximum strain and tilt, assuming that the spots remain within the same

materaslens araz o onurrmed ke tha mavimnm nlln wml-\lo chi Ff n{:ﬂv_\ -nr‘nnr‘na] m1r\rn-qﬁnfc ag
IRICIC-CIIE ZICE) 15 ZOVOTROL OF LT IIOEIMU 2

shown in figure 3.18. Based on the equations for the single-axis strain and tilt calculation
derived earlier, and considering the usable size of each sub-window being 18x14 pixels
‘minus the size of the spot, the measurement range can be calculated. Starting from the no-
strain condition of both spots coinciding, the maximum spot separation obtained within a
sub-window can be about 100 micron, which puts the strain measurement range at 8 me.
Siindarly assuining the spois traversing whole of window during the tilt-measurements, the
maximum tilt change to be measured is 7.5 mrad. These ranges are of course dependent on

the pre-hand alignment of the system, and without the proper alignment the spots may go
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out-of-range even with small movements. Experimentally somewhat smaller value of 5-6
mrad was achieved for the tilt measurement as shown in Fig 8, probably due to the larger

measurement steps and irregularities in the spot shape.
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Figure 3.18. (a) Multiple readings at the same strain for accuracy determination. (b) Tilt

range given as linear region of the curve

-

3.9.5 Spatiai Resoiution

Spatial resolution of the system depends on the separation present between the
individual micro-spots on the CCD surface. For our system having a lens-array of 44x33
lenses, and the CCD size of 6.4.\;4|.8, this resolution value is about 145 micron, which is
largely coinciding with the individu:al lens dia of 144 micron. Figure 3.19 shows an example
of strain map for the given CCD size, while narrow peaks of irregular sirain are evident

indicating the high spatial resolution of the system.

Optical Metrology with Lasers and Position-Sensitive Detectors 77



Chapter # 3 - Optical Metrology System - 2

X-STRAIN MAP SHEAR/ROTATION MAP

40

30 10 20 30 40 30

Horizontal

o 10 20

Naoaro i
voiuvai

Verucai : .
-3000 Horizontal

o
1-4000

Figure 3.19. Strain map showing narrow strain peaks

3.7 Conclusions

A new system Multipoint Diffraction Strain and Tilt Sensor has been developed based

an Maire Tnterfarometer and Multichannel PSD_ with a novel technique for simultaneous
optical strain and tilt measurement at a large array of points. The system uses simultaneous
position tracking of smaller beams diffracted differently from the various points of the
component under test. Using this setup, whole-field strain and tilt distribution patterns over
the component body can be obtained in near real time, without the need for fringe processing.
Furthermore, the system also has capability of measuring rotation and shear strain. To sum
up, it is possible to measure all three strain components as well as rotation and both tilts,
making this a truly versatile whole-field strain sensing system. The system offers a promising

combination of features compared to other whole-field methods, including data collection
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speed, results accuracy and compactness; with its prime strength being in direct and near-
real-time calculation of whole-field strain with a fine spatial resolution. The system
characteristics can be further improved using finer imaging resolution and smarter processing
algorithm. All these make this technique very attractive for precision applications in

mechanics and micro-mechanics.
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4, Optical Metrology Components: PSDs
Impact of Stray Illumination Noise on Response of

Position-Sensitive Devices

This chapter comprises a unique analysis of position-sensitive detectors used in noisy
industrial environment, where several other light sources also coexist and thus produce
unpredicted effects on PSD output. Many researchers of normal photo-sensors have analyzed
their performance in presence of thesc siray noiscs, whilc this problem has many times been
outlined in context of PSDs too. Nonetheless, detailed performance analysis of PSDs with
stray optical noises is very much needed. For this purpose, we first describe and model these
stray noises with respect to the operation of PSDs and then analyze the response of these
detectors in the presence of these spurious signals. 1he experimentai resuits are presented,
which were obtained using PSDs with signal beams and noise sources. The experimental data
is compared with the results from the proposed mathematical model and it is observed that

the measured performance is within a fraction of a percent of the calculated one. The analysis

of systematic errors encountered during data collection is also presented.

4.1 Problem Background

In the industry, telecommunication and other sectors, many applications require accurate
measurement of displacement of objects through non-contact methods. Semiconductor
position-sensitive detectors (PSDs) offer very good solutions for such appiications and since
their inception in late fifties, these devices have become a major tool for lateral position
measurement. Two types of such devices are commonly used for position-sensing
applications. The segmented PSDs or four-quadrant detectors are used for high precision and

low signal-level applications where range of movement is relatively smaller or the alignment
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is the objective. On the other hand, the continuous PSDs or the lateral-effect photodiodes are
used for wider displacement measurement with high linearity, good resolution and fast

response [51,52,60,61].

Applications of PSDs are even more diverse and widespread in the industry, including
alignment, displacement sensing and as a part of other analysis instrumentation. In such
environment, the system laser source is co-existing with different nearby light sources,
coherent or otherwisc, along with their reflections and back-scatieis from various ucaivy
surfaces. Some of the systems may involve scanning or rotating laser beams too, which may

have enough energy to effect the PSD measurements in the form of periodic pulses.

Such random illumination noises may take the form of different sources types. e.g.
directional, point or extended; and may fall on the detector surface in different shapes or

spatial distributions. They may produce unwanted outputs while mixing with the real signal,

wihich is coming direct

i from the source or via the reflecior onto the detecior surface. These
noise sources have heen mentioned or described by some of the earlier authors [51

2! x iy LU .3 S a3 9 § LANG N 13 it 5 Y,

Nonetheless it is felt that a detailed operational analysis in view of PSDs is still required.

Figure 4.1. Simultaneous us’e of multiple cfsely-placed laser beams in industry

(courtesy Steinbichler "ptotechnic)

It may also be mentioned that for more critical ‘r'neasurement applications, modulation of

light source is used synchronized with receiver, to avoid the effects of background light. But

on the other hand, such systems become unfeasible in many standard applications due to the
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practical reasons such as needed compatibility with simpler light sources, reduced technical
complexity and lower system cost. Thus whole lot of industrial position measurement
systems are still produced and utilized with un-modulated continuous light sources [11,12],
directly effected by other illuminations. Also important is the fact that, as given by Makynen
and others, -even the modulated light reflected- beam scnsors do suffer from stray
illuminations problem in the form of unwanted reflections from close-by objects [S1]. He has
outlined this problem along with an effort for a solution. Thus the position response analysis
presented here does also apply to these sensor types while considering the effects of such

stray reflections.

4.1.1 Lateral-Effect PSDs

PSDs based on lateral-effect have a continuous construction in terms of their light-
sensing area, which characterizes them from the other segmented position-sensitive detectors.
Thus their construction is in the form of a single continuous photodiode, as shown in Figure
4.2. As light falls on a specific portion of LEP, the generated current carriers are divided
between the extended edge electrodes on each side. This division is in proportion to the
encountered respective conductance, or in inverse proportion to the relative distances of ihe

current paths between the illuminated region and the respective electrode [60].

r-L/2

Figure. 4.2. Geometrical shape, transfer curve and pin-out of Lateral effect PSD

The important features of these lateral-effect devices include position measurement of

the incident light spot for the larger dynamic range or upto the edges of the devices.
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Additionally, the transfer characteristic for the light spot position measurement has very good
linearity for the entire range [51]. This gives them an edge over the segmented
photodetectors for many of the applications where continuous position measurement is
needed. Another useful feature is that the position is measured for the centroid of the incident

iight beam or even divided spots. This makes them largely indiffereint io ti

40

spot size and
shape [63,64]. The position of the light spot is calculated from the terminal currents such that
the output limits are normalized to -1 and +1 at the sensor edges. The x-axis position
measured from the center of the detector in terms of the horizontal electrode currents is given
in the following equation for the general duo-lateral and tetra-lateral lateral-effect PSDs

[53,58]. Similar formula will be used for the y-axis position calculation in dual-axis PSD.

4.1.2 Position Unceitainty of Lateral Effect PSDs

Position uncertainty of a PSD can be defined as the minimum displacement that can be
resolved by a position sensor in a given electro-optical system. This is an important property
of the sensing system as it more or less characterizes the quality of the sensing response i
the system for smaller signals or displacements. Presence of noise heavily hampers this
parameter; thus its major dependence can be described as on signal-to-noise ratio present
during the system operation. This parameter may not be confused with correctness or

linearity of the detector. These properties are intrinsic to the type of detector and are

indarnandant Afcignal_ta.nnica ratin
MASTenCany o s1igna-e-nose ratllie,

To estimate the uncertainty of lateral-effect PSD, there are internal factors and external
factors. The major spot position uncertainty due to the internal factors can be expressed in
terms of speckle noise and thermal noise [54]. According to Beraldin et ai, in the system
what limits the performance or contribute to spot-postion uncertainty of PSDs is the presence
of nen-signal spuricus lights, which cannot be isolated from the actual light spot position

information and are inevitably interpreted as a valid signal by the PSD [54].
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4.2 Noise Beams and Illuminations

The disturbing lights and illuminations may be coming from different types of sources
and may be taking different spatial distribution and characteristics. Considering the sources
of illuminations, the major sources have been described by Beraldin ct ai 0 be ambient
illumination, direct sunlight and other laser sources [54]. These sources have been described
to be the limiting factors for the performance or the fluctuation-free accuracy obtained from
the operation of lateral-effect PSDs [54]. Now we categorize these sources according to their
characteristics and the spatial distribution of their light on the PSD surface. and also analyze
them one by one from the point of view of the normal operation of PSDs with these

disturbances.

Probably the most obvious source of external noise in an optical system is background
radiation. A detector will anyway be facing the black-body radiation from the background
which happens to be at a specific temperature during the operation or measurement, even if
specific sources are not present to emit the interfering or disturbing radiation. According to
Plank’s Law, this minimum background radiation illuminating any detector, or PSD to be
specific, will be given as in the following equation, whiie other descripiions and eguations
are also used [62,65]. Unless their intensity is high, their usual effect mzy be smaller and
similar to other diffused illuminations to be described hereafter.

\ 1 dQ ,
(P )y = J 10)AVAG - 4-2)

Av

4.2.1 Noise Beams

Probably the major source of disturbance for our analysis can be that from other
directional laser beams falling on the surface of a lateral-effect PSD simultaneously, as
shown in Figure 4.3. Similarly, other directional light beams and non-laser lights, which fall
onn the detector surface in a shape approximating 2 beam, may also be included in this
category. Similar effect will also be produced by the illuminations, which are not directional

in nature but are converted to a spot by the receiver optics. The most obvious example may
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be that of parallel rays coming from a distant source and converted to a spot by the positive

lens used in front of the PSD.

For the normal direct-beam or reflected-beam position sensor based on a Lateral-effect

™
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PSD, tiie output curient procuced on the
is a function of certain parameters as i; = ij (Is, X, ys) for j=1-4. In this equation I; is the
intensity of the actual beam incident on PSD’s surface and x,, y;s represent the position of the
centroid of the beam on PSD’s surface. Similarly, if the noise beam is falling on the surface,
the output current component due to this beam may be given as i;’ = ij’ (I, X, yn) for j=1-4.

Here I, is the intensity and X,. y, represent the position of the centroid of the noise beam on

the PSD’s surface. Thus, the measured current on a terminal may be following.

i_/(mca.yured) = ij (]‘; H xy s y_\- ) + iJ' ([n H xn 4 .},n \) forjzl -4 (4-‘3)
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Figure 4.3. Noise beam disturbing the original beam on PSD surface

4.2.2 Noise [lluminations

H 1 e <

The next important type of interfering illumination to be considered is the ong, which is
not beam-like or is not narrow enough and falls on whole of the PSD’s surface area. These
include the point sources whose light is falling direct on the PSD or the extended sources,

diffuse reflections and background illuminations, which do not form a limited spot even after

passing through the receiver optics. Ambient light is the most obvious example of this
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category. Simplifying their effect on the PSD and assuming their uniformity for now, they
may be approximated by a wide “spot” covering.the whole of PSD area and having the
centroid in the middle or the center of PSD, as shown in Figure 4.4. Thus similar to earlier
representation, terminal currents are i’ = 1;” (Liy, 0, 0) for j=1-4. Now Iy is the intensity and 0,

0 indicate the middle position of the centroid of the interfering illumination on the PSD’s

AT dilTadvaiidig IUMINaUeH ¢n il ol

surface. The measured current on a terminal may be given as following.

ij(mcasurea’) = i_/' ([\ s Xy yt) - ij ([I/I 00) forj=1 -4 (4‘4)
<. /1 v ve )
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Original Beam
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Figure 4.4. Diffuse illuminations disturbing the original beam on PSD surface

A specific category may be that of the pulsating lights or the scanning laser beams
falling on the surface of PSD in the form of a pulse train. Although they may also be falling
on a specific area of the detector, more common among them are going to be those

approximating the diffuse illuminations covering almost entire area. This is to be expected as
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scanning light, and they are expected to take the form of diffuse illumination. The output
current in this case is function of one more parameter as i;’ =i;’ (Iy, 0, 0, DC) for j=1-4. Here

DC represents the net duty cycle of the interfering pulses impinging on the surface of PSD.

ij(mumured) = ij (IA s X5 Vs ) + l_‘/ (]ill 70507 DC) forj=l -4 (4-5)
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(ly, 0,0, DC) (Is, Xs, Ys)
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Figure 4.5. Reduced effect due to pulsating light duty cycle disturbing original beam
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For the normal single-beam operation, PSD gives the centroid position of the incident

signal beam calculated by the individual currents as given before [51]:

Lii, —i
p == 2 L
) (iz +i1] (4-6)

Suppose that instead of the ‘signal beam’, there is 2 ‘noise beam’ falling on the surface
of PSD and generating its own currents on the output terminals. The position of the noise

beam can be calculated by the similar formula as [58]:

p L] (4-7)
- 2\, +4, ) '
For the single-beam operation, calculation of the beam position is carried out in the
similar manner for both of the cases. Now what will be the behaviour of the device when
both the beams are incident on the surface of the PSD at the same lime? According to
Kawasaki & Goto, the output of PSD in this case, calculated using the terminal currents,
should be equal to the intensity-weighted mean of both the light positions [63]. Thus the final

position and the error from the signal position may be given as:
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I I
_ Signal Noise -
PMeasured - I Ji PSigna/ + I I PNoise (4 8)
Signal 4 Npise Signal + { Noise

Poy = Popry e __(p_p Nop Lgp (4-9)

Measured — * Signal I I Noise Signal J = * Signal

Signal + Noise
5P = K Inmtensity dP = K Intensity (P Noise IDSigna[ ) (4- 1 0)

Thus the shift in measured position due to the presence of interfering beam depends on
the mutual distance between both the sources and on the fraction of the noise intensity within
the total intensity falling on PSD. This is the case when a second noise beam, which is

ETITR S S S SNt SRUTDCIE IDT TUNR Mo .
difeciional i natuire, 1S intericring wiln nd origina PSD. What may
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happen in the case where a broad illumination from a point source or an extended source is
covering whole of the surface and is interfering with the original signal beam? As discussed
earlier, its centeroid may be taken to be at the center of the PSD. Here the change in the finai

position brought by the illumination is as:
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Last case is about the specific category of the pulsating lights or the scanning laser
beams falling on the surface of PSD in the form of a pulse train, while illuminating the PSD
area as a whole. In this case the intensity of the interfering noise is actually modified in terms
of the duty cycle fraction, but as the intensity of the noise is taken to be much smaller, i.e. I,

<<J,; thus the whole of the intensity multiple may be modified to include the DC fraction.

oP

=K Intensity (Duty-Cycle) = I

DC X 1 oise -
+ DCT x [ AP = K sy K puay-cete (_ Pgnal ) (4-12)
d Noise ‘
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4.4 Max Uncertainty Error with Optical Noise

In order to calculate the uncertainty error introduced by the addition of noise, we
consider the noise sources co-existing with the signal source, and also consider signal-to-
noise ratio as:

S Lsigna
2 Signa (4_13)

AT 7o
B L Noise

The error introduced in this case is the difference in the measured position and the
position given ideally by the signal only. This error is going to be minimum or zero if both
the noise beam and the signal beam are coinciding and it is going to have the maximum value
once both are maximum apart at the opposite edges of the PSD detection area. Thus, in case
S/N >> 1, the maximum uncertainty error in presence of a noise beam will be as per the

calculations in previous section, and comes to be:

'1 .
5P.‘.1cas:rrcd =P Measured — P Signal = E——(P Noise — PSigna/ ) (4- 14)
S/ +1

5P = __I_(PNr)ls‘e - PS{ nal = L = _L_ (4_15)
S+l R 74 7

Thus the maximum error introduced due to the presence of interfering beam is equal to

the ratio between the length of detection area-and the signal-to-noise ratio present on PSD.

Thiz iz the case when a seoond noise heam, which ig directional in nature, is interfering with
the original signal beam on the PSD. What may happen in the case where a broad
illumination from a point source or Lm extended source is covering whole the surface and is
interfering with the original signal beam? In this case, its centeroid may be taken to be at the
center of the PSD. Again for S/N >> 1, the maximum error in the final position brought by

the illumination is as:

1 (_ p _ L _ L
= % N 1 Signal L 2(5/Av + 1) - 2 S/N (4' 16)
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Last case is about the specific category of the pulsating lights or the scanning laser
beams falling on the surface of PSD in the form of a pulse train, while illuminating the PSD
area as a whole. In this case the intensity of the interfering noise is actually modified in terms
of the duty cycle fraction, but as the intensity of the noise is taken to be much smaller, i.e. I,

<< Is; thus the whole of the intensity multiplc may be modified to include the DC fraction.

j DCxL _DCxL (4-17)

xDC(—P = '_7_6%.4-1)2 25

1 1
oP = (— PSigna[ j = Signal
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4.5 Experimental Setup

Experimental setup for evaluating the effects of noises on the position measurements
included a lateral effect PSD-based position measuremsant system. which was illuminated by
a prime laser beam along with a noise beam or noise light source. Two laser sources used
were Suwtech diode-pumped green lasers emitting at 332nm, which is produced: by doubling
the frequency of Nd:YVOy crystal output. One laser was DPGL-2100 giving upto 100 mW
output with modulation control, and other was DPGL-3001F giving about 1 mW output. The
beams of these lasers are CW, TEMyo with beam diamsater < 1.0 mm and beam divergence <

1.0 mrad.

The position-sensitive detector used was Melies Griot 9mm x 9mm dual-axis latera!-
affect silicon detector. This has & mm calibrated diameter and position resolution of £1 um.
The detector was used in conjunction with Melles Griot microcomputer-based SpotOn
optical beam position and power measurement system, model 13PSL0O02-PCI. The system
provides software control, software linearization, selective data logging and data acquisition
rate of 20 Hz. One laser head was moved by piacing on PI iramslational movement
IntelliStage C531.5i, featuring computer-control, 306 mm range and 0.1 pm linear resolution.
tus was placed on Newport ‘RP Reliance’ Sealed Hole Table Top, which was

mounted on Newport isolation supports. The construction of the test apparatus is shown in

Figure 4.6.
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Figure 4.6. Experimental setup with computers, lasers and position detection system

4.5.1 Data Stability Measures

[t was noticed that certain factors hampered the stability and repeatability of the digitized
data very much, so care was 1aken about them o avoid any eror in ihe readings. Anibient
temperature was maintained at 20-25°C as the drift in both directions was apparently
effecting the data stability. The incident intensity on the detector was used close to 1-1.5
mW, as much lower intensities were giving more jittery readings and higher intensities were
risking detector saturation. Control of ambient light was practiced in order to avoid any
systematic error in the data and bare minimum was used. As per laser usage practice, some
warm-up time was given for the lasers and equipment temperature to stabilize, as more shiaky

data was noticed otherwise.

4.6 Experimental Results

This part describes the experimentation performed on the given concept. The
experimental results, obtained with the use of PSDs in presence of spurious sources, are
presented graphically. The obtained experimental data is also compared with the expected

values from the mathematical model and the comparative results are given.
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4.6.1 Noise Beams

As per noise categories described in earlier sections, the first type of noise considered is
that of the interfering directional beams which fall on the detector surface and form a limited
light spot. To evaluate their effect, a signal beam was projected on the PSD surface
approximately at its center. The interfering beam source was placed on the translational stage

and was scanned across the PSD surface calibrated area in x-direction. The measurements of

net position were taken by casting it at different positione an PSD surface with the intervals
of 1 mm. Two sets of data were collected with the noise beam intensity being approx 10% of
the signal beam intensity in the first set and being approx 5% of the signal intensity in the
second set. Both the sets of position data were compared with the calcuiated cuicomes aficr
the beam disturbance as per theory developed earlier. Data points were plotted with
calculated position on one axis and the experimental position on other axis, and were shown

along with the straight line of ideal comparative values in Figures 4.7 and 4.8.
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Figure 4.7. Plot of position measurements in presence of 10% disturbance beam
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Figure 4.8. Plot of position measurements in presence of 5% disturbance beam

As seen in the plotted curves, both the sets of calculated and experimental data coincide

ith cach other. The maximum difference in both the data sets is abou
maximum scale of reading is 8000 um (-4000 um to +4000 um). This puts the maximum
error encountered in both the experiments of 10% and 5% noise at about 0.25% of full-scale

reading. The percentage experimental error has been plotted for both in Figures 4.9 and 4.10.
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Figure 4.9. Plot of percentage experimental error for 10% noise beam
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Figure 4.10. Plot of percentage experimental error for 5% noise beam

4.6.2 Noise IIluminations

The second type of optical noise mentioned earlier is that caused by the stray
illuminations, which are not forming a spot on the surface and they are rather covering the
entire area of PSD. This type of disturbing illumination was produced for experimentation by
simultaneous effect of multiple room lights, while their total intensity falling on PSD was
almost symmetrical about the center of PSD, specifically in x-direction, which is the axis of
interest at the moment. The signal beam was brojected at the ends of the calibrated area of
PSD, i.e. at -4.0 mm and +4.0 mm. The measurements were taken with the illumination
intensity being about 5% and 10% of the signal intensity. The effect of illumination on the
position measurement from PSD was noted and compared with the calculated outcome
differently for both the intensity percentages in Figure 4.11 (squares for 10% & circles for

5%).
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Figure 4.11. Plot of position measurement in presence of disturbing illumination

As seen in the plot, the calculated and experimental! data coincide well with each other.

m M M . b 4 . 1 P S P e S AV e i e a aean e} ~£
The maximum difference in these data poinis is about 30 pin in the maxinum scale of 8000
um. This puts the maximum error encountered in this experiment at about 0.375% of full

scale reading.

To simulate the pulsating or scanning lasers, the interfering beam was modulated at 1.0
kHz with 50% duty cycle. It was pllrojected on the center of the PSD detection area to
simulate the falling pulsating reﬂectio)kns or rotating lights. The signal beam was projected at
the ends of the calibrated area of PSD. The measurements were taken with the unmodulated
interfering intensity being about 5% and 10% of the signal intensity. The effect of interfering
pulses on the position measurement from PSD was noted and compared with the calculated
outcome differently for both the intensity percentages in Figure 4.12 (squares for 10% &

circles for 5%).
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Figure 4.12. Plot of position measurement in presence of disturbing pulsed illumination

As observed in the plot, the calculated and experimental data coincide well with each

I 1 . ) LU 1. o/ R Se ale e Aadn ek S WO e Do alan
other, The maxunuim difference in these data points is 20 pm in the

—

reading. . The percentage experimental error has been plotted in Figures 4.12 and 4.13 fo

both data sets.
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Figure 4.13. Plot of percentage experimental error for disturbing illumination
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Figure 4.14. Plot of percentage experimental error for disturbing pulsed illumination

4.7 Systematic Errors

Brief analysis of systematic errors encountered in the experimental data obtained is
being presented in this section. First systematic error in the obtained data is obvious while
looking at the curves of data presented first. As we see, the data for the positive beam
positions has a negative discrepancy from the calculated outcome and that for the negative
beam positions has a positive discrepancy from the calculated outcome. We can say that for
both the data the discrepancy is toward the center of the PSD. This is mainly due to the
ambient light, which is taken centered at the PSD middie. Although the ambient light was
reduced in the beginning to be less than 1.0 pW, this is still about 0.1% of the total intensity
of approx 1.0 mW, or about 1.0% of the noise beam intensity in 10% noise experiment.
According to the same superposition law, for the noise beam to be at the end, this amounts to
a shift of about 40.0 pm in the noise beam, or amounts to a shift of about 4.0 um (0.05% of
FSR) in the net position output. This is of course coupled with other systematic errors and
measurement errors. The error in the broad illumination noise experiments is probably not

readily distinguishable in this category, due to the reasons described later.
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Next major systematic error is introduced by the physical construction of the detector
. head. Although we have assumed that the broad illuminations effect is modeled to be

centered at the middle of PSD, which should be the case even if the illuminations are coming

I 1. 3 R T & DA T oy ). SIS U o e b tl o LT i Pancen
1rom an angie o the normai. But in reanty tils 1s not the case due to thc reflections from the

P

glossy body of the detector assembly around the detection area becoming a shift in the
illumination centroid, if the light is falling at an angle to the normal. This situation is shown
in the figure for different incident angles. To investigate the effect of this shift, incident light
centroid data was {\obtained for different incident angles of illuminations. The obtained curve

is shown in Figure 4.16.

Figure 4.15. Effect of illumination incident angle on the PSD output
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Figure 4.16. Effect of illumination incident angle on measured centroid
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As observed from ine pioi, wien we rotaic T30 on iis axis in froni of the illuniination
source, the reflections from the front part of body shift the illumination centroid to that side
of PSD and same happens in opposite direction of rotation. It may be noticed that the steeper
increase in the centroid shift at the larger angles is due to the closer part of the body
shadowing on a part of the PSD surface thus sharply shifting the centroid. it may be noted
that a little negative (one-sided) bias found in the broad illumination noise experiments may

well be due to this factor.

Another systematic error parameter investigated was that of y-axis displacement
affecting the x-axis measurements from the PSD. For this purpose, x-axis position of the
beam on PSD was maintained fixed, while it was scanned in y-axis direction from one end of
the calibrated area to the other end. It was noticed that there was no explainable effect on the
x-axis measurement with different y-axis displacements in this case. An overshoot in the
measured value discrepancy is probably due to getting too close to the end of the calibrated

area, where some non-linearity is expected. The results are shown in Figure 4.17.
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Figure 4.17. Effects of y-displa.cement on x-displacement measurement

4.8 Conclusions

;..4

Tmory and anal; sis of stray beams and optlcaL noises msturmng the € pos
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ces were presented in this chap
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error introduced in the position measurement in presence of an interfering beam, or ‘dP’, is

propertional to the distance between the centroids of both the beams and to the fraction of the

noise intensity in the total. In case of a uniform or broad illumination, the same analysis

applies while the centroid of the interfering illumination should be taken at the center of the

PSD area. In case of scanning or pulsating lights, the produced effect should be decreased in

proportion with the beam duty cycle. These results have been verified experimentally and the

obtained data is within a fraction of a percent of the predicted calculations. There are other

factors like the angle of illuminations which matter too. The study is expected to be very

useful for the accurate & precise use of PSD-based sensors in the industries like production

lines, workshops and others.
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5. Optical Metrology Components: Laser Beams
Tandem Beams Technique for Laser Welding of

Galvanized Steel Sheets

Laser welding of galvanized steel sheets in lap configuration is the challenging problem
being investigated for more than two decades, originating due to the difference in the melting
points of steel and zinc. Earlier solutions are either insufficient or too cumbersome to be
realized in practice. Here a novel dual beams method to lap weld the galvanized steel sheets
is being discussed, modeled and analyzed. This involves a pre-cursor beam and a higher-
power actual beam, which are used in tandem while generated independently or otherwise
spiit {rom the same source. The first beam cuts a siof, thus making an exi pailn for the zinc
second beam welds as required. The p

ha ~
lriw L LIV WL

vapors, while The paper also presents and discusses some

experiments performed in laboratory using this method, along with the metaiturgical analysis

results from laboratory showing total absence of Zinc in the weld area.

5.1 Problem Introduction and Background

Zinc-coated steel sheets welding in lap éonﬁguration poses perhaps one of the most .
controversial problems. Solutions proposed in the last 27 years have not vet found an easy-
to-apply realization to replace conventional spot welding which has its own shortcomings
[76-82]. Advantages offered by laser welding [78,91,92] still justify quest for an efficient
method. The ideal solution should firstly solve the technological prablem of the residual Zinc
vapors trapped in the weld joint [79,80] due to the lower boiling point of the Zinc (906°C)
with respect to the melting point of Steel (1530°C). The solution should also be practical and

economical enough to be installed on the production lines.
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For laser welding of zinc-coated sheets in lap configuration, many techniques have been
proposed to tackle .the problem [76-82]. These techniques have tried from the multitude of
facets to approach and solve this problem. Unfortunately due to the practicalities on the
production line shop floors, few have been implemented in the real world industries. The
most obvious of the methods proposcd was perhaps the “prior removal of zine coating”. This
method can obviously bring good results [78], but is cumbersome to implement. Also as a
simpler solution, it has been tried to weld with “pulsed laser” and the results have been

observed [79}]. It has been noted that the weld quality is somewhat improved.

Hybrid laser beams have been used in the shape of “twin beam” or “hybrid beam” [83].

This method is of course more expensive but at the same time the system has shown

111 .‘1-.1:' nyran ic that A Q{"f"l!“" ""‘ me
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iimpressive resuits. Probably a morc well-known technigu
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or “forced gap” between the sheets when welding in lap configuration. This method delivers

The proposed method is of course an extension of the hiybrid beam method invoiving a
precursor beam. But the improvement may well be in the working principal of this method
that a forced exit path is created for the zinc vapours, which is quite independent of the job
geometry and many other parameters. This feature is non-existent in many of the proposed

solutions.

5.2 Proposed Solution

We propose that the front beam of the tandem system shall cut a slot with a minimal
kerf, while the second beam shall seam-weld, joining the nwvo sides of the kerf, while the
residual zinc cvaporates through the siot ahead of it. We propose two similar hybrid
solutions, one combining Nd:YAG and CO; lasers in tandem, the first for cutting, and the
second for welding. Alternatively two beams of the same CO, laser source may also be used
in tandem by the method, which is basically an integration of the “gap-method” proposed

several years ago and the dual beam system introduced few years back [77,80,84,85,88,90].
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The solution we propose is described in Figure 5.1 (top view) and Figure 5.2 (side view).
A precursor laser beam cuts a slot of a few centimeters of length and a certain width in front
of the keyhole. The slot will have two functions; the first is to remove the zinc coating, while

; the zinc vap

A

the gas used in the cutting process will blow awa orized in the cut, cffcctively

idd Maiv VUL, wal

(>

eliminating it. We know that zinc coat removal produces the best welding results, but in our
case the method is not cumbersome as in the methods previously proposed in literature. The
second function of the slot is to provide a way out to the excess zinc vapors left after the
cutting process. In fact the keyhole and the surrounding molten pool may exceed the
dimensions of the laser beam cut width, thus involving some area where the zinc coating is
still present. In this case, the slot will exhaust the zinc vapors before the rapid cooling down
of the molten pool. An N&:YAG laser beam may generate cuts with excellent kerf and
surface quality, but CO; laser can also be used. Distance between the cutting and welding

spots can be adjusted conveniently and accordingly to the 3D geometry of the component to

be weided. Proper gas shieiding and fumes removal can be handied quite easily.

Welding Cutting
Beam Beam

Weld Track Exhaust Slot

Wzlding Direction

-
>

Figure 5.1. Top view of the laser lap welding using the forward slot (through both sheets)
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Figure 5.2. Side view ol the weldiilg operation with the two beamis in tandem

The given figures show the simple view of thc scheme of using the beams in tandem
with the basic functions required by each of the laser, in order to give an idea of the degree of
complexity of the hybrid laser welding/cutting nozzle. The CO, and/or Nd:YAG laser beams
are sent to the work piece separately and the distance between the two can be pre-set or can
otherwise be adjusted coniinuously by an adaptive CNCT system o maximize the weld
quality. The complete system may also include other modules like servomotors for the
adjustment, nozzle assembly for beam delivery and the fiber optic cable supplying the laser

beam to the nozzle.

5.2.1 Technical Discussion

The validity of the method has never been challenged [89], but has only been questioned
once [86], fearing the high costs of utilizing two different laser sources or a higher power
CO, laser source. The solution of combining an Nd:YAG laser to cut and a CO,, laser to weld

may be less appealing because of being more expensive. Thus, we also compare this solution

with the altemative method of using an HPDL [83] along with others. The study shows the

oI us

work conducted on this concept at the laboratories of Convergent-Prima in Collegno (Turin),
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Italy. After recalling the theoretical model adopted, we present the experimental results and

discuss our guideline for the future work.

The results obtained utilizing only the standard equipment, and not the dedicated optics

- : M £, 4l A 1t~ ~ lon ~ . L3 IS
or custom assemblies, definitely confirm the principle and alsg largely it the behavior

w

predicted by preliminary theoretical model. We expect that the method proposed originally
by us offers a better compromise to be implemented on production line than any other
method proposed until today. In our opinion the alternate method of delaying the
solidification of the keyhole suffers the problem of strict control of the procedure parameters.
The time window to enable the perfect solidification of the keyhole without residual Zinc is
quite narrow, and is not easily controllable as the cutting of a slot, which depends more on
design parameters, rather than material specifications. In fact the tolerances in the chemical
composition of galvanized sheets may influence its thermal properties, resulting in a lesser
quality of the weld, along with other factors like the difficulty to control the heat effects.
Controlling the kerf width is quite an acquired procedure after more than 50 years of laser
material processing. The kerf width 1s quite easily measurabie utilizing any optical meihod
available today, while measuring heat may prove more expensive and lesser accurate. We
should also counsider that welds on a flat matcrial arc quite easy to obtain, but the reality of 2

3D application is quite challenging to be met.

As already explained, the proposed solution combines the advantages of the gap method
and coating removal, which are more cumbersome and expensive than the method proposed
here. Main advantages of the proposed method are those that are obtained by gap techniques,
but without gap between the sheets. The proposed method is not cumbersome, a good
alignment between beam and kerf and <0.imm kerf width appears to be the oniy critical
parameters. Secondly, the proposed method is not constrained by the actual geometry of the
components to be joined. Looking at the approach, we expect the methed to be relatively
economical since it does not require any extra fixture and additional man-hours for pre-
processing, which are quite expensive. Apparent disadvantage of the method proposed is the

higher investment and the running cost of the equipment due to the use of two lasers.
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5.3 Theoretical Analysis

5.3.1 Mathematical Model

Here we recall and enhance the previously reported theory [83,84,85]. In order to
develop a simple but effective mathematical model we have considered the work done on the
gap method [76]. The approximations introduced enable us to obtain some quantitative
measures. We refer to Figure 5.3 and Figure 5.4 in order to derive some theoretical

understanding and write the model in view of the given conditions. The model of references

is based on the considerations that the Ferro static head on ton of the weld nool cenerates a

Q

[s{
pressure that stops the zinc vapors from getting into the keyhole (pt-1), which are being

exhausted by the cut slot providing an artificial gap (pt-2).

AP, = ppg.t,a (5-D

e

4

1s the wave factor normalized to !, ‘g.’ is

> [ ]

Here ‘ppe’ is the density in kg/m3, a
acceleration due to gravity in m/s® and ‘t,’ is the thickness of the steel plate. The Ferro static
pressure generates a velocity of the zinc vapors at the ejection point. The exhaust velocity

‘vy” of the zinc vapors is calculated using Bernoulli’s theorem as:
o

£ P s
__1__=_3_+.“_ . (5'23)
Py P, 2
2AP,
v, = i (5-2b)
o

Here py is the zinc vapor density, which can be calculated using Clausius-Clapeyron

equation to be 21.87 kg/m’ [85].
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Figure 5.3. The model of the proposed method including heat effects
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Figure 5.4. The cut and weld model showing slot and keyhole sizes

The next equations express the volume of the gases generated by the welding action and
the volumes of gases that can be exhausted through the gap. It may be noted that the slot 1s
cut by the advanced beam and the keyhole follows it at some distance. Thus, there is going to
be a slot present on the sheet, even in the to-be-molten area where keyhole is being formed,
having zinc on both sides of the slot. Thus the zinc would be vaporized first. The assumption
1 that the width of the gap is much larger than the thickness of the galvanization layer on the

sheet, i.e. g >> tyn:
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_2t,Vp (w-g)+2b)

Vol,,, (5-3)
Py

Vol,, =4v,t,w (5-4)

where ‘b’ is the width of zinc boiling isotherm out of the welding beam (HAZ), ‘tz,’ is the

thickness of the zinc layer, ‘V’ is the welding speed, ‘ps’ is the solid zinc density (7140
kg/m?), ‘w’ is the keyhole width and ‘g’ is the width of the slot. Equating both of these, we

get to the needed minimum value of slot width as:

Vp (w+2b})-2wp v

- p\( ,) pv 2 (5_5)
Ps

while the unknown quantity ‘v2’ can be substituted by the earlier results of Beirnoulli’s

theorem as:

Vp,(w+2b)- ZWW (5-6)

Vp,

g:

Here we are interested in finding the optimal value of slot width ‘g’ whose minimum
value is given by this equation with the condition that all the zinc vapours will be exhausted
by the slot and nothing will go inside the mielt pool. The given minimum width can be
decreased iuriher 1 pariial ¢ vapoui exhiaust is ailowed ihrough ihe molten metdl, ie.
some porosity is tolerable. The upper limit to this slot is posed practically by the situation
that ‘g’ should be substantially lower than ‘w’ in order to allow for a proper strong weld in

the presence of kerf. The value of ‘g’ in SI system is given as:

7140V (w+25)- 2w, [3373491¢ , 5
>-

o =
=] —u4/\v
I 14uy
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5.3.2 Simulation Results

The variation in minimum needed gap width against the changes in welding speed are
plotted in Figure 5.5 for some representative values as w = 0.5mm, b =0.lmm and t, = Imm.
Note that the minimum gap values for very low speeds are less constrained and are largely

governed by the same condition of g >> t,,.
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Figure 5.5. Slot width plotted against the welding speed

We are only interested in solutions with the condition w > g, which are basically given
by the speed values on the left side of the above plot. The right part of the graph is for higher
speed welding where the values computed for “g’ by this model become unrealizable for the

given condition.

We can also analyze that how the minimum gap requirements change with the changing
values of welding beam width ‘w’ and with the variations of steel plate thickness as shown in
Figure 5.6 and Figure 3.7. In the first curve, welding beam width is varied between 0.4 - 0.6
mm, and in the second curve steel plate thickness is changed in the range of 1.0 — 1.4 mm

with the darker color showing the increasing values of both the parameters.

It mayv be inferred that for the variations in welding beam width, there seems to be a

point close to the maximum realizable gap width where the gap values are common for the
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different beam widths. For the variations in the steel plate thickness, it is clear that for same
target welding speed, the increased thickness of the steel plate requires lesser value of the gap
width. This may look surprising at the beginning, but can be understood better considering
that a larger steel plate thickness is not going to affect the amount of zinc evaporating but
will give more value of ferro static head, thus forcing the zinc vapors to exhaust through the
narrower gap. Thus the higher thicknesses are not a problem in this approach, until the values
become prohibitive due to the higher laser welding power needs. The surface graph showing
the values of the gap obtained with different weiding speeds and beam widihs ts given 11

Figure 5.8.
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Figure 5.6. Changes in the minimum gap width with change in beam width

Optical Metrology with Lasers and Position-Sensitive Detectors 111



Chapter # 5 Optical Metrology Components: Laser Beams

Gap

0.0003 T

0.00025 7 o

\
NN

0.0002 T . P

0.00015 7T // /
//' /
0.0001 T y
/ P

56‘5 T if

0 —+ + + !
a 0.005 0.01 0.015 0.0

Soeed

Figure 5.7. Changes in minimum gap width with changes in steel plate thickness

As the surface graph indicates, the realizable value of cut-slot width is again obtained
with the lower values of welding speed, which is the back part of the graph. At the saime time
the variation of slot width with the welding beam diameter is pretty straight at higher speeds,
and is clearly unrealizable in the front-right part of the graph. This is the situation when the
speed is too high and wider welding beam is producing more zinc vapours demanding wider
but unreaiizable slot width. Thus the resulis of the modei analysis are aiso fairly

understandable by logic and intuition.

Speed [m/s}

0.03

000027 0.00047 0.0006° 0.0008 0.001
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Figure 5.8. Slot width shown in surface graphics against welding speed and beam diameter
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A point to ponder is probably the span of the surface graph in the rear part where the gap
requirement is increasing with the decreasing beam dia. This can also be understood

remembering that the smaller beam dia is also coupled with smaller exit orifice and causes

a1 & 9 FO-SL Riv 3 Lanal = 2 188

problem as the heat-effected zone width ‘b’ is taken to be a constant present in all the cases.

5.4 Experimental results

5.4.1 Experimental Setup

The team working on this research project goi some experiucnis conduciced with this
novel technique in Turin, Italy. First a test was conducted with a PRC3000 laser with
M?*=3.28 and a “raw beam diameter” on the lens of about 24mm (1/€%) at about 9m from the
laser source (the system used is é RAPIDO (Convergent Prima). The focused beam is
0.234mm, while the Rayleigh’s distance is 1.24mm. The “far fieid” divergence of the
focused beam is 0.0945 rad (12/127). The minimal cutting kerf obtained on the double
thickness of the galvanized sheets (1.6mm) is 0.15mm, even at full cutting speec. The cutting
kerf is about 36% smaller than the cutting beam spot due to the mode structure of the beam.
The power density @ 2500W is 5.8 x10'°© W/m”. The focal point has been positioned on the
top surface. The obtained cutting kerf is quite large (> 0.1mm) thus leading to a “weaker”
weld. In fact even shifting the focal point to 3mm below the top surface means that the laser
heam diameter for welding is 0.6mm, (eq to (.88 x10'® W/m?). rendering it larcely useless
because the central part of the beam (maximum intensity), is all lost through the kerf.
Without defocusing, the entire beam would be lost through the kerf. Cutting and welding -

have been performed with only one gas N, in order to save time.

Under the above conditions, it was noticed that the weld obtained is smooth and does not
show “bubbles” on its surface. In the absence of proper tooling we have offset of 0.2mm

across the weld path, on the right side, with the beam at 1.5 mm out of focal point. The beam

size and its power intensity are such that a good keyhole only takes place if the beam
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diameter covers both the kerf edges in the weld. The result was quite encouraging: we
obtained an acceptéble quality weld without significant defects on the surface. Obviously the
weld is under-dross; in other words the upper surface 1s concave in the bottom direction,
rather than being convex as desired. This is due to the poor contribution of material owing to '

i cutting kerf. Incidentally this is in harmony with the findings derived from the

a §.15mim
above theoretical model. From our findings it is quite evident that the kerf should be smaller.
At the same time we know that the kerf cannot be made so small that it may restrict the

welding speed too much.

Next the test was repeated with a Convergent Prima System 2D PLATINO with a DC25
Rofin Laser and a 5” lens. Contrary to the 3D RAPIDO, the PLATINO is a more versatile

the ONC 3o

machine because it enables to move the focal point of 50
that the stand-off of the tip to the galvanized sheet and the position of the laser beam relative
to the material are quite independent. In both the cases of RAPIDO and PLATINO, the tip of
2mm was used for cutting and that of 3-4mm was used for welding. The kerf width obtained
with the PLATINO is about 0.1mm, not iesser as desired, because the raw beam diameter on
the lens is smaller (22mm) in this case of Rofin DC23, and this partially cancels the benefit
of the beiter M? of the DC25. The weld speed observed was 3300 mnv/min at a power of

2500W of the source.

We can also utilize a laser welding beam of elliptical cross section, by proper optical
beam shaping. Figures 5.9 and 5.10 show an alternative solution to beam shaping, which is
basically to use a lens with a double convex shape so that the laser beam can be doubled and
the two parallel beams are focused on the same plane. In this way we will generate a double
keyhole without loosing energy at the middle of the kerf. Having started with a wider kerf
offers the study of the “worst case” so that by reducing the kerf width one can monitor the

improvements.
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5.4.2 Welding Results

Figure 5.11 shows a sheet with different welds. It can be noticed that the center part of
welds 1, 2, 3, 4, 5, 9, 11 shows quite interesting results where the kerf width is ~0.15mm. .
Figure 5.12 shows welds 7 and 8, which are not in perfect condition due to the deformation
originated by positioning of the beam on the top surface of the galvanized sheets. In this case

we would speak of “Akhter/Steen effect” because the deformation somehow combines the
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the hardness profile across the welds 7
and 8. The polished sample of Figure 5.12, in etched condition was subjected to stereo
metallurgical microscopy to investigate the structural characteristics of the welded as well as
of the base material. Figure 5.14 shows a x4U0 magnification of the base material while
Figure 5.15 shows a micrograph of the weld 7 region from top view and Figure 5.16 shows
its cross section (x50 magnification). Figure 5.17 is micrograph of the cross section of weld
7, with an open cavity on the top. Figure 5.18 is a micrograph of weld 7 cross section

aterrat ~ANN 3 1
structure (x400 magnificatic

n). The welds were subjected to SEM EDS analysis in order to
investigate the residual Zinc contents in the welded region. Results obtained from the
analysis verified the absence of Zinc contents in the weld region. Further investigations with

various parameter changes are underway.
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Figure 5.9. Dual-focus Lens Figure 5.10. Welding with DFL
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Figure 5.11. Welds with Proposed Method
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Figure 5.13. Welds 7, 8, hardness profile ~ Figure 5.14. Micrograph of base material (x400)
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5.5 Comparison with Other Techniques

In the past years, many techniques have been proposed to tackle the problem of laser
welding of the galvanized steel in lap configuration (76-82,87]. These technique.s have been
proposed from a multitude of angles to approach and solve this problem. Unfortunately due
to the practicalities on the production line shop floors, not many are common in the real
world industries. Here a brief summary of the general analysis of our system in comparison

with some of the well-known methods is given,

The most obvious of the methods proposed was perhaps the “prior removal of zinc

4 . 4 ~
R I Ll L D e Ty

cuaiiig”. Tius miethod cai yield good resuits, but is cumbersome o impiement on i Joor
and is thus not practical. As another simpler solution, it has been tried to do welding with
“pulsed laser” and the results have been observed. It has been noted that the weld quality is
improved but still the improvement is not up to the mark and that the method ends up to be
too restrictive for the involved process parameters [78,79].

~o 4 : —a??

Hybrid laser beams have been used in the shape of “iwin beain” or “hybrid beam” [83].

This method is of course more expensive with the use of either two sources or a splitting

from the higher power source is used. At the same time the system has shown impressive
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results while the improvement varying with different configurations. One limitation may well
be its applications with different types of geometry and shape contours of the processed job.
Another may well be the difference in the material properties with the involved changes in
the cooling time for the keyhole. Our proposed method is of course an extension of the |
nybrid beam meihod invoiving a precuisor veami. 1he impiovement may well be in the
working principal of this method that a forced exit path is created for the zinc vapours, which
is quite independent of the job geometry and many other parameters. This feature is non-

existent in many of the proposed solutions.

Probably a more well-known technique in this area is that of adding shims or “forced

gap” between the sheets when welding in lap configuration. This method delivers very

[ et

? A~

unpressive resuits with the abseice of porosity in the weids {76]. But it docs need th

T
il w T

taking pre-arrangements and becomes cumbersome on the floors due to the throughput

requirements and practicalities [78].

As a comparison with this more discussed technique, the value of *g” trom our mode;i as
given earlier is compared with this gap model giving the value of minimum gap as:

\

16411,

i

(5-8)

For the purpose of analytical comparison considering the needed gap only, which is siot

and wlates san in their case, and dicracardine other narameters and
hd e ~ -~ sems ITE TS ees

SRR id% 130 S aoS 3 oom " Tab]
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practicalities mentioned above, the values of minimum or allowable gaps for both of these
models are compared. This comparison is now made with the varying values of involved
parameters like welding velocity etc. Our gap value is shown in solid line and the sheet gap

as dashed line in Figures 5.19, 5.20 and 5.21.
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Figure 5.19. Minimum slot width plotted against welding speed for both models
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is understood if it is kept in mind that exhaust in this case in multi-directional while in our
case it has to go up or down into the cut slot. But in higher plate-thickness case our lower gap
requirement seems to be coming from the fact that part of the zinc coating has been taken
care by the cutting beam, which is non-existent in the other technique. Additionally, the sheet
gap seems quite unaffected by the variation of beam diameter as the bigger beam also gives

bigger beam circumference for exhaust too.
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Figure 5.20. Minimum slot width plotted against thickness of plate for both models
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Figure 5.21. Minimum slot width plotted against beam diameter for both models

The major strength of our method comes in the ease and straightforwardness of the
process and in decrease of the time required for the complete welding process and thus in the
net saving of resources and capital, which can be demonstrated by the following straight

forward relations:
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Time (dual beam rnéthod) = time clamping T 1IME welding (3-9)

Time (Sheet gap methOd) = timC Shim.p[acemen[ + time clan)ping + time we]ding (5'10)
Therefore the proposed solution making the manufacturers independent of the zinc
coatings and he may proceed as in case of normal welding while needing lesser time. Thus

for all possible jobs and geometries, it may be concluded that

Time (dual beam method) < Time (sheet gap methods) (5-11)

th

.6 Cenclusions

In this chapter a novel tandem—béams method for lap welding of galvanized steel sheets
has been presented and analyzed In [the iheoretical part, the model of the method has becn
developed and simuiated. In the cxpé:rimentai pari we have utitized a '
with actual specimens. Practical results have been obtained and the material analysis has
been performed. In spite of the limitations, we have found that the cut slot favors the
dispersion of Zinc vapor, and total absence of zinc content has been verified in some of
laboratory results. It is concluded that the principle stands demonstrated. Further work on this
technique may yield more refinements in the future. Following may be the conclusions.

1. Use of a precursor cutting beam ahead of the actual welding beam offers a promising

practical solution for the welding of galvanized jsteel sheets in lap configuration.

o

The solution is expected to be easier for implementation on the production lines as it

should not need any pre-processing or pre-arranging with additional components.

The solution may get rid of all the zinc vapourjporosity at the lower speeds and partial of

(9%

the porosity at the higher speeds.

4. The experimental results are very promising showing total absence of zinc in the welds.
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5. Selection of proper source, beam alignment (between weld and cut) and proper sheet
clamping are irhportant for this method in order to avoid misalignment between weld and
the kerf.

6. For even better results, a shaping optic for the welding beam may be incorporated so that

its cross scction is elliptical or, alternatively, a dual focus lens system may be used.

£.6.1 Related Pyblication

on

1. S. Igbal, M. M. S. Gualini, and F. Grassi, Laser Welding of Zinc-Coated Steel vvith
Tandem Beams: Analysis and Comparison, Journal of Material Processing Technology
184 (2007) pp 12-18.

2. M. M. S. Gualini, S. Igbai and r. Grassi, Modified duui-beumn micifiod jor u/"eidi;zg
galvanized steel sheets in lap configuration, Journal of Laser Applications Vol 18-3
(2006), pp185-191.
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6. Summary

6.1 Contents in Brief

This thesis presents and anaiyzes laser-based opiicai mieirology sysicins Using positioi-
sensitive detectors. For this purpose, a new diffraction strain measurement technique is
developed, analyzed and characterized. Some research work on optical metrology

components is also included, dealing with position-sensitive detectors and laser-beams.

Chapter-1 gives an introduction to optical metrology and position-sensitive detectors. In
optical metrology, different properties of light or electro-magnetic waves are utilized one
way or other including interference, diffraction, speckle and pelarization. The properiies of

locars  maal- e msmn  wrmgewr bbb - 1 1 W 1
lasers make them very attractive for v applications including

1) 1 o
“ FREC YO WA

interferometry. Semiconductor position-sensitive detectors (PSDs) offer very good solutions

)

or position measurement applications and have become a major teol for such applications.

3

These detectors can be of different types, which are suitable for different applications. Along
with other measurement applications of optical systems, strain measurement s very
important one. A number of optical techniques are routinely used for this and among these
diffraction methods provide strain information directly and possess several other advantages.
' ¢

In Chapter-2 a Multipoint Diffraction Strain Sensor using normal un-collimated laser
beams and multichanne! imaging PSD is developed and characterized with the novel feature
of simultaneous strain measurement at multiplé points. Unlike conventional interferometry
bascd systems, this sensor uses principles of diffraction to measure strain at large number of
points. In this sensor, a high-frequency diffracﬁon grating is illuminated by two symmetric
but divergent laser beams and the diffracted Beams are sampled on a CCD camera via a
micro-lens array into an array of dots. The shif} of the individuai dots is sensed and sirains o1

rigid body tilt are calculated directly. This nov‘el technique is expected to be very valuable in
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numerous industrial applications. When compared with other whole-field optical strain
measurement techniques like Moire Interferometry and ESPI, this technique has obvious
advantages of direct approach along with a combination of good spatial resolution, sensitivity

and accuracy.

In chapter-3 a new and improved system Multipoint Diffraction Strain and Tilt Sensor
has been developed based on Moire Interferometer and Multichannel imaging PSD.
Traditional diffraction strain sensors measure single point strain only, while the developed
system has the unique feature of simultaneous optical strain and tilt measurement at a large
array of points. The system uses simultaneous position tracking of smaller beamlets
diffracted differently from the different points of the component under test. Using this setup,

e

ST S-S I BTN RS VIR LR AT SN . o Linimed in
Wil01€-1i€1Q Sifaiil ana fiit aistricutio can be ghtained in

Uiliiaiv e aia

near real time, without the need for fringe processing. Furthermore, the system also has
capability of measuring rotation and shear strain, making this a truly versatile whole-field
strain sensing system. Simultaneous strain and tilt mneasurement at more than one thousand
points is being reported. Microcomputer-based impiementation of this system is described.

Detailed characterization and analysis of the developed system is presented along with some

important development decisions. The system offers a promising combination of featurcs like
direct and near-real-time calculation of whole-field strain along with tilt and rotation. These
make this technique very much promising for precision applications in mechanics and micro-

mechanics.

Chapter-4 presents work on position-sensitive detectors (PSDs) analyzing their usage in
noisy industrial environment, where several other light sources also coexist. These random
illuminations produce unpredicted effects on PSD output. Here we first describe these stray
noises with respect to the operation of PSDs. Then we study and model how the presence of
the spurious sources modifies the response of these detectors. The cxperimental results
obtained while using PSDs with signal beams and noise sources are presented. The
experimental data is compared with the results from the proposed mathematicai model and it

is seen that measured performance is within a fraction of a percent of the calculated one. The
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analysis of systematic errors encountered during data collection is also presented. The work

is expected to be very useful while designing the industrial applications of PSDs.

Chapter-5 presents work on laser beams application and analyzes their use in material
processing. Laser weiding of galvanized sicei sheeis m lap coufiguraiion is ihe chailenging
problem addressed in this work. For this purpose, dual laser beams method to lap weld
galvanized steel sheets is being discussed, modeled and analyzed, involving a pre-cursor
beam and a higher-power welding beam. The first beam cuts a slot, thus making an exit path
for the zinc vapours, while the second beam performs the needed welding. The work also
presents some experiments performed on the shop floor using this method and the results
obtained from the experiments, along with the metallurgical analysis results from laboratory

showing suceessiul absence of Zine w e weid atea.

6.2 Research Contributions

6.2.1 Novel Whole-field Techniguc for PSD-based Diffraction Strain & Tilt Sensor

A novel whole-field strain measurement technique is developed and implemented as
Multipoint Diffraction Strain and Tilt Sensor using Moire Interferometer and Multichannel
PSD. All the different variations of diffraction strain sensors as developed by different

researchers up to date measure single point -strain only, while the whole-field strain

. Bl A ia Tatoofornmmnate amAd TIADT Lo thnie Avon h‘—\ﬁwfnnv-v-nhnf‘
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like lengthy fringe processing and image subtraction algorithms. On the other hand, the
developed system has the unique feawre of direct and near-real-time diffraction-based strain
and tilt measurement at a large array of points on the sample surface. The system uses
simultaneous position tracking of smaller beamlets diffracted differently from different
regions of the component surface under test. Using this setup, whole-field strain and tilt

~es
[ &4

disiributios patteriis over the componenit body can me, without the

~ o~
v v

need for fringe processing. Furthermore, the system also has capability of measuring rotation

and shear strain, making it a truly versatile whole-field strain sensing system. Simultaneous
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strain and tilt measurement at more than one thousand points is being reported. Complete
microcomputer-based implementation of this system is described. Detailed characterization
and analysis of the developed system is presented along with some important development

decisions.

The obvious advantage of this multipoint diffraction method compared to others is its
direct and near-real-time approach. The strain is calculated without the need of any fringe
processing and numerical differentiation needed for interferometry. Image subtraction for
speckle techniques is also not needed here. At the same time it can produce map with good
spatial resolution compared to other methods and specifically to speckle technique. This

resolution is only bounded by the separation of the micro-lenses on the array and is also not

1

hampered at the lower strain values where fariicr apaii fruges gy degiade such i€soiution
for fringe processing methods. The system results show good combination of sensitivity and
accuracy considering other whole-field approaches and specifically compared to speckle
method where measurement quality is largely hampered by the poorer fringe visibility. Being

a simpler approach, the total computing and storage resources needed for this method are

going to be lesser.

All these features make this technique suitable for precision applications in mechanics
and micro-mechanics, while offering a considerable saving in time and equipment cost.
Simultaneous strain measurement at more than a thousand points can be readily obtained and
is demonstrated. This research is expected to open up a new avenue and provide a versatiie
tool for the industrial and structural applications, as a near-real-time 2-D map of strain on the

component body may provide much clearer pictur’é to the analysis team.

6.2.2 Analysis of Position-Sensitive Devices Response with Stray Hlumination Noise

Applications of PSDs are diverse and widespread in the industry, including alignment,
displaccment sensing and as a part of other analysis instrumentation. In such environment,
the system laser source co-exists with different nearby light sources, coherent or otherwise,

along with their reflections and back-scatters from various nearby surfaces. Some of the
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systems may involve scanning or rotating laser beams too, which may have enough energy to

effect the PSD measurements in the form of periodic pulses.

A unique analysis of position-sensitive detectors while used in noisy industrial

oexist and produce

(s}

environmeni is presenied, where several other light sources also
unpredicted effects on PSD output. Many researchers of other normal photo-sensors have
analyzed their performance in presence of these stray noises, while this problem has many
times been outlined in context of PSDs too. Nonetheless, detailed performance analysis of
PSDs with stray optical noises is very much needed. For this purpose, we first describe and
model these stray noises with respect to the operation of PSDs and then analyze the response
of these detectors in the presence of these spurious signals. The experimental results are
presenied, which were obtaitied using r3Ds wims signal beams and noisc sour rces. The
experimental data is compared with the results from the proposed mathematical model and it
13 observed that the measured performance is within a fraction of a percent of the calculated
one. The analysis of systematic errors encountered during data collection is also presented.

The study is expected to be very useful for the accurate & precise use of PSD-based sensors

in the industrial units like production lines, workshops and others.

6.2.3 New Tandem Beams Technique for Laser YWelding of Galvanized Steel Sheets

Laser welding of galvanized steei sheets in lap configuration is the challenging problem

being investigated for more than two decades, originating due to the difference in the melting
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realized in practice. For this purpose, a new tandem-beams technique is being discussed.
modeled and analyzed, involving a pre-cursor beam and a higher-power welding beam. The
first beam cuts a slot, thus making an exit path for the zinc vapours, while the second beam
performs the needed welding. The work also presents some experiments perf@rmeci on tne
shop floor using this method and the results obtained from the experiments, aiong with the
metallurgical analysis results from laboratory showing successful absence of ch in the weld

area. At the same time, this technique is expected to be very useful .in workshop

implementation and welding throughput.
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6.3 Further Questions

The developed system Muitipoint Diffraction Strain and Tilt Sensor opens up a new
avenue for further developments in the area of diffraction-based whole-field analysis, which
can be brought to the point of industrial implementations with the attractive and
unprecedented features. Specifically important are the further experimentation with imaging
sensors with different array dimensions, lenslet sizes and pixels sizes. This is going to
experimentally establish the dependence of different strain sensor parameters on the imaging
sensor characteristics. Also we may come to know what may be the parameter limits of the
technique under consideration. Better algorithms for the spot centroid detection should be
tried and the results to be compared with actual values. Detailed comparative study of this
system with other whole-field techm:ques with diverse variety of samples can also be

conducted.

In case of PSD performance with optical noises, similar analysis can be conducted with
other types of PSDs too. A 2-dimentional analysis with a variety of noise sources and their

orientations can be made with lateral-efifect PSD as well as with others.

For tandem-beam laser welding technique, the approach is due to be tested with different

test pieces and their complex geometrical shapes. The needed size of the cutting slot kerf is
tn he exynerimentally ectahliched at diverse values of eneed and plate thickness. The collected

i X

results can be compared with other approaches suggested so far.
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Compact Monochrome CCD Camera Reinforced
for Mechanlcal Shock Tolerance

2600 series.

o B

-~ High Performasice RS-170 or CCIR
112" On-Chip Microlons Sensor

Thea Cohu 2500 Serizs CCD
cameara hag been designad
specifically iz withstand tha
exiensiva mechanical shock and
vibration that is typically found
when using ovarsized lenses, or in
maching vision applinations. It will
sarva squally well in surveilkancs
gpplications under the same
conditions, such as fransit va-
hicles e high ambiznt noise
lonations.

Tha front casting of the 2600
Series directly su ppoits tha lens.
The cumers bady herefore
abscrbs all mechanical load of the
lans and mounting apparstus.
Thie direct and rigid structy rat
path betwe=n the camara body
and load allows for mora flexibke
installation opticn s snd increased

reliabilily

padkage measuring only
1 'T'lHi r? 78" lx2 W), you
get 5§80 horizanta! line resaiution,
micralans sensor technology for
dramatic sensilivity and dynamic
rangs.

The electrical festuras of the
2800 Sanies give itversalility,
raliabifity, and valua.

Tha camara features a 192°-
farmat on-chip microlens s2nsor,
which improves sensitivity and
dynamic range, whila reducing
dark currant, lag. and blooming
For video applications prone to

streaking problems, a 1000:1
maednad panability allows inciden-

* Image Processing

¢ NachinaVision ©

* Tost and Measurement
* Laboratory

* Robotic Machanisms
Transportation 3ysiems
Surveillance

* Access Control

"

-

Designed and manufacturad §

wi i aming u,m- il

tal light oveleads up to 10 times
that of other cameras. An élss-
ironic shuttzr allews tha camera to
track rapidly moeving subjscts.

RS-170 and CCIR modsls
are avaitabla, and both have 20 dB
of AGC for hlgh sansitivity in iow
light fewel applications.

Efactrenic iris provides eight
f-stope of sutomatic fight oantrol.
This elsctronic shutter provides
contrd fram 168 lo 1/15,000
second. Thi Is of particular
mrpu wance wheitiing u‘1m_,’r.-:. ars
fast-moving orthe cameralis
mouniad on a vibrating source.

From board-level dasign to
its cast sluminum enclesule, you
can expect the highast perfor-
mance, duratifity, and walia from
the Cohu 2800 Saries GCD
camsra.

The 2600 Ser sy CCDcamara Iies bevw spechsfly engiieere ) ﬁ\r machize sisien
o repetiive shevk ard vilwarion, Sandard modct
s praiweed LR v sustoen velos dre evadatée,

‘EEATURES AND BENEEFITS.

= Extra Rigid -for swperstbls
opbical path, larparlenses

» High Performance -for clesr
images and positise identification

*1/2" On-chip-microlens Interline
Transfor Imager dramdically
improves dynamic ranga and
safsitizily and virudly eiminales
owarload streaking

- High Sensitivity permits cperation
ovar a braad range of light lewsls.

* High Signal-te-Noise Ratio for
daar, roisefnae viden

«*C” or"CS™ Lens Mount sxponds
your choize of nses.

* 1000:1 Overload Capability
pemits inzidental light averloads
up to tan timas tha of cther CCD
Camenas.

* Twio- \%zari‘ialr"mty

« Madain US.A - dire! Bacdery
support

COHU

{ohu, inc. / Eletlronics Division
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2600 Senes Monog

hrome CCD Cameras

Tt e

% ORDERING INFORMATION 4

s

Fomat Power Sync Option  Optical Filtar  Unassigned  Options Leanses
21ZRS0  212Y0C 1Crysd 0 Hona 0Nam Consuit faclory
5% CCR 2 Ganiock R 2Bk fis (RR. 1Y

40C Ins
5 Elec Iiis (CCIR)

X XXX

SPECIFICATIONS

Pick up Device
Y7 Inladine wansfer arhamed
sersilivity with migolens sanscr

Resolution
RS- 170: sBOHTVL
CCIR €60 HTVL

Picture Elements
RS-170; 758 (H)x 494{V)

CCIR: 752 (H)x 582 {V)

Synchronization
Internal; Crysid
Exiernal: H&Y, asyn: resst, oplional
exzina genlok

Eieciioaie Shiuiie

18] to 110,000 gsilch sekctatie

Signal-to-Noise
5518 (gain O, gamma 1)

3848 (gain 20 dB, garma 1)

Input Pasvar Requirement

Gamma
45 1 1.0 continusll variabl= 12\DC, 3.6W
AGC 118\VAC, 80560 Hz
200 dB range, auio or mangl conird  Lens Mount
Integration cxs
215 elds Ambiant Temperature Limits

Auta Lers Cutput

A°F {20° C) o $40°F (B0°C)
Retrenos videa or 0C drive

Redative Humidity

Lens Voltage 10 95% ncn-condsnsing
110G Sheck
Sensitivity 3 g%, 11mS duration 3 awes
S Meunts

Ful vidcq no AGC:

o e {Goniy asifciZe g
80% wd:=0, AGC en

005 1c (.05 lux 01B‘L(1Blm
30% videa, AGC on;

002 (02 lug 01 & {1 )

¥-20 fornde, kp and baticen, with

ANTEST tirry hevsn findided)
Weight

~Lox (23] g) without lers

b 4 ;
: T 5-— B TG mermieows B£ ‘l—‘ ir ' i
pa—s - @_‘ Gl .4.,1__?3“;‘.% SRR £\ - 1 e S
= wo iy - U | P
; e mmw_,)f::]'i LE ]
k,_;‘;‘p‘ . PRSP 113 Pt
B 4
~1—-;; e E{]‘ r = 3 “
L ) Yyl K
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4
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]
i

U e snerita et of Crarane ok ] B

Rarvirtrar it e b it ar wdew wale

Pheqwe: 8582718

mwwrm

OO
?&HA’DLOCY
Jtg e iy thw LB AL

Cohu.Ine.Elactronics Divisian
P.0. Baxe 85823 San Di=go, CA52186
B0 Fax: BEVZTTH02Z 1+ NEIN W, Dol d-Caitrd T a5.Oom

CCORERLD

Cobhu, Ine. 7 Electronics Division
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‘A 5 HG L1Vl

T af(t smwm “ m

Complete Lig

ht Analysis System™

The CLAS™ - 2D Is 8 turn¥key optical analysix system
reoviding & camphle  hardware’sollaare solulion e
quantittive beam analysis of pulsed or cw lasers and complote
cotical systenis. Replacing interferameters, eam analyzers and
i quality meters, the CLAS™ - 2D provides a eost
cffective, multi-use instrumenm for laboratory, guality control
and process onitoring applications,
The ullimate in
CLASBLI poenbines the best features of
a beam amalyzer wilh those of an
interforonwtar to pm'-ldo n muur:mcm

haoen uuﬂlvn'p they
SN ShRLYEN LR

s‘r H’I\r Y

tw baant In addiien ta the sml‘nl
iradianes ol phaso profiles, the beam
analysis  midule  includes M and
Gansslan besmn parnoeters, near- and Gar-
field propagation. MTE, RMS wave front,
Sirehd ratio and muny other paramters.
Lasor alipnment, process 3nd qualily
comral, optics testing, and  dynamic
wawelront acquision ond analysis are
e available n this singre 1o use, cusy
to setup systorm

Saveral live seroens suppert instrument
wiup  and  optical patk  alighownt.
*.:'..“.,'} sis moddes provide rapid adj

justonent
and collioation of an optical bexm. 1 is
noa pessible  to align lasers using
quantitative feodback for pointing and
poasi i oning.
The vomplete optical irain can e measured by using ‘an
appeepriste senroe. Optical flats, sphores, aspheres, cylinders
and exotic opiics can oflen be eusuned withoutl expeasive test
plites ar rull comectors. Seidel and Zemike aberration
coafficients are calculated diroctly foom the data. Raw image,
wavefrant, jrndisnca qeavefront pradiont, fringes, MTF and
31 plot displays arxc available,

Thie CLAS™ - 2D is 5 insemsitive to vibration that an cptival
bl is not wanind, Mogt mesiremenis can he made o nmsm

Instant Phase
Simultaneous maasurement of phase and
intensity
High spaad, single frame: data acquisition
Large dynamic range (30-1 107 tik)
Lerrm.hy lnsh sensitivity (A 150)
paaimie aalysis

I
ardiniry lalh boneh. [o addition, CLAS™M - 21) works sl with

i bread hatd source.

The Windows based user envircoment mokes data acquisiticn
and analysis a4 snap. Inle ractive winduws display intensity ml
phasz in 3-1) while analysis features provide M? anal wsis,
prurug‘ltm,n, MTF. aberration coefficients and monomial or
Zemike mgdes. A with instant display oF €he data.
Frodostion testing of lasers, opiicai companants and optesi

| osysoms Ls’sum\md with additional soliware. Acceplance tost

dta ]uum[lm aud report generation may be conligured for each

Yand More

Nojraterence beams roguired
Neolphise navwrapping required
Cotnpact, nezeed design

Ins f;nsiu";c to vibration

stom cenfigurtions for demanding melroligy
ailiremens

Optical Metrology with Lasers and Position-Sensitive Detectors

A-3



Appendix A

Lab Instrumentation

cusloners requircments

System Speclilestions

The CLAS™2D systein s 2 complete, tumekey cptical
anaiysis systain. The user simpiy enpucks dhe sveem, comacs
five connectors and the system is up and ranning. M hardware
and softwira compons ot nevessary o immadiateh begin i
analysis are incloded in the hase systenm cost:

Wavelront Sensor

Based upon a high spead CCL sensor camers bult exclusively
for WaveFront Scienoes, Lhis sensor includss 2 cestem micre-
optic lens amay with a kandwidth of 300 - 1104 rm.

Coentrof Systemn

The CLARM 2D aravides 2 completa contrnl svsiam with all
fhe pecessIry Lomnpunents to perferm b analyss s well as
cm.r_ll purpo'"c sciatitic cumputm Ccmml\.r rchnology is

At apalran Poc e wont e

uhmmus ] b.~ providid \ulh the most curters technology
consistent with reliahifity apd reascoable cod, Plrase call oo
the system coafiguration currently shipping with he baseline
system.

4 0ol
i¥

Analysis rad Uontrnl Sellware

The CLAS™2D comes complete with guslem cuntrol s
cptical analysis soltware. A nser-lriendly graptweal intertace
provides the CLASPLID with menu driven cuniols oo
calibraticn, data acquisition, data display and azalysis. This
soflware is installed. calibrmted 2ad tesiad when # arrives at
yourr lab, Optical patameters available throngh the standard
analysis pickage include:

siradianee and phase disbibuien
#lilt, focus, astigmutisn, conwe spherical and higher order
abaimalions Zermike snd monamnizl Tepresentations)
ehoam widih, [msmon uh.:pc xmp]luhl: dxslrh:an
TR .
ﬁtum qun mty L\i and Strehl o)
snear-gind far- field propagation analysis and MTF
Display Modes:
Liser scleclable scrovns gre tsed lo display acquired and
analyznd data. These views include:
Intensity distritation (2D and 3D

Intensity Level

Wiy efrant contour (20 and 30}

Wirrefront slope vector plot

Raw image YorsatileData Analysis

Reference file create Fringe Nisply
Analysis: Zemike/Monomial fits and coellicients, can display
tilt, fecns or marked term subtrctad inuizes

Real Titme Aligiument
Beam Parunzters

Additionst F ellunes.

¥
~

A veraging (B0 C;\R. ixpenential, and running
Data masking, xy slices, user contral of Zernike circle
Multi-format export capability {Zemax, Matlab and ASClH)
Production environment inierface svailabla

Report printing

Phy«ies] Snneificatinne
W uﬂhl:md sig 9.4 o7, 4,375 1 207 x 175
Power: 1.5 W ;m: (cxcludmg;omrul computer)

Sensor Options:

Dicuneter Fooyl Length Ay Size Sens.” Dy, Ranoee*
252 jm 25mn 23x 1 74150 200
1 e 155 mm 3 x 24 2100 A0
124 pan Swm 43x33 30 3o
fO8 (un dhAmm Sxdd 0%
72 pm 2mm BYx 66 1305
* Minirua measerhle wivefom wilernike reovnsinucee

* winv ol il & 633m

Exposure: 1760 - 11 0,000 socond {asynehrenous pulsed

uvailaklc)

Sjpecs are neavnad perfequace of shodard sistem Higher perfcemance

upmdn ane availabde oith diffeeent cameras. Plexse see the CLAS 2D Semr
sk plate mfannation en reatlably sensars and

2 unhintd mlice. WESL CLAS. Indurt Plase
stety are ademarks of WeveFmnb Se

Lansl=t airay
. T rT———
_.—:_"’"_#’}
i
T
[ ——

[ S
o Incomirg woweft nnl—/'
Delectar wrmy

//

Foal ypacte

l

\;
)
N

The CLAS™-312 uses o micrs-optic konslet array to dissect a
light beam {nio multiple focal pots. The positions of these
[ireisd sputs Sre used b masire the oplice
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Spot-On™ Lateral-Effect
Detector Systems

Spot-On™ PCPLMOA

Lateral-Effect Datactor Systems
Duai-axisigicrai- ¢l cderxion arideat i isanuing alig.

et aud brge baundellations Lindiksapudizot daactors ey am

msvsttre the position of thy beam anyabere within the sirtaes of

the daector, Dualsensarsaucenstom honsd ngsareinailubbs Hense
conta Melles Cirjol application enginecrs for waors infonmation.

Spot-OnT® PCLPLMCIA
Latera -Effact Detactor Systarns

. l

I wow nenssyrior eon

SPECIFICATIONS: Spacd-OnTH PCLPCIICER
LATERAL-EFFECT DETECTOR SYSTENS

aninr'l‘ypr\: Pual-geisdaten) effect
DetwctorSios )
13PSIL0d: 102 10 mun
13 PST 008 102 W

.

B¢l iamnter circhz oenterad oo the detevtor center
Pomtion Resalution: 21 ymy
Poution Securxy: & §3 o aver the calilnatad area
< :h‘btmxl‘)d"j‘]xtlml Range:
Tositicn: 3507050 mn
Pawwrs A 000 reen
Power Ramge 10 6% 1o LW
Power Sccuracy:

T T BT L T T SR TP |
TG SR R UELGDN ST - TN

FRLUCT 1o NI ifterd
HLrRER Plugdn Card Coniguration: o PTMUIA
PIRYIA wrion . 13PSLCO4 Sastem Roguiranate:
Pl vwrsian . e 13PSLONE, SeMUEz Pemtitnn 3 or highar nimning Windows% 98, Me.
M PalE e oy i NI ecept for PUNICIA verdons D0 o XP
_IAMBye RAM
2ondvilvee Tuud drive space
203 LG wolor VGA card
Wght:Sansor kead and cable 175 g curd, 160y
"'zr.\."w«:f‘ is w registerad radkemerk of Miveaoft Corporation.
Comount

1 hole thresded

8-pin fernale D- type connector

[

L —_—

weight with cable: 175 g 0.4 1b)

drverslor n wm

1inzh-32 TPIx & daep

=
I

l_. wisd

0.3 de=p

13 PsL4erias laterale ffact datactor system
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Appendix B Output Data

Appendix B: Output Data

Data Files for Multi-step Curves by MDSS

Each Data Record=[Applied-value,
Mean-strain-x, Mean-strain-y,
StDev-strain-x, StDev-strain-y,
Mean-tilt-x, Mean-tilt-y,
Stbhev-tilt~x, StDev-tilt-~-y]

-1.2340000e+003 -1.2644671e+tU03 -4.3102450e+002 4.1413388e+00Z
3.9321890e+002 4.4777397e+002 1.1018694e+003 £.6275599e+002
1.8214973e+002

-9.2600000e+002 -9.3118881e+002 -2.4093607e+002 3.8247138e+002
3.7205530e+002 8.6934141e+001 8.5377885e+002 32.5172826=2+002
1.7155373e+002

~5.5500000e+002 -5.4753985e+002 -3.4445082e+001 3.4725633e+002
3.5211003e+002 -1.0432366e+002 3.3734775e+002 2.38679350e+002
1.5740%%831e+002

-2.5200000e+002 -2.5443681e+002 ~5.8670922e+001 2.8747364e+002

2.05127242+002 ~7.491887%e+001 5.5879154e+001 1.6412170e+002
1.3781899%e+002

0.0000000e+000 1.7326794e+001 -5.1013798e+000 9.4278840e+001
9.5059733e+001 4.2771859e+000 1.394861%e+000 £.26733390e+001

4.3569167e+001
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~3.9700000e+002 -4.2370386e+002 2.9691654e+002 2.9702776e+002
2.8366733e+002 -1.8364211e+003 -1.3936061e+003 3.8624344e+002
1.6096319e+002
-1.8500000e+002 -1.9085325e+002 1.0215405e+002 2.837493%9e+002
2.7058716e+002 1.6474859%9e+002 8.5Z47006e+001 1.8628446e+002
1.3526753e+002
0.0000000e+000 -4.0211314e+000 -2.5886015e~002 1.1131352e+002
1.0438135e+002 -1.6197402e+000 ~9.75123092-002 4.7802252e+001
4.7302681e+001
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-5.8000000e+003 7.8825933e+001 -5.7823139%9¢+003
1774112e4001 ~4.5420624e+001

6.9419185e+001 -1.
2.6408012e+001
-2.9000000e+003
5.2056539e+001 -7.
2.6446129e+001
0.0000000e+000
.88712220+001 -2.

9.1404416e+000

[

2.9000000e+003 -3.1553840e+001
.6625435e+001 5.1109574e+000 -5.4906384¢

[ea)

3.8402524e+001

4.1
2621429e+000 -3.39905

1.8248201e+000 2.8500403
4365731 e+

97432412+000 1

2.89900697¢+003

3.9698839e+001
2.0501445e+001

445769e+001 -2.9088145e+003 3.6814274e+001
1

1.2357660e+001

1.6440537e+001

.7363352=4+000

3.4491181e+001

44
722608e+001
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0.0000000e+000 5.1047994e-002 2.2221899e+000 1.6414248e+001
.5629388e+001 - 2.7408508e+000 -5.6779913e-001 6.7223418e+000
6.6331311e+000
2.9000000e+003 3.0908508e+4003 1.331729%e+002 6.0559251e+001
.7248515e+001 2.9754582e+001 -4.14825012+001 2,5244561e+001
2.2631789e+001
5.8000000e+003 5.7180516e+003 2.4764081e+002 6.0310568e+001
.8256181e+001 4.0358857e+001 -7.0263260e+001 2.8231301e+001
2.6267807e+001

8.7000000e+003 8.733729%94e+003 3,721
.907957%2+001 7.0035598e+001 -1.09R84¢
2.2826177e+001

—

($2]

wn

002 9.3468040e+001
2 5.44802462+001

ut
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-3.5000000e+003 -1.0031072e+002 ~1.9055499e+001 4.1285028e+001
2.9601426e+001 -3.6412666e+003 ~3.4753045e+001 2.0395450e+001
2.2834656e+001

-1.7500000e+003 -5.4944001e+001 -4.9950550e+000 3.6999363e+001
-3.4794451e+001 -1.68003452+003 -1.7602376e+001 2.3395828e+001
2.1426806e+001

0.0000000e+000 -1.2574894e+001 3.

2.h024933e+0N1 5.1692722e+000 7.1
8.9643431e+000

1.7500000e+003 4.3641952e+001 8.3724604e+000 4.6564960e+001

3.8423471e+001 1.6543081e+003 1.8570026e+001 2.45161462+00
1.8604845e+001

000 2.5380386e+001
.7061620e+000

D
]
O 0
O+
I..J
(X¢)
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-1.7500000e+003 -7.5961791e+001 3.2319939%e+000 5.3358801e+001

3.
2.

Q=

N L)

(o3}

5600274e+001 -1.8747104e+003 -1.0938267e+001 2.8568137e+001
0776718e+001
0.0000000e+000 3.7068079%9e-001 -3.6898883e+000 1.7466338e+001

.9430502e+001 -4.8016575e+000 6.8075374e-001 €.1370356e+000
.9421259e+000

1.7500000e+003 8.1476553e+001 -1.0238848e+001 4.2550072e+001

.7814528e+001  2.16032021e+003 2.89458632+001 1.9939891e+001
.2131739%9e+001

3.5000000e+003 1.6310057e+002 -7.8392384e~001 1.1179500e+002

.2413000e+001 4.0335660e+003 3.6790994e+001 5.4240675e+001
.9873971e+001
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Appendix C: Source Code

Source Code for MDSS

AR AR A R A AR R R R A R e e R e R e I Rt R R R R E R PR L R R R R
%

$ M file for multiple centroid strain calculation of repeated images

%

AR AR R R R R R T R e T T A 2 L

function mimstrzin(var,

uniti,

coeiat,

MINYMAX = 500;
glcobal RES;
RES = [];

N R e T

disp('*** Dual Beam Multiple Point Strain Sensor LRS!
dlsp( ' ********************ﬂ*t**r?*ﬂ'***ﬁ*******f******r****')
disp(' ")
auto = '1!
if nargin >= 2

cnt = strZnum{count);

strl = sprintf{'$s-Rref.bmp', var);

str3 = sprintf('%s~-Lref.bmp', var);

str = sprintf('Press any char for ref %s, %5 alignment ... ', strl, str3):
kin = input{str, 's');
while ~isempty{kin)
input('Press Enter for zight file check ...
mcpos(strl, auto):
set (gcf, 'Visible', 'On");

input({'Press Enter for lzft file check

l)'.

)i

mcpos (str3, auto):
set{gcf, 'Visible', 'On'):
kin = input('Enter any char for alignment, none to proceed ... ', 's');
disp{' '}

for i =1 « eont,
str2 = sprintf('%s-R%d.bmp’', var, 1i):
str4 = sprintf('%¥s-L%d.bmp', var, i};
str = sprintf('Enter shift val for calc with %s, %s ... ', str2, strd);
disp(' ")
vin = input(str});
RES = {RES; 0 0 0 0 0 &0 0 0};
RES(i, 1) = vin;
mestrain{aute, strl, st=2, str3, strd):

end

input('Press Enter for plot generation ... '};

else

kin = input{'Enter any char for alignment, none to proceed ... ', 's'):
while ~isempty(kin)
input {"Fress Gnier for Ref-R.bmp check "
mcpos{'Ref-R.bmp', auto);
set{gct, 'Visible', '0=")/
input ('Press Enter for Ref-L.bmp check ... '):
mcpos ('Ref-L.bmp', auto}:
set{gcf, 'Visible', 'On');
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kin = input('Enter any char for alignment, none to proceed ... ',

end

disp(' ')

cnt = 0;

vin = input('Enter shift val or a num for strain calc, nonz2 te end

while ~isempty(vin)
RES = [RES; 0 0 0 0 0 0 0 0 0]
cnt = ¢nt + 1;
RES{cnt, 1) = ving
input ('Press Enter for calc with Str-R.bmp, Str-L.bmp ... "}:
mcstrain(auto):;
set(gcf, 'Visible®, 'On’):
vin = input('Enter shift val or a num for strain calc, necnz to end
end
end

if nargin ~= 0 && ~isempty(RES)
RES = sortrows (RES);
xdiff = abs(RES(1,1)) / 2;
if size(RES,1) > 1

Yy

Xdiff = min(RES(2,1)-RES(1,1), RES(size(RES,1),1)-RES(siz=(RES,1)~-1,1));

end
if nargin >= 4
com = sprintf(' - (%s)', comment);

elze

com = '';
end
Xstr = sprintf('ss (%s)%s', var, unit, com):;
figure;
clct(RES{:,1}), RES(:,7},'~k"', 'LineWidth',62, ...

'MarkerkdgeColor', 'k', 'MarkerFaceColor',6 'k', 'MarkerSiz:z',64§):

ymax = max{max (RES({:,7))+mean{(RES(:,9)}, abs(min(RTS(:,7))-mez{RES(:,9))));

ymax = max(l.25 * ymax, MINYMAX);
axis ([RES(1,1)-xdiff, RES(size(RES,1),1)+xdiff, -1~ymax, ymax. ;
xlabel (xstr);
ylabel {'Mean Y-Tilt (w/ St Dev) (uR)');
str = sprintf('Plot of Measured Y-Tilt vs %s', var):
title(str); '
set(gca, 'YMinorTick', 'on');
hold on
for i = 1 : size(RES,1},
indvec = [RES{i,1) RES(i,1)};
sdvec = [RES(i,7)-RES(1i,9) RES(i,7)+RES(i,9)):
plot(indvec, sdvec, ':k+'):

end
set (gcf, 'position', get(gcf, 'position') + (-20C -2CC -100 -12231}:
str = sprinti('$s-YTilc', wvar); .

hgsave (str);

plot (RES(:,1), RES(:,3),'-kd', 'LineWidtk',2,

'MarkerkEdgeColor', 'k', 'MarkerFaceColor', 'k’', 'MarkerSizsz',d);

zs
ymax = max{max{RES(:;3))+mean(RES(:,5)), abs(min(RZS(:,3))-mez={RES(:,5)))):

ymax = max(l.25 * ymax, MINYMAX):

axis([(RES(1l,1)-xdiff, RES(size(RES,1),1)+xdiff, -l-ymax, ymax:};
xlabel (xstr);

ylabel ('Mean Rotation (w/ St Dev of Variations) (uR}'}:

str = sprintf('Plot of Measured Y-Strain/Rotaticon we %s', wvar :
% ylabel ('Mean Y-Strain (w/ St Dev of Variations) (uR)‘):
% str = sprintf('Plot of Measured Shear Strain vs %s', var);

title(str);
set(gca, 'YMinorTick', 'on'):
hold on
for i = 1 : size(RES,1),
indvec¢ = [RES(i, 1) RES(i,1)1}:
sdvec = [RES(i,3)-RES(i,5) RES(i,3)+RES(i,5)]:
plot(indvec, sdvec, ':k+'):
end
set(gct, 'position', get(gcf, ‘position') + [-200 200 -100 -123);
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str = sprintf(*%$s-Rot', var);
hgsave (str);

figure:
plot (RES{:,1), RES(:,6),'-k"', 'Linewidth', 2,
'MarkexEdgeColor’, 'k', 'MarkerFaceColor'

i

ymax
ymax = max(1.25 * ymax, MINYMAX};,

axis{[RES(1,1)-xdiff, RES(size(RES,1},1)+xdiff, -~-i*ymax,
xlabel {ustr);

ylabel ('Mean X-Tilt (w/ St Dev) (uR)'};

str = sprintf('Plot of Measured X-Tilt vs %s', =:z2);

title(str);

set (gca, ‘'YMinorTick', 'on');
hold on

for 4 = 1 : gize(REZ, 1},

indvec = [RES(i, 1) RES(i,1)];
sdvec = [RES(i,6)~RES(i,8) RES{i,6)+RES(i,: .:
plot (indvec, sdvec, ':k+'}):

end

str = sprintf('%s-XTilt', var}:;
hgsave (stx);

max (max (RES (:,6) ) +mean (RES(:,8)), abs(miz(RZS(:,6

‘MarkerSize',4);
}y-mean(RES(:,

ymax}]):

set{gcf, 'position’', get{gcf, 'position’'} + [1II -200 ~100 -100}):

figure;
pict(RES{:,1}, BES{:,Z), "=k2', 'Lin cht', 2,

'MarkerEdgeColor', 'k', 'MarkeL:aceColor’ e, 'Markersize',4):
ymax = max{max(RES({(:,2))+mean{(RES(:,+}), abs{miz.R5S(:,2))-mean(RES(
ymax = max(1.25 * ymax, MINYMAX);
axis ([RES(1,1}~xdiff, RES(size(RES,1),1)+xdiff, -L-ymax, ymax]);
xlabel (xstx);
ylabsl{'Mean Strain {(usS)');

% ylabel ('Mean Strain (w/ St Dev) (usS}');
3 ylabel ('Mean Strain (w/ St Dev of Variations) <=3)');
str = sprintf('Plot of Measured X-Strain vs s, .z1);
% ylabel ('Mean Y~Strain (w/ St Dev oZ Variations uR) ") ;
% str = sprintf('Plot of Measured V-3zams Strai- s %s', var;;

title(str);
set (gca, 'YMinorTick', 'on');

hold on
for 1 = 1 : size(RES,1),
indvec = [RES(i,1) RES{ Y1
sdvec = lRES(i,Z)—RES(1,4) RES(i,2)+RES (1,4 [:
% plot(indvec, sdvec, ':k+');
end

set (gcf, 'position’, get{gcf, 'position') + [1Il 100 -100 -100});

str = sprintf('%s-XStr', var):
hgsave (str):

str = sprintf('%$s.dat’', var);
save(str, 'RES', '~ASCII');

Sl

clear global RES;

\AA.UD(‘ |)
disp('Goodbye'):
disp(' ")

8))));

400
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P T L R R A i ARttt e R R R e R A A At L AR RS R R LR R L 1
3 .

$ M file for multiple centroid strain calculation using centroid function

%

R R R R e s it R R LR TR R R R AR A R R

function mestrain{auto,rightl,right2,leftl,left2,
segx, segy, flen, pxlen,pylen,inang, thsd, show, adjt)

XCORMLT = 1.G;
YCORMLT = 1.0;
SIGNMLT = -1.0;

$XCORMLT = 1.2;
%$YCORMLT = 1.85;
$SIGNMLT = 1.0;

o2l FLZT

if nargin == 0 || (nargin ~= 0 && auto ~= '1°'}
auto = 0;
end

if auto ~= '1' && nargin < 5
rigntl = input('Name of Right reference image file? ', 's'}:
right2 = input{'Name of Right strained image file (same size)? ', 's'):

leftl = input('Name of Left reference image file? ', 's')
Icit? - imput{'Name ¢f Left strained imzge £ils {sams size}? ', 's"}
end
if (auto == "l' && nargin < 5) || isempty(rightl)
rightl = 'Ra2i-R.bmp"';
end
if (auto == 'l' & nargin < 5) || isempty(rightZ}
right2 = ‘Czr R.bmp':
end
if (auto == 'l' && nargin < 5) || isempty{leftl)
leftl = 'ReZ-L.bmp';
end
if {auto == '1' && nargin < 5) || isempty(left?2)
left2 = 'Str-L.bmp';
end
sdisp(® ')

if auto ~= '1' i& nargin < 14
segx = input('Number of horizontal image segments? ');
segqy = inpu:('Number of vertical image segments? ');
flen inpus {'Focal length of lens array? '};
pxlen = input('X-direction size of a pixel? ');
pylen = inpuz('Y-direction size of a pixei? ');
inang = input('incidnet beam angle (alpha) ? ');
thsd inpuc{'Threshold for background elimination? ', 's'j};
show = inpuz('Show images and calculations? ', 's');
adjt = inpuz('Ignore the bottom rows of image? ', 's');

If

- i
=G

[l

if auto == '1' || isempty(segx)

% segx = 42.427:
segx = 42.78;

% segx = 43.15;

% segx = 42.5;

end

1f auto == ‘17 1! isemptyv{seqgy)

% segy = 38.328;
segy = 39.22;

end

if auto == 'l1' || isempty(flen)
flen = 8130;

ond

if auto == '1' || isempty{pxlen)
prxlen = 8.¢;

end

if auto == 'l1' || isempty(pylen)
pylen = 9.€;
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end
if zuto == '1' || isempty(inang)
% inang = 0.96;

inang = 0.86;

end

if auto == '1' || isempty(thsd)
thsd = '1';

end

if euto == '1' || isempty(show)
show = 'y';

end

if auto == '1' || isempty(adjt)
adjt = 'y';

end

disg(’ ")

if tasd == '1' || thsd == 'g’
mthvall = 0;
mthval2 = 0;
zic2 = imread(rightl);

Zinf = imfinfo(rightl);
opp = finf.BitDepth;

Thvall = (Z bpp)/éi
if thsd == 'g’
thvall = (thvall + mean (mean(double(pic2))})) / 2;
mthvall = thvall;
pic = picz > thvall;
alse
pic = pic2;
=nd
2ic?2 = imread(right2):
Zinf = imfinfo(right2);
opp = finf.BitDepth;
hvel2 = (2°bpp!/2:
=f thsd == 'g’'
thval2 = {thval2 + mean{mean {double{pic2jij;) / 2;
mthval2 = thval2;
picl = pic2 > thval2;
z1ls5¢
picl = pic2;
and
elss
oic = imread(rightl);
oicl = imread(right2);
end
[mazy, maxx) = size(pic);
subx = maxx/segx;
suby = maxy/segy:
xmlz = pxlen;
valt - prlon:
fdiv = 2 * flen;
if zdit == 'y' || adjt =='Y!'
segy = segy - 7:
end .
segxl = fix(segx);
segyl = fix(segy):
if show == 'v' || show == 'Y’
str = sprintf{'Rt image files = %s, %s', rightl, rignt);
disp{str)
str = sprintf('Lt image files = %s, %s', leftl, left2);
disp(str)
str = sprintf{'Image size = %6.2f X %6.2f', maxx, maxy);
disp{str)
str = sprintf('No of segments = %6.2f x %6.2f, Seg size = %6.2f x %5.2f', segx, segy,
subx, suby);:
disp(str)
str = sprintf('X/Y multiples = %6.2f x %6.2f, Flen div = %d', xmlt, ymlt, fdiv):
disp(str)
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str = sprintf('Alpha = $6.2f, Sin(a) = %6.2f, Cos(a) = %6.2f', inang, sin(inang),
cos(inang));

disp(str)
end

lthval = 0;
shftx = zeros(segyl, segxl):
shfty = zeros(segyl, segxl);
blnkl 0;
blnk2 a;:
for i = O:segyl-1
for j = O:segxl-1

il = i+l

j1 = j+1;

if thsd == '1'

subpic? = pic(round(i*suby+l):round(il*suby), round(j*subxz+l):round(jl*subx);;

% lthval = mean(mean{double (subpic2)));
lthval = (thvall + 3*mean(mean(double (subpic2)))) / 4:
% lthval = 3*max (max (double (subpic2)))/4;

mthvall = mthvall + lthval;
subpic = subpic2 > lthval:;

else
suppic = piciroundii~-suby+ij:round{ii’subyj, zvund{j*subr=1}zound{ji%sulxni}s
end
[cenx, ceny, bk] = centroid{subpic):;
if bk ==
blnkl = blnkl + 1;
end
if thsd == '1°
subpic2 = picl{round{i*suby+l):round{il*suby), round{j*subx+l):round(jl*subx));
% lthval = mean(mean{double{subpic2))):;
ithval = (thvalZ + 3*mean{msan{double{subpic2);i; / &:
% lthval = 3*max (max (double (subpic2})))/4;
mthval2 = mthval? + lthvzal:
subpicl = subpic2 > lthval;
else
subpicl = picl{round(i*suby=1l):round(il*suby), round({j*subx+l):round{(jl*subx))};
end
icenxl, cenvl, bkl} = centrsid(subpicl);
if bkl == 1
blnk2 = blnk2 + 1;
end
if thsd ~= *'1' |i (bk ~= 1 && bxi ~= 1)

shftx(il, j1)
shfty(il,jl)

xmlt * (cenxi-cenx);
ymlt * (cenyl-ceny);

]

3,4,3), subkimage(subpic)

3,4,4), subimage(subvoicl)

end

1f 3 -m fiuwiseqyl/2Y g 3 o== fivieegwl/?)

subplot(3,4,7), subimage(suZpic)

subplot (3,4,8), subimage(subpicl)
end

end

end

if show == 'y' || show == 'Y'

% subplot(2,4,3), subimage(pic)

% subplot(2,4,7), subimage{picl)

% subplot(2,4,4), subimage (subpic)

% subplot (2,4,8), subimage (subpicl)
subplot(3,4,11), subimage (subpic)
subplot(3,4,12), subimage (subpicl)

end

if thsd == '1' || thsd == 'g'
mthval3 = 0;
mthval4 = O;
pic2 = imread{leftl).
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finf
bpp
thva
if t

else

mr
I

pic2
finf
bpp
thva
if ¢

else

end
else

pic

picl

el

shftxl =
shftyl

strnx =
strny =

FI i S
viron

tilty =
blnk3 =
clnrs =
skip = s
for 1 =

for

I

oo

= imfinfo(leftl);
= finf.BitDepth;
13 = (2"bpp)/2;
hsd == 'g’
thval3 = {thval3 + mean(mean{double(pic2)})}) / 2:
mthval3d = thval3;
pic = pic2 > thval3;

pic = pic2;

= imread{left2);
= imfinfotleft2):
= finf.BitDepth;
14 = (2~bpvo)/2;
hsd == 'qg'
thvald = {thval4 + mean{mean (double(pic2)})) / 2;
mthvald = thvald;
picl = pic2 > thvald:

picl = picZ;

= imread(leftl);
= imread({left2);

zeros (segvl, segxl):
zeros (seavl, segxl):
zeros(segyl, segxl);
zeros{segyl, segxl);
-~ e e teT s it morr 1Y .
scroc{segyl, segxl)y

zeros(segyli, segxl);

0;

egxl * segvl;
0:segyl-1l

j = 0O:segxl-l
il = i+%L;

31 0= j+1;

if thsd == '1"

subpic? = pic(round(i*suby+l):round(il*subv}, round{j*subx+l):round(jl*subx));
lthval = mean(mean(double (subpic2)}}:
lthval = (thval3 + 3*mean(mean{double(subpic2)))) / 4;
lthval = 3*max(max{double (subpic2)))/4;
mthval3d = mthval3 + lthval;
subpic = subpic2 > ithval;
else
subpic = pic(round(i~suby+1i):round(ii~suby), round(j*subx+l):round(jl>subx)]:
end
[cenx, ceny, bk] = centroid(subpic):

blnk3 = blnk3 + 1;

end
if thsd == '1"
subpic2 = picl{round(i*suby+1):round(il*suby), round(j*subx+l):round(jl*subx)}:
1thval = mean(mean(double {subpic2))):
lthval = (thvald + 3*mean(mean(double(subpic2)))) / 4:
tthvel = 2rmax{max{deuble{suhnic?2} Y} /4:
mthvals = mthvald + lthval;
subpici = subpicZ2 > lthval;
else
subpicl = picl{round{i*suby+1):round{il*suby), round(j*subx+l):round(jl*subx);;
end
Icenxl, cenyl, bkll = centroidisubpicl):
if bkl == 1
blnk4 = blnkd + 1;
end ‘
if thsd ~= '1' || (bk ~= 1 && bkl ~= 1)

shftx1({il,jl) = xmlt * (cenxl~cenx);
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shftyl(il,j1) = ymlt * (cenyl-ceny):
if thsd ~= '1' |} (shftx(il,jl) ~= 0 && shity(il,jl) ~= 0)
strnx{il,j1) = SIGNMLT * 1000000 * XCORMLT * (shftxl{il,jl)-shftx(il,j1))} /
fdiv / sin(inang);
strny(il,j1) = SIGNMLT * 1000000 * YCORMLT * (shftyl(il,jl)-shfty(il,jl)) /
- fdiv / sin(inang);
tilex(il,jl1)
(l+cos (inang));
tilty(il,j1)

1l

1000000 * XCORMLT * (shItxl(il,ji)+shftx(il,jl)) / fdiv /

1000000 * YCORMLT * (shityl(il,ji)+shfty(il,jl)) / fdiv /

skip = skip - 17

end

end

if 1 == 0 && § ==0
subplot(3,4,1), subimage(subpic)
.subplof (3.4.2). subimage (subpicl)

end

if 1 == fix(segyl/2) s& j == fixl(segxl/2)
subplot(3,4,5), subimage (subpic)
subplot (3,4, €), subimage(subpicl}

% s = size(RES,1);

% RES(s,10) = strnx(il,jl);

end
end

end

if show == t'y' || show == 'Y’

% subplot (2,4,2), subimage(pic)

% subplot (2,4,6), subimage(picl)

% subplot(2,4,1), subimage{subpic)

% subplot (2,4,5), subimage (subpiclj
subpleot{3,4,9), subimage!subpic)
subplot(3,4,10), subimage (subpicl)
set(gct, 'position', get(gcf, 'position') + [-100 -200 200 33})
figure

end

if thsd == '1' || thsd == ‘g’
if thsd == '1'

mthvall = mthvall / (segxl ~ segyl);
mthval2 = mthval2 / (segxl * segyl);
mthval3d = mthval3d / (segxl * segyl);
mthvald = mthvald / (segxl * segyl);
end’
if show == 'y' || show == 'Y’

str = sprintf(’'Rt images blanks = %d, %$d, Thressholds = ¥£.2f, %6.2f’', blnkl, blnk2,
mthvall, mthval?2);
disp(str)
str = sprintf{'Lt images blanks
mthval3, mthvali4);
disp{str)
2ty = JpeindfiTobal skips = %4 oab oof
disp({str)
end
end

it
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bink3, blink<,

if thsd ~= "1'

mx = mean (mean(shftx));
my = mean (mean{shfty));

5X std(std(shfty));

sy = std(std(shfty));

mxl = mean{mean(shftxl));
myl = mean{mean(shftyl));
sxl = stdi(std(shftxl));
syl = std(std(shftyl));
meanx = mean{mean{strnx));
meany = mean(mean{strny));
stdx std(std(strnx));
stdy std(std(strny));
tmx = mean{mean{tiltx));
tmy = mean(mean(tilty));

it

L)
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tsx = std(std(tiltx));
tsy = std(std(tilty));

else
mx = nzmean{shftx);
my = nzmean (shfty);
sx = nzstd(shftx};
sy = nzstd(shfty):

mxl = nzmean{shftxl);
myl = nzmean{shftyl):;
sxi = nzstd(shftxij;
syl = nzstd(shftyl):
meanx = nzmean{strnx):;
meany = nzmean{strny);

stdx = nzstd(strnx);
stdy = nzstd(strny);

tm = nImean{tilt);

tmy = nzmean{tilty);
tsx = nzstd{tiltx):
tsy = nzstd(tilty);
end
mcdx = (max(sum({strnx)) - min{sum{strnx))) / ssgvi;
mrdx = (max(sum{strnx,2)) =- min{sum{szrnx,2)}) / segxl;
mcdy = (max{sum{strny)) - min(sum(stzny})) / sa3vi;
mrdy = {max{sum(strny,2)) - min(sum(strny,2))) / segxl;
hsegyl = ceilisegyl / 2};
hsegxl = ceil(segxl / 2);
actx = mean(mean(strnx(:, segxl-hsegxi~l:segxl))?! - mean{mean(strnx(:,1:hsegxl})));
artx = mean{mean{strnx(segyl-hsegyl+i:segyl,:),2Z}) - mean(mean(strnx(l:hsegyl,:),2}));
acty = mean{mean(strny(:,segxl-hsegxl-irsegxl);’ - mean{mean{strny(:,l:hsegxl}))):
arty = mean({mean(strny(segvl-hsegyl+i:segyl,:),2}' - mean(mean(strny(l:hsegyl,:).,2)):;
¥str = sprintf('%d %d %d, %d %d %d', segxl, segxi-asegxl+l, hsegxl, segyl, segyl-hsegyl+l,
hsegyl);
zdisp(str) .
str = sprintf('Mean x-strain = %8.2f =5, St dzv ¢f x-strain = %8.2f uS’', meanx, stdx;};
disp{str)
str = sprintf('Mean y-strain = %8.2f =3, St dev 3f y-strain = %8.2f uS', meany, stdy):
disp(str) '
if show == 'y' || show == 'Y'
disp(' ")
str = sprintf('Max x-str h-ripplsz = %8.2f =3, Max x-~str v-ripple = %8.2f uS', mcdx,
mrdx)
disp(str)
str = sprintf('Max y-str h-rizople = %8.2Z uS, Max y-str v-ripple = %B.2f uS', mcdy,
mrdy);
disp(str)
str = sprintf('Appr x-str h-t:lf = §B8.22 uS, Appr x-str v-tilt = %8.2f uS', actx,
artx);
disp(str)
STL ~ SPrinti{ APPr y-3ti h-Til.T = 0.2 U6, AppT y oTr vetilt - wELZiowl acTy,
arty):
disp(str)
disp(* ")
str = sprintf({'Mean x-tilt = ¥7.2f uR, &t dev = %7.2f uR', tmx, tsx};
disp(str)
str = sprintf('Mean y-tilt = 37.2f uR, 81 dev = %7.2f uR', tmy, tsy);
disp(str)
str = sprintf{'Mean Rt x-shift 7.2f um, ST dev = %7.2% um', mx, sx):
disp(str)
str = sprintf('Mean Rt y-shift $7.2f um, St dev = %7.2f um', my, sSy):
disp(str)
str = sprintf('Mean Lt x-shift $7.2f um, 3z dev = £7.2f um', mxl, sxl):
disp(str)
str = gprintf{'Mean Lt y-shift =7.2€ um, £% dev = %7 .2f um\n', myl, syl)
disp(str)
else
if thsd == '1' || thsd == 'g'
str = sprintf('Max xy ripple = %7.2f,%7.22 uS, blank = %d, skip = %d', mcdx, mrdy,
blnkl+blnk2+blnk3+blnk4, skip):
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else
str = sprintf('Max xy ripple = %7.2f,%7.2f uS, No thresholding\n', mcdx, mrdy);
end
disp{str)
str = sprintf('Mean Rt shift = %7.2f,%7.2f um, Lt shift = %7.2£f,%7.2f um\n', mx, my,
mxl, wmyl);
(

disp(str)
end
My (RES)
size (RES, 1)
= meanxy;
= meany;
= stdx;
= stdy;
RES(1,6) = tmxs
RES(1,7) = tmy;
RES(1i,8) = tsx;
R2S(1,9) = tsy;

end

%$subxy = max (subx, suby):

simax = ceil(subxry / 2);

$zmin = floor(-1 * subxy / 2);

%zmax = pxlen * subx ® 1000000 / fdiv:

grmic = =1 * nxlan * anhx * 1000000 / fA{v:

maxxy = max (XCORMLT*xmlt*subx, YCORMLT*ymlt*suby);
¥zmax = maxxy * 1000000 / fdiv;

Szmin = -1 * maxxy * 1000000 / fdiv:
zmax = maxxy ® 1000000 / fdiv / 2;
zmdn = -1 * maxxy * 1000000 / fdiv / 2:
subplot(1,2,1), surf(strnx, 'edgecnlor’, 'naone’)
colormap hsv
ghit headlighit, lighting phaony
shading interp
axis 1ij

%$axis equal

axls square
axizt(il,segxli,,segyi, zmin, zmax, znin, zxax;;
view{-15,25)

xlabel {'Horizontal’)

ylabel ('Vertical')

zlabel('Strain (uS)"')

title{'X~-STRAIN MAP')

colorbar

subplot(l,2,2), surf(strny, 'edgecolor', 'none')
. '

3subplot{l,2,2), surf{tiltx,'ecdgecolon', ‘none')

shading interp

axis ij

%axis equal

axls square
axis(([l,segxl, ], segyl, zmin, zmax, zmin, zmax])
view{~15,25)

xlabel ('Horizontal')

ylabel {'Vertical')

zlabel ('Strain (uS)')
title('Y-STRAIN/ROTATION MAP')
%¥zlabel ('Tilt (uR)")
$title{'X-Tilt MAP')

colorbar

$set{gcf, ‘'position’', (1 31 1280 918j}
% cenx

% ceny

% picl = logical{pic):

% imshow(pic, [1); pixval on

Optical Metrology with Lasers and Position-Sensitive Detectors Cc-10



Appendix C ' Source Code

% image (pic)
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EI I I Rt R e Rt Lt R LR E SR iR i EEt s
%

% M file for centroid calculation

%

EE R e TR R T
% Function for centroid of a segment

function [meanx,meany,blnk] = centroid(pic)
[x,y,2] = size(pic):
if(z==1)
else
pic = rgb2gray(pic):
end
im = pic;
[rows,cols] = size(im);

X = ones (rows,l)*{l:cols]);
y = (l:rows]'*ones(l,ceols);

area = sum{sum{im));

if area ~= 0
meanx = sum({sum(double(im).*x))/area;
meany = sum(sum{double(im).*y}}/area;
blnk = 0;

else
means = ceols/2;
meany = rows/2;
blnk = 1;

end

function mean = nzmean(a)
m = 0;
'D—C;
for i=l:size(a,l),
for j=l:size(a,2),

if a(¢i,j) ~= 0
m=m+ a(i,jls
else
b=>b + 1;
end

end
end
mean = m / (size(a,l)*size(a,2) - b):

for i=l:size(a,l),
for j=1l:size(a,2),
if a(i,j) ~= 0
s = s + al(i,j)*al(i,J);

else
b=2D>b+ 1:
end
end
end
std = sqrt(s / (size(a,l)*size(a,2) - b}};
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Characterization of Multipoint Diffraction Strain Sensor (MISS)
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Abstract. A Multipoint Diffraction Strain Sensor (MISS) with the novel feature of simultaneous
strain measurement at multiple points is characterized. Unlike conventional interferometry based
systems, this patented sensor uses principles of diffraction to directly measure strain at large
number of points. In this sensor, a high-frequency diffraction grating is i]luminated by two
syunmetric iaser beams and the diffracied beams are sampled on a CCD camera via a micro-lens
array into an array of dots. The shift of the individual dots is sensed and strains or rigid body tilt are
calculated directly. This novel technique is expected to be very valuable in numerous industrial
applications.

Introduction

Optica!l methods are widely applied for the strain measurement in material and components.
Interference has been widely used as a method for precision deformation measurement. However,

there is a need to analyse a fringe pattern before useful information such as strains can be obtained.

Diffraction based methods provide a means to directly measure strain measurement without the
need for time-consuming fringe analysis and interpretation. Bell [1] first proposed diffraction
grating-based strain gauge and since then many different innovations have been proposed [2,3].
Asundi et al [4,5] first proposed the us¢ of a high-frequency diffraction grating along with a
Position Sensing Detector (PSD) to provide a novel alternative to the conventional electrical
resistance strain gauges with the same characteristics and direct read-out of strain components. All
the above strain sensors including the electrical resistance strain gauge, are point-wise measuring
systems. Now, a new patented {6] system has been developed which extends the earlier point
diffraction strain sensors to a Multipoint Diffraction Strain Sensor (MISS). In this paper, the
characteristics and specifications of MISS are explored. To our knowledge, such multipoint optical
strain measurement feature has never been reported in earlier works.

Theory

The Multipoint Diffraction Strain Sensor (MISS) using a high-frequency diffraction grating along
with a micro-lens array based CCD detector. A reflective diffraction grating is bonded to the surface
of the specimen and follows the deformation of the underlying specimen. The grating is illuminated
by two symmetric monochromatic laser beams at a prescribed angle such that the first order
diffracted beams emerge normal to the speumen surface. Tne micro-iens array saimnpies eacii of titls
incident beams and focuses them as spots onto the CCD. When the specimen s deformed, tilted or
rotated, the diffracted wavefronts emerging from the specimen are distorted and hence the spots
shift accordingly. Figure 1 shows the simulated spot pattern for a 4x4 array of micro-lenses for one
of ihe beams when the specimen is ur.stramw, u'xuergo.s uniform strain and non-unitorm strain,
The symmetric beam incident from othler direction gives a similar array of spot patterns. Strains at
each spot location which corresponds to a small area of the specimen can then be readily deduced
from the shift of the spots as descrlbed below. Without loss of generality, spots shlfts along one
direction are used in this derivation.

All rights reserved. No part of contents of this p ger may be reproduced or transmitted in any form or by any means without the
written permission of the publisher: Trans Tech Publicalions Lid, Swizerand, www ttp net. (ID: 84.74.51.243-10/01/07,11:24:47)
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Fig. 1: Multipoint Diffraction Sensor principle

Starting from the weii-known diffraction equaiton, ihic channgé m diffraciion aingic when the
specimen is subject to strain, g and out-of plane tilt, A¢ can be deduced. Hence the corresponding
shift, Ax, of a typical spot on the CCD plane can be related to the strain and tilt as

"I{J’A‘Cl // - P 2 A
/f =—g fsina+Ag(l+cosa),

—~

/ ,
Kf'hy =+&_fsina+Ad(l+cosa),

where f is focal length of each micro-lens, « is the angle of incidence and Ky is a multiplication
factor which is | if the two beams are collimated and the subscripts 1 and 2 refer to the two incident
beams. Solving these two equations gives

_ Ax, — Ax,
By 2fsina
)
i Ax, + Ax;
=y

T (0 f cosa)

The two incident beams thus enable us to separately compute the strains and the rigid body tilts
of the specimen.

System Construction

The MISS system is a compact, simple and versatile. The current system uses a 1/2” CCD camera
with a 44 x 33 micro-lens array. Each micro-lens has a diameter of 144 pm and a focal length of
8.190 mm. The specimen grating is a 1200 lines/mm reflective diffraction grating. The specimen
can be tilted using a precision rotation stage. Also the specimen has a strain gauge attached to the
back side. A 685 nm laser diode is coupled into two optical fibers and provides the two symmetric
incident beams. The spot image is digitized and processed using custom-developed software written
in MATLAB® according to Eq. 2.
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Results and System Performance

The process for strain measurement proceeds as follows. Record and determiné centroid of the spot
images for the unstrained sample (shown in Fig. 2(a) for one of the beams). Deform (strain and/or
out-of-plane tilt) the specimen and record the deformed spot patterns for the two beams as shown in
Fig. 2(b). Centroid detection is critical to this routine and as can be observed in Fig. 2(c), the spot
images are not perfectly circular due to imperfections in the optics and gratings. The strain and tilt
can then be deduced from the shifts according to Eq. 2, and are shown in Fig. 3.

X-STRAIN MAP X-Tit MAR

Stenin (WS
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Fig. 3: (a) Strain and (b) tilt distribution for a specimen subject to uniform strain

Figure 4 shows the comparison of applied strain and tilt with the measured strain and tilt for
increasing deformation of the specimen. The plot shows good correlation and linearity for the
measured and applied values, thus verifying the MISS system. Some characteristics of the MISS
system can be gleaned from these results. The sensitivity to strain/tilt is governed by the centroid
detection algorithm, and for a 6 pixel square micro-spot, the sensitivity is 20 ue for strain and 10 uR
for tilt. The accuracy was exnerimentally established as the standard deviation between multiply-
recorded data, and was found to be about 10 ue for the mean strain measurements. The range for
maximum strain and tilt, assuming that the spots remain within the same micro-lens, is governed by
the maximum allowable shift of the individual spots. Based on Eq. 2, and considering that each sub-
window has a size of 18x14 pixcls, the maximum measurement range ic 19 me for strain and 9 mR
for tilt along x-axis. Experimentally slightly smaller values were obtained duc to the irregular spot

shape. Based on the above experimental data the specifications of the MISS system are as given in
Table 1.



INSTITUTE OF PilvsiCs PUBLISHING

MEASUREMENT SCIENCE AND TECHNOLOGY

Mcas. Sci. Technol. 17 (2006) 23062312

doi:10.1088/0957-0233/17/8/036

Multipoint diffraction strain sensor:

theory and results

S Igbal! and A Asundi®

" Faculty of Applied Sciences, International 1 University, Sector H-10, Islamabad, Pakistan
2 School of Mechanical and Acrospace Engineering, Nanyang Technological University,

Singapore

E-mail: squresh7@yahoo.com and anand.asundi@pmail.otu.edu.sg

Received 6 March 2006, in final form 22 April 2006
Published 20 July 2006
Online at stacks.iop.org/MST/17/2306

Abstract

A multipoint diffraction strain sensor has been developed using a moiré
interfercmeter with the nevel added feature of whole-field srrain
determination. This unique feature has been implemented by simultanecus
tracking of sampled wavefront diffracted from the component under test. In
this sensor a high-frequency diffraction grating is bonded on the specimen,
which is illuminated by two symmetric collimated laser beams, as in a
typical moiré interferometer. The first orders of diffracted beams impinge
on a CCD camera, via a microlens array. The lens array serves a dual
purpose—to sample the diffracted wavefront and to focus the wavefront to a
number of spots on the CCD. The deviaton of the individual spuis
generated by both the beams is directly proportional to the normal strain and
a component of the shear strain. Simultaneous strain measurement at more
than a thousand points can be readily obtained and is demonstrated in this
paper. This novel technigue is expected te be very valuable in numerous

industrial metrology applications.

Keywords: strain sensor, diffraction grating, multi-lens array, laser beam, tilt

measurement, CCD, spot centroid

{Some figures in this article are in colour only in the electronic version)

1. Introduction

Upticai methods have shown great promise Tor contact-iree
deformation measurement using principles of diffraction,
interference and polarization. For precision deformation
measurements, interferometry has been widely used, though
it entails time-consuming fringe analysis and numerical
differentiation for strain calculation. Diffraction techniques
directly provide derivatives of displacement using a
siaighiforvard upproach und thus hove beteer petentizl in
strain analysis.

In 1956 Bell [1] first proposed a diffraction grating-
based strain gauge. Since then, many different developments
and variations have been proposed and many of them are
now widely used in the industry. as reviewed by Mouider
and Cardenas-Garcia [2] and Sevenhuijsen et al {3]. In
these techniques researchers used various grating types and
used imaging devices or position-sensitive devices (PSDs)

0957-0233/06/082306+07$30.00  © 2006 IOP Publishing Ltd  Printed in the UK

for ‘sensing {4-7]. Among these, the work of Asundi
and Zhao [6] utilizing the approach of combining high-
frequency grating witn F310s, offers uatty adviinages uver ilic
conventional electrical resistance strain gauge, specifically the
adjustable gauge (beam) size and multi-point measurement,
while maintaining the advantages of high sensitivity and
accuracy.

All these works deal with sensing strain at a single point
like a strain gauge. Many applications in the industry warrant
the measurement of strain distribution rather than sensing
strain at a single point only. These may include strain
variations present at a machine component under stress, alarge
beam used in a building structure or even a small component
used in MEMS. Diffraction strain sensors and electrical strain
gauges catnot fuifli thiis need unless placed in an array which
is read out sequentially.

This paper presents a novel patented [8] technique for
whole-field strain mapping using the sampled diffracted
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Figure 1. Operating principle of MDSS based on a moiré
interferometer.

wavefronts. This research is expected to open up a new
avenue and provide a versatile tool for indusiriai and structural
applications, as a 2D map of strain on the component body may
pravide a much clearer picture to the analysis team.

Being a whole-field
be compared with other whole-field strain measurement
techniques such as moiré interferometry and ESPIL. The
obvious advantage of this technique compared to these is its
dircct approach. The strain is calculated without the need of
any fringe processing 2nd numerical differentiation needed
for interferometry {9, 10]. Image subtraction for speckle
techniques is also not needed here, which makes processing
time much shorter and near real time. Also the total setup and
the needed resources are going to be less. At the same time it
can produce a map with good spatial resolution, which is only
bounded by the separation of the micro-lenses on the array,
L.e. distance between the individually shifting micro-spots. A
clearer comparison of the technique is to be drawn as we go
further with this work.

approach, this techaique may also

i
2. Theory

Moiré interferometry is normally used for optical
measurement of mechanical deformation through fringe

analysis. In this technique, two beams of monochromatic,
coherent and collimated light symmetrically illuminate a
specimen grating such that the first-order diffracted beams
emerge normal to the surface of the grating. Interference of
these two diffracted beams generates an interference pattern,
which can be analysed to obtain the specimen deformation
{11]. By recording the displacement components in two
perpendicular directions, the three in-plane strain components
can be obtained through numericai differentiation.

Figure 1 illustrates the principle of multipoint strain
measurement using a setup similar to that for moiré
interferometry. The diffracted wavefronts emerging from the -
grating are sampled into wavelets by the multi-lens array and
from a small area of the sample surface. When the grating is
deformed, the position of the diffracted wavelets on the CCD
would shift accordingly as shown in figure 2. The shift of the
spots is shown to be directly proportional to the derivative of
the deformation. In this particularexample, the shift of the spot
is along one direction. However, in general the shift would be
in two directions but the principie would be unaffected as the
horizontal and vertical shifts are independent of each other. -

Starting from the weli-known difitaction equaiion {i2]
and differentiating it we get

P(sina +sinf8) = mA,

Pcoseda +dPsine+ Pcosfdp+dPsing =0,

ey
@

angles of illumination and diffraction, P
grating whose principal direction is the

is the diffraction order (£1) and A is the

where «, fi are the
af tha

ic tha niteh
wan O

is the pi
x-axis (figure 1), m
wavelength of light.

The illumination angle is chosen such that the diffracted
beam is normal to the grating or § = 0. Also during the
experiment, the illumination angle remains unchanged or
da = 0. Thus

P . dee . .
df = ——sing = ——sinw = —§g,sina,
P dx

€)

Here &, is the derivative of the displacement component
along the grating principle direction (du/dy), i.e. the normal
comporent of the strain in the x-direction. The change in
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Figure 2. Position of individual micro-spots with {a) no strain, (b) uniform strain and (¢} non-uniform strain in the sample.
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Fig. 4: (a) Applied v/s measured strain (b) Applied v/s measured tilt

Table 1: Major Specifications of MDSS

! Range ] Measurement | Accuracy Measurement | 2-D Spatial
Linearity Sensitivity Variability Resolution
19 me/ 9 mR 1% of FSD 10 pe/SpR [ 20 pe /10 R | 10 pe/ S uR 144 pm

Conclusions

A MISS system has been developed and characterized with a novel technique of simultaneous strain
and tilt measuremsnt 2t a large number of points. The current system is based on a simpler
uncollimated laser beam setup. However, using a standard moiré Interferometric system with the
current MISS, both strain and deformation patterns can be obtained in near real time without the
need for fringe processing. The system characteristics are quite impressive and can be further
improved with proper choice of incident laser, micro-iens array, and aigortihm. Furthermore, the
system is also capable of measuring rotation and shear strain. Indeed, it is possible to measure all
three strain components as well as rotation and tilt making this a truly versatile whole-field strain
sensing system. The system offers many promising features including a useful combination of
compactness, data collection speed and results accuracy. Diverse applications of the technique in
microelectronics, micromechanics and other areas are expected.
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diffracted angle df can be calcutated using the spot shift on
the seasor surface as i

Axy = fdf = —¢&, f sine, @)

where fis the focal length of the {ens. The symmetrical beam
incident from the equal but opposite direction will cause an
equal but opposite shift of the wavelet spot. Thus

Axp = —g, fsing, {8a}
Axy = e, fsina. (58)
Combining the two equations we get
du  Axy — Ax Axs ~ A
‘9:,:=_= 2 n ’=( L XI)P. ‘6\
dx 2f sing 2fA o

The use of two beams in this manner eliminates measurement
errors due to out-of-plane tilt of the specimen. A very similar
expression can be derived for the y-axis strain component
calculations. If the principal direction of the grating is the
y-direction ang ihe iilumination beams are i the y—z plane,
than

_dv_ Ay -4y Ay~ Ay)P
T dy T 2fsine 2Fh ’
If, on the other hand, the sample experiences shear strain
or a rotation 11, 12}, then this will be recorded as orthogonal
movements of the spot array, i.e. for the grating lines parallel
ta the y-axis, the spots would shift in the y-direction (figure 2).
As the rotation or shear is given by the orthogonal movement
of the spots, it may be detected simultaneously with the normal

(7

PR P S B - T R =01 e T il ~n emln e e
wam. Thus if the samiple is roaicd within the planc by an

“
angle ¢, its orthogonal diffraction angle is [12] given by

2

®)

Differentiating this and eauating to spot movement as before,
and noting that the diffracted beam is initially normal to the
grating plane at zero rotation, we get

d8, = sinadg = Ay /f. ®

Thus for the two beams with the grating principal axis along
the x-direction, we get

sin 8, = sinasing,

Ay, — Ay, d
As= 2T oNn (10a)
2fsina dy

and similarly for the grating with the principal direction along

the vedirection,

Av,~ Axyp  dv
2f sine  dx’

Hence all three components of in-plane strain can be deduced.

AG = (10b)

3. System construction

The setup for the multipoint diffraction strain sensor has been
developed to be cornpact, relatively simple and versatile at the
same time, in view of its projected use in precision machine or
microelectronics industry. The system utilizes a lens array
up of 44 x 22 lenslets and a 1/2” diagonal CCD
detector camera with an aperture of 6.4 mm x 4.8 mm. The
diameter of each lenslet is 144 pm and the focal length of
each is 8.190 mm. A polarizing attenuator controls the light

mads

2308

Figure 4. Fringe pattern of {a) reference and (b) strained images for
comparative strain calculation,

intensity incident on the camera surface. A cross grating of
1200 lines mm™} was bonded or the sample surface as the
rarget. The specimen could be rotated as well as deformed
in its plane. A commercial moiré interferometer as shown
in figure 3 was used as it simplities alignment and also
allows for additional verification of strains from the moiré
interferometric fringes, which could also be recorded. Indeed,
while the multipoint diffraction strain sensor can be used on
its own, it is also a convenicnt add-on to commercial moiré
interferometers,

“The strain measurement is checked against the strain value
ca:]culated via fringe analysis. Thus, the average x-axis fringe
spacing i e reiviene tnage 4nd i iic staihed unafe aic
determined as shown in figure 4. Then the relative strain is
caléulated from the difference in fringe spacing As and virtual
grating frequency f, as 6, = |/fvAs. For the MDSS, the
normal in-plane strains are calculated using equations (6) and
(7) for u~ and v-fields respectively, while equation (10) is used
for shear or rotation. The spot centroids for each beam before
and after loading are deteninined using a sub-piaci centioid
detection algorithm and the entire calculation is programmed
in MATLAB® which in addition permits other checks on the
.caleulations to be performed as well. Each beamlet window

‘is'of about 18 x 14 pixel size. luminated pixels of light spot

. afe determined by comparing the light ievel of cuct piael wiih

a specific threshold and thus the sub-pixel centroid position
from the illuminated pixels is computed.

!
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Figure 9. Mean (@) normal x-sirain and (b) shear strain for increasing applied load—comparison of measurement with MDSS (veriical} and

with the moiré interferometric fringe method (horizontal).

4. System output

The oporaion of
starts by the input of reference images taken altemately by
switching on the right and left interferometer beams, and
recording the beams diffracied from the uns rcur.cd specimen.
The centroids of the individual spots are computed from these
images and stored by the system software as thf: reference
positions. Afterwards the sample is strained and‘;two images
of the beam diffracted from the strained samnle uqmp the right
and left beams are processed as before. The syste'm computes
the individual shift of each spot in the images both from the
right and left beams and thus computes the strain averaged
over each sampled area. In addition, any shear ;(onhogonal)

strain or in- plane rotation of the oppmman ig al¢n calenlated

and displayed in the form of a distribution map.jTypical spot
images along with an enlarged view of a few subimages are
shown in figure 5.

Fevis uu-.urv

2310

L S T r‘—:g

"The data processing operation of the system is fairly fast
and the strain map is produced almost instantly, i.e. within
a tew seconds. Simuiltaneousiy, detuiied statistics oif ihe
strain distribution are also displayed, such as mean, standard
deviation, etc. As an irmage from each of the right and left
beams is needed under a certain strain condition, straining of
the sample may be done in steps, while stopping and allowing
for beam switching and tmaging operations. For a quicker
computation process, the system alse has the provision of
feeding multi-step stored datu of the strained images 4t a time
and a mutlti-step mean strain curve is aiso produced, as shown
later,

The tests were mostly performed on a circular disc
sample of hard plastic about 2.5” of diameter, with a grating
rigidiy bonded on its surface. For the case of in-plane
strain, the resulting strain map of sampled area is shown in
figure 6. Since the area is small and as can be secn from the
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Figure 10. Comparison of applied rotation (horizontal) with that measured using MDSS (vertical) with the grating principal direction as

(a) x-direction and (b) y-direction.

fringe patterns in figure 4, the strain is fairly uniform. Also,
although the rotation/shear strain component in this case is

n/rotation map picks up these changes

T el

thz chasr o
which are not apparent from the fringe pattern. Figure J shows
the case of non-uniform strain by poking a wedge on the right
edge of the disc. Figure 8 shows the results for the ,'case of
pure rotation. Inthis case, the nrormal strain component is 7zero
as is to be expected and the shear component shows biniform
rotation over the entire sampled arca. In these maps, strain
(or rotation) is given as grey-scale (colour-coded) along the
vertcai axis, with ihe units of u5 (spicro-strain or (£&) or R
(micro-radians).

To compare the results with the moiré interferometric
pattern, the average strain from all the spots was determined
anc compared with the average smiin calculated from the
fringe spacing in moiré interferometry at different Joads and
rotations. Figure 9 shows the mean normal strain and shear
strain comparisons for the disc under compression. Good
correlation (within a few per ceni) is found befween the
calculated and experimental values, Similarly fof the case
of rotaticn, the rotation measured using MDSS is/compared
with the rotation values applied. Once again the correlation
is excellent as seen in figure 10. This figuré contains
Totations measured from both the gratings with figure 10(a)
corresponding to a grating with the x-directibn as the
principal direction and figure 10(5) shows the grating with the
y-direction as the principal direction.

5. Conclusions

A new multipoint diffraction strain sensor has beeh developed

_______ easurement
at a large array of points. The system is based on the
simultancous position tracking of diffracted wayelets of the
distorted wave, emerging from the component under test, With
the use of a commercial moiré interferometer system, both
sirain alid deformation distribuiion paticrns cal be cbiained
in near real time without the nced for fringe processing.
Furthermore, the system is also capable of measfiring rotation
and shear strain. Indeed, it is possible to] measure all

crmin nn

three strain components as well as rotation, x-tilt and y-tilt
making this a truly versatile whole-field strain/tilt sensing
syetem Tha system nffers many promising featuras includiﬁg
a useful combination of compactness, data collection speed
and accuracy of results. This novel technique is expected to
be very valuable in numerous industrial metrology applications
in micromechanics, microelectronics and other areas.
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Characterization of multipoint diffraction strain and tilt sensor
based on moiré interferometer and multichannel imaging

position-sensitive detector
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A multipoint diffrection strain and tilt sensor using 2 muliichanne! imaging nesition-scasitive
detector has been developed and characterized, with the novel feature of simultaneous measurement
of strain and tilt at a large array of points. Unlike conventional interferometry based systems, this
new whole-field measurement system uses principles of diffraction to directly measure strain at the
desired points. The system utilizes a moiré interferometer for the generation of two coherent and
.:Ju..r"n,h.»., beams, which illuminaic a hig ..-fruqu\,m,y diffraction Emun‘, bonded on the suiface of
the sample under test. The core of the system is a charge coupled device camera fitted with an array
of microlenses, which samples the diffracted beam into an array of beamlets. The camera with lens
array, which is being used as array-type multichannel position-sensitive detectors, senses the shift of
the individual microspots. The deviation is then processed and the normal and shear strains are
calculated at that spot along with rigid<tody tilt. The combined tesulis are graphically shown o the
user as two-dimensional strain and tilt maps. Simultaneous strain measurement at more than 1300
points has been successfully obtained with the spatial resolution of better than 150 xm. This novel
wehnique has many useful feawres compared to other wnoie-fieid optical strain measurement
techniques and is expected to be very valuable in experimental mechanics of microsystems and

devices. © 2006 American Institute of Physics. [DOI: 10.1063/1.2372732]

I. INTRODUCTION

For contactless measurement of displacement, rotation,
and strain, optical methods are widely applied. The instru-
ments for strain measurement use the principles of diffrac-
tion, interference, or poiarization. For precision deforniation
measurement, interferometry has been widely used, though it
entails time-consuming fringe analysis. Diffraction is a reia-
tively straight forward technique for direct strain measure-
ment. Another important advantage is that, in addition to
strain, rigid-body tilts and rotations can also be determined
separately which is not easily done with interferometers.
Bell’ first proposed a diffraction grating-based strain gauge
in 1956. Since then, many different developments and varia-

o oRTowowd

o:nnn Janera !"‘.“” = '.'." I_.:

Cardenas- Garcxa and Sevenhuijsen et al’ In these tech-
niques researchers used diverse setups with- low and high-
frequency gratings and position-sensitive devices (PSDs) or
charge coupled device (CCD) detectors.™’

In all the earlier works, strain is determined at a single
point like a strain gauge. Many applications in industry re-
quire measurement of nonuniform strain distribution rather
than sensing strain at a single point only. In addition to
strain, the component may undergo in-plane rotation or out-
of-plane tilt under the stressing forces. These tilts should be
separately sensed or at least be singled out {foin ihe mea-
sured strain. Also important is the case of warping, where a
flexible component undergoes nonuniform tilt. The diffrac-
tion strain sensors, or the electrical strain gauges, cannot ful-

0034-6748/2006/77(11)/113110/6/$23.00

77, 113110-1

fill the need of multipoint strain sensing unless placed in an

ariay coifiguration, and of coursc are not eyuipped for ihe
multiplane tilt measurements.

Here we present a novel technique for whole-field strain
and tilt mapping‘8 by sensing the movement pattern of
sampied diffracted wave front. 'This research is expected to
open up a new avenue and provide a versatile tool for the
industriai and structural applications. To our knowledge,
such multipoint optical strain and tilt measurement feature
has never been reported in earlier works.

Being a whole-field approach, this technique can be
compared with other whole-field optical strain measurement
techniques such as moiré interferometry and electronic
speckle pattern interferometry as follows.

W The vbvious advaniage of this muitipoine difiraction
method compared to others is its direct approach. The
strain is calculated without the need of any fringe pro-
cessing and numerical differentiation needed for
interferometry.”'° Image subtraction for speckle tech-
niques is also not needed here. This makes processing
time needed for the final stroin map calenlation much
shorter and near real time. We found the time taken
for the production of strain and tilt maps consisting of
more than 1300 points to be less than 5 s.

(if} At the same time it can produce map with good spa-
tiai resoiution compared to other methods and specifi-
cally to speckle technique. Here this resolution is only
limited by the separation of the microlenses on the
array, which is 150 um in the present system.

© 2006 American Institute of Physics
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FIG. 1. Multipoiat diffraction strain and tilt sensor principle.

(ili)  The results show good combination of sensitivity and
accuracy considering other whole-field approaches
and specifically compared to speckic method where
measurement quality is largely hampered by the
poorer fringe visibility.

(iv) Being a simpler approach, the total computing and
storage resources needed for this method are going to
be smaller.

Ii. THEORY

In conventional moiré interferometry two symmetrical
beams of monochromatic coherent light illuminate a speci-
men with a grating bonded on it such that the first diffraction
arders emerge normal 10 the surface. These diffracted beams
interfere to generate fringe patterns, which provide contours
of displacement component in the principal direction of the
grating. These fringes can be processed and numerically dif-
ferentiated to give in-plane strains.'' Due 1o the interference
effect, rigid-body tilt is automatically canceled out. On the
other hand, the proposed system samples each of the dii-
fracted beams separately via a microlens array. The differ-
ence in diffraction angles is determined and used to compute
in-plane strains as well as out-of-plane tilt.

Figure 1 iliusiraics tie prijcipic ol muinpoini stam and
tilt measurement adapted to a conventional moiré interferom-
eter. The diffracted beams are sequentially sampled by the
lens array and focused onto a CCD detector. Each sampled
beamlet represents the diffraction from a specific region of
the specimen grating. When the grating is deformed, tilted,
or rotated. the position of the diffracted beamlets shifts ac-
cordingly. The shift of these diffraction spots is directly pro-
portional to the strain, rotation, or tilt experienced by the
sample. Figure 2 shows schematically the movement of mi-
crospots sampled from the two diffracted beams, when the
specimen is strained or tited. The movement of the mi-
crospots is in apposite directions for strain but moves in the
same direction for tilt.

Consider the setup in Fig. 1, where the two beams inter-
rogate the grating with the principal direction along the x
axis. Starting from the well-known diffraction cquation,lz
and then taking its differential, we get

Rev. Sci. Instrum. 77, 113110 (2006)

o||jQa|O
Q|00
o010} 0

0|0l @0

ecleolsoleo
eoleocleojeo
eocleojecleo

e
L

(c)
o |© (80 |®C
© | ©l|eo|e0
S je 8¢ |80
LI oMK Tol! Nel
(d)
® o |o |o
o e o le
o | (o |o
o j© j© |°

FIG. 2. Deformations and respective changes in microspots of both beams:
(a) vnstrained sample with both spots coinciding in the middle, (b) uniform
strain wich spots moving sidewzys, {¢) nvnuniferm or heterogeneous strain,
and (d) uniform tilt with spots moving in tandem.

P(sin @ + sin B) = mA, )

P cos ada+dP sin a+ P cos BdB+dPsin 8=0, (2)

where P is the pitch of the specimen grating, o and g are the
angles of incidence and diffraction, and X\ is the wavelength
of the light.

FIG. 3. (Color online) MDSS adapted to a commercial moiré interferometer.

Downloaded 20 Feb 2007 to 155.69.4.4, Redistribution subject to AIP license or copyright, see http://rsi.aip.orgirsi/copyright.jsp
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(a) (b)

If the angle of incidence is chosen such that the dif-
fracted beam is normal to the specimen, i.e., 8=0, and also
noting that the angle of incidence remains unchanged or
da=0, Eq. (2) can be simplified to

dP
dﬂ:—(?)sin a=-g,sin a. 3)

Here ¢, is the component of the strain in the x direction.
The change in diffracted angle df8 can be determined by
caicujating the spot shift on the CCD sensor. For ihe sym-
metric beam, since the angle of incidence is negative, the
diffracted beam would have an equal but opposite change in
angle. Hence the relative shift between the two diftracted
beams,G‘7 gives the normal strain as

Cdu_ dB Ax AXP
TTdr 2sina 2fsina 2fA

where Ax is the relative shift between the two spots as shown
in Fig. 2(b) and f is the focal length of lenses in the lens
array.

Similarly, the normal strain component in the y direction
is obtained by interrogating the grating whose principal di-

: (4)

e = dv (Ay, = Ayy) _ (Ay, - Ay, P
Y dy  2fsina 2 '

In addition, if the sample undergoes out-of-plane tilt in
the xz plane, the individual light spots would also shift but in
this case in the same direction. Since in this case the grating
period does not change, i.e., dP=0, and the change in the
angle of incidence is equal to the tilt of the sample or da
=A#f,. Eq. (2) becomes

dB=-A6, cos a. (6)

Hence the measured shift of the beam on the sensor is
due to the tilt of the grating and the resulting diffraction
angle change, which gives

_ Ax

=db-

Thus adding the shift of the two beams, the tilt can be de-
rived as

dB=86,— (7)

Axy + Ax,
Ae,l.'= _—‘—"._-'
2f(1 +cos @)
A similar expression can be formed for the vertical tilt in the
yz plane to be
Ay, +Ay,

A "=2f(l+cos a)’ ©)

Rev. Sci. Instrum. 77, 113110.(2006)

FIG. 4. (Color online) Typical spot images for one
beam (a) before load and (b) after load. (¢) Combined
color image with red spots before deformation and
green spots after deformation.

(©

The two incident beams thus enable us to separately
compute all the strain components as well as the out-of-plane
rigid-body tiit at each point of the specimen.

The setup for a multipoint diffraction strain sensor
(MDSS) is compact, simple, and versatile owing to its pro-
jected use in precision machine or microelectronics industry.
The system uses a 44 X 33 microlens array coupled to a 6.4
%X 4.8 mm? CCD detector. The diameter of each microlens is
144 um with a focal length of 8.190 mm. The specimen is a
circular disk under compressive loading onto which a reflec-
tive high-frequency 1200 lines/mm cross-line diffraction
grating is bonded. The specimen placed on a precision rota-
tional stage is diametrically strained by a mechanical loading
machine. The specimen is set up in a commercial moiré in-
terferometer, which also allows for the additional verification
of strain values from the moiré interferometric fringes that
could he simultaneously recorded. Figure 3 is a photograph
of the system.

The operation of the MDSS starts by taking the refer-
ence images of sampled diffracted beams produced by the
right and left teams incident on the unstrained specimen.
The specimen is then strained or tilted and two diffracted
images are recorded. The system computes the shift of each
spot in the image both from the right and left beams; and
thus computes the local strain present at that spot using Eq.
(4) or (5). Along with this, any out-of-plane tilt of the speci-
men is also calculated using Eqs. {8) and (9). Typical images
before and after strain for one of the beams is shown in
Fig. 4.

The strain measurement by our system is checked and

compared against ihe sira vaiue calcuiaicd via intcricic-
metric fringe analysis. Thus, the average x-axis fringe spac-
ing in the reference image and in the strained image are
determined, as shown in Fig. 5. Then the relative strain is
calculated from difference in fringe spacing As and virtual

grating frequency f, as £,=1/f,As. For the MDSS, the nor-

5 : ST &

FIG. 5. Fringe pattern of (a) reference and (b) strained images for compara-
tive sirain calculation.
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1 in-plane strains and the tilt are calculated using the equa-
ns given earlier. The spot centroids for each beam before
] after loading are determined using a subpixel centroid
ection algorithm.

The two-dimensional maps of x strain and x tilt for ap-
ed tilt are shown in Fig. 6. For pure rigid-body tilt, there
buld be no strain as is evident from the figure. The small
mps in the strain plot are attributed to imperfections in the
iting or optical alignment. This highlights the sensitivity of
. method as the fringe patterns do not show any fringes as
expected. The system also has the provision of plotting a
ain curve for gradually increasing strain or tilt using the
tiple sets of strained images for each step.

SYSTEM CHARACTERIZATION

Table I shows the comparison of the average applied and
asured values.of strain and tilt, for specimen subject to
istant strain/tilt. The applied strain values are deduced

m tha mnird interfaramatric anm: nattarne nl—nnk rara

nultaneously recorded while the ult is measurcd using the
nier on the rotational stage. The comparison shows good
relation and linearity between the measured and applied
ues, thus verifying the measurement capability of this
hnique. The measurement linearity of the system is within

BLE I. Comparison of average applied and measured values of x strain
| x tift.

x strain (ug) x tile (u rad)

Applied Measured Applied Measured
-1234 -1264 -3500 -3641
-926 -931 -1750 -1680
~555 ~547 0 5
-252 -254 1750 1654
0 17
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X-Titt MAP

FIG. 6. (a) Strain and (b) tilt distribu-
tion for a spectmen subjected to uni-
form tilt.

Horizontal '{ x

(b)

1% of full-scale deflection for strain measurements and
within 2% of full-scale deflection for the tilt measurements.

The system sensitivity to strain or tilt changes depends
on the resoluiion of the CCD and the centroid detection al-
gorithm. For a spot covering an area of 6 X 6 pixels (which is
typical in the current experiment as shown in Fig. 7), and a
smallest detectable shift of one pixel, the strain sensitivity is
18 pe and tit sensitivity is 8 urad.

With regard to the accuracy of the system, one needs to
consider the accuracy of different spots over the entire CCD
array to ensure that the same strains are measured at all
points. This is referred to as global accuracy. On the other
hand, the repcatability of measurement at a single sensing
area is a measure of the system’s local accuracy. The global
accuracy of the system was experimentally established as the
standard deviation of multiple-recorded data, as shown in
Fig. 8. It was found that the global accuracy of mean strain
calculation is about 3 ue and that of the mean tilt calculation
is about l 5 prad. On the othcr hand, the local accuracy was

-y
orimeniy dus i .
primuniy due i ihe pixel reso

lution, and centroid detection algorithm.

The range for maximum strain and tilt, assuming that the
spots remain within the same microlens area, is governed by
the maximum allowable shift of the individual microspots.
The measurement range can be calculated based on the equa-
tions ifor the single-axis strain and tilt calculation derived
earlier, and considering the usable size of each subwindow is
18X 14 pixels minus the size of the spot. Starting from the

found © be 3G ME which is

5 40 15 5 140 15

FIG. 7, Enlarged subwindows showing microspots’ shape and size in pixels.
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no-strain condition of cotncident spots, the maximum spot
separation obtained within a subwindow is about 100 um,
which puts the strain measurement range at § me. Similarly
the maximurm tilt change to be measured is 7.5 mrad. Experi-
mentally smaller values of 5~6 mrad were achieved for the
tilt measurement as shown in Fig. 8, probably due to the
larger measurement steps and irregularities in the spot shape.

The epmial regolution of the system depends on the sopa-
ration between the individual microspots on the CCD sur-
face. For a 44 X 33 lens array and a 6.4 X 4,8 mm? CCD, this
tesolution is about 145 um which coincides with the diam-
eter of the microlens of 144 pm. Figure 9 shows an example
of the strain map for the given CCD size, where peaks of
irregular strain are evident indicating the high spatial resolu-
tion of the system.

SHEARROTATION MAP

FIG. 9. (Color online) Swain map
showing narrow strain peaks.

{b)

V. DESIGN DECISIONS

Design of this new system passed through different
stages and involved design trade-offs at these siages. Follow-
ing are some of the important decisions taken en route for
performance improvement.

A. Use of moiré interferometer

The principle of multichannet ditfraction measurement
can be inmiplemented with different laser beams having differ-
ent beam properties. In the beginning of cur experimenta-
tion, a pair of collimated but narrow beams from fiber laser
source was used for this purpose. The images obtained of the
diffracted beam are shown in Fig 10. The obvious problem
sezn was that the beam could not ifluminate the whole sercen
at the same time, and also that the illuminated part of the lens
array changed with the shift of the beam, thus making the
reliable strain calculation very difficult. The next beam type
tried was the uncollimated divergent beam from the same
source, which would easily fill more than the whole of the
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terferometer beams on the other hand are correctly incident,
collimated, and enlarged for the whole-field imaging nceded,
and thus produced results that were also theoretically valid.

B. Use of two beams for strain calculation

It may be mentioned that the strain in the specimen can
also be calculated using a single beam diffraction, which is
given by the initial equations. As pointed out earlier about
EIrots in such measurcmems,” iie major source Vi error i
strain calculation through diffraction is the out-of-plane tilt
of the specimen surface, which also gives rise to similar spot
shifts as strain. But as covered in our theoretical treatment
earlier, the use of two symmetrical oppositc beams from
moiré interferometer produces two different spot shifts cal-
culated from both beams. Now the tilt can easily be purged
out being related to the sum of the shifts or (Ax,+Ax)),
while the strain may be more cleanly calcuiated being related
to the difference of the shifts or (Ax,—~Ax)).

C. Image light thresholding for spot determination

The output of CCD-based camera is 8 bit gray-scalc im-
age, ihus showing different levels of illumination at different
pixels of lighted spot. The spot centroid was first calculated
from this image and the shift of the spots was determined by
comparing the information in two images. It was soon found
out the spot-shift calculation from such gray-scale image was
not correct mainly owing to the light inherently present in
the background pixels, e.g., the tilt of 4 pixels was measured
as that of about 2 pixels. Thus as an alternate, the images
were then processed by comparison of each pixel to a suit-
able threshold value determined by the average amount of
light present in the pixels of the picture, and then were con-
verted to binary image containing ls for light and Os for dark
areas. This would give correct results of shift and strain cal-
culation for most different light conditions and specimens
used.

The next problem came with the irregular images taken
from imperfect or “diny™ gratings bonded to the specimens,
showing larger variation of light or presence of darker spots
within the same image. For this purpose, the thresholding
algorithm had to be modified again, as the threshold now was
kept according to the average amount of light in the close-by
region or in the specific subwindow being processed, instead
of relating it to the cumuiative average light of the image.
This approach worked for most diffracted beams of varying
light intensity. But it was also found that the correctness of

Rev. Sci. Instrum. 77, 113110 (2006)

FIG. 11. {a) Regular image from camera, (b} irregular
image from camera due to impared or worn-out grating,
and {c) normal image after thresholding,

{c)

shift calculation was slightly hampered as per the variation in
the certroid calculation for cach subwindow. Examples of
different images are given in Fig. 11. ’

VI. DISCUSSIONS

A new system multipoint diffraction strain and tilt sensor
has been developed for simultaneous measurement of strain
and tilt at a large array of points. A microlens array samples
the diffracted beam into smaller wave fronts and provides a
spot image which shifis due o deformation or rigid-body tiit
of the specimen. Monitoring the individual shifts of each
microspot, both the whole-field strain and tilt of the speci-
men can be separately deduced with good combination ot
accuracy and speed.

After detailed characterization, the measurement linear-
ity of the system is found to be 1%~2% of full-scale deflec-
tion for strain and tilt measurements. The system sensitivity
to strain or tilt changes is about 18 ue and 8 urad, respec-
tively. The global accuracy of mean strain calculation is
about 3 ue and that of the mean tilt calculation is about
}.5 prad. On the other hand, the local accuracy was found to
be 50 ue. For the lens array used, the strain measurement
range is found to be 8 me, while the tilt measurement range
is 7.5 mrad. The spatial resolution of the system is 145 um.
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Impact of Stray Ilumination Noise on the Position Response of Position-Sensitive Devices

3. Igbal, MM.S. Gualim and K. Rashid
Faculty of Applied Sciences, Intemational Islamic University, Islamabad, Pakistan

Abstract: Position-sensitive Devices (PSDs) are often used m the mdustrial environment, where the system
light source used for position measurement is co-existing with manv other light sources in the vicinity, along
with their reflections and back-scatters fror various surfaces. These unavoidable stray beams and illumination
noises may fall on the detector surface in different spatial distributions and produce unpredicted variations in
their position response. Some of the light sources may even have flying or rotating beams of sufficient energy.
In this study, attempt was made to model and analyze these stray noises with respect to the operation of PSDs.
Thus it was investigated how the presence of the spurions sonirces changes the behaviour of these detectors
and how much is the position output modified quantitatively. The experimental results obtained by using PSDs
and signal beams along with the spurious sources are presented. The obtained data 1s compared with the results
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INTRODUCTION

In the industry, telecommunication and other sectors,
many applications require accurate measurement of
displacement of objects through non-contact methods.
Semiconductor Position-sensttive Detectors (PSDs) offer
very good solutions for such applications and since their
inception in late fifties, these devices have become a
major tool for lateral position measurement!. Two types
of such devices are commonly used for position-sensing
applications!"?, The segmented PSDs or four-quadrant
detectors are used for high precision and low signal-level
applications where range of movement is relatively smaller
or the alignment is the objective. On the other hand, the
continuous PSDs or the lateral-etfect photodiodes are
used for wider displacement measurement with high
linearity, good raschution and fast responset.

Applications of PSDs are even more diverse and
widespread in the industry, including alignment,
displacement sensing and as a part of other analysis
instrumentation. In such environment, the system laser
source is co-existing with different nearby light sources,
coherent or otherwise, along with their reflections and
back-scatters from various nearby surfaces. Some of the
systems may involve scanning or rotating laser beams
too, which may have enough energy to effect the PSD
measurements in the form of periodic pulses.

Such random iliumination noises may take the fonu of
different sources types, e.g., directional, point or extended
and may fall on the detector surface in different shapes

or spatial distributions. They may produce unwanted

utputs while mxing with the raal signal, which s coming
direct from the source or via the reflector onto the
detector suriace. These sources - nave veen
mentioned or described by some of the earlier authors!**¥,
Nongetheless 1t is felt that a detailed operational analysis
is still required.

It may also be mentioned that for maore critical
measurement applications, modulation of light source is
used synchronized with receiver, to avoid the effects of
background light. But on the other hand, such systems
become unfeasible in many standard applications due to
the practical reasons such as needed compatibility with
simpler lght sources, reduced techrucal complexity and
Jower system cost. Thus whole iot of industrial position
measurement systems are still produced and utilized with
light B directly
effected by other 1lluminations. Also important is the fact
that, as given by Makynen et al., even the modulated
light refiected-beam sensors do suffer from stray
Hluminations problem in the form of unwanted
reflections from close-by objects and outlined this
problem along with an effort for a solution. Thus the
position response analysis presented nere does also
apply to these sensor types while considering the effects
of such stray reflections.

PSDs basing on lateral-effect have a continuous

neise

wn-mndilatad  contiminns SOVITCES

consbuciion ul terms of their  light-sensing  arca,
which characterizes them from the other segmented

position-sensitive detectors. Thus their construction is in
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the form of a single continuous photodiode, as shown m
Fig. 1. As the light falls on a specific portion of LEP, the
generated current carriers are divided between the
extended edge electrodes on each side. This division is
in pro S A SR N S
or in mnverse proportion to the relative distances of the
current paths between the illuminated region and the
respective electrodet™,

The important features of these lateral-effect devices
include position measurement of the incident light spot
for the larger dynamic range or upto the edges of the
devices. Additionally, the transfer characteristic for the
light spot position measurement has very good linearity
for the entire range!’. This gives them an edge over the
segmented photodetectors for many of the applications
where continuous position measurement 1s needed
Another useful feature is that the position is measured
for the centroid of the incident light beam. This
makes them largely indifferent to the spot size and
shape!”. The position of the light spot is calculated
from the terminal currents such that the output
limits are nermalized to -1 and 41 at the sensor odaes,
The final position along x-axis measured from the center
of the detector is given by following for the general
duo-lateral and tetra-lateral effect PSDs®*. Similar formula
will be used for the y-axis position calculation in dual-axis
PSD.

poriion 1o the enc

=

L+

P

|

Noise beams and illuminations: The disturbing lights and
illuminations may be coming from different types of
sources and may be taking different spatial distribution
and characteristics. Considering the ‘sources of
illuminations, the major sources have beer| described by
Beraldin et al.** 1o be ambient iilumination, direct suniigi
and other laser sources. These sources have been
described to be the limiting factors for the performance or
fluctuation-free resolution obtained from the operation of
the continuous or lateral-effect PSDs!"". In the following
we categorize them according to their characteristics and
the spatia! distribution of their Hght on the PST) sy
and also analyze them one by one from fre point of view
of the normal operation of PSDs and the disturbances
caused in its output.

Probably the most obvious source bf external noise
In an optical system is background radiatiornn Any
detector will anyway be facing the bla&k-body radiation
from the background which happens (o be at a specific

0

temperature during the operation or measurement, even if

faca
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specific sources are not present to emit the interfering or
disturbing radiation. According to Plank’s Law, this
minimum background radiation illuminatimg any detector,

or PSD to be specific, will be given as following!®, while
ot n

amiat ey rmadl
¢ USEG

=g
Unless their intensity is high, their usual effect may be
smaller and similar to other diffused illuminations to be

described hereafter.

o desoriotions  and ions ae al
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Probably the major source of disturbance for our
analysis can be that from other directional laser beams
faliing on the swizce of a laterai-efltect P30
simultaneously, as shown in Fig. 2. Similarly, other
directional light beams and non-laser lights, which fall on
the detector surface in a shape approximating a beam, may
also be included in this category!'?, Similar effect will also
be produced by the illuminations, which are not
directional in nature but are converted to a spot by the
receiver opties The most obvions example mav be that of
parallel rays coming from a distant source and converted
to a spot by the positive lans used in front of the PSD.

For the normal direct-beam or reflected-beam
position sensor based on a Lateral-effect PSD, the
output current produced on the PSD terminals by the
main or actual meident beam s function of certain
parameters as = 1 (I,, X,, y,) for j = 1-4. Here I, 1s the
intensity of the actual beam incident on PSD’s surface
and X, y,give the position of the centroid of the beam on
PSD’s surface. Sumilarly, if the nose beam is falling on the
surface, the output current component due to this
beam may be givenas ;' =1, {I,, X, y.) forj = 1-4. Here,
I, is the intensity and x,, v, give the position of the
centroid of the noise beam on the PSD’s surface.

The next important type of interfering illuminauon to
be considoicd 18 il ofie, wileh 8 ot beam-ike of
otherwise 1s not narrow enough and falls on whole of the
PSD’s surface area. These include the point sources
whose light is falling direct on the PSD or the extended
sources, diffuse reflections and background illuminations,
which do not form a limited spot even after passing
through the receiver optics, Ambient light is the most
obvious example of this category. Simplifying their effect
on the PSD, they may be approximated by a wide spot
covering whole of the PSD area and having the centroid
in the middle or the center of PSD, as shown in Fig. 3.
Thus as cadlier, 37 = i {Iy, C, O) for j= 1.4, Hers, Iis
the mtensity and 0, 0 indicate the middle position
of the centroid of the interfering illumination on the
PSD’s surface.
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Fig. 3: Diffuse illuminations disturbing the original beam on PSD surface

A specific category may be that of the pulsating
lights or the scanning laser beams falling on the surface
of PSD in the form of a pulse train. Although they
may also be falling on a specific area of the
detector, much more common are going to be those
approximating the diffuse illuminations covering almost
entire area. This is to be expected as there is much more
chance of backscatter interfering on the PSD surface
instead of direct scanning light and they
expected totake the form of diffuse illumination. The
cutput current in this case is funnction of one more
parameter as i’ = 1* (f;, 0, 0, DC) for j=1-4. Here DC
represents the net duty cycle of the interfering pulses
impinging on the surface of PSD.

are
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Position response error with optical noise: For the
normal single-beam operation, PSD gives the centroid
position of the incident signal bearn calculated by the
individual currents as given before.

5 Lli—i)
=" 24, +i,}

Suppose that instead of the signal beam, there is a
‘neise beam’ falling on the surface of PSD and generating

3)

its own currents on the output terminals. The position of
the noise beam can be calculated by the similar formula as
following:
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So, for the single-beam operation, calculation of the
beam positicn is carmies
of the cases. But what will be the behaviour of the device
when both the beams are incident on the surface of the
PSD at the same time? According to Kawasaki and Goto'”,
the output of PSD, calculated using the terminal currents,
in this case shouid be equai {o ihe intensiiy-weighied
mean of both the light positions. Thus the final position
and the error from the signal position may be given as
following:

: tha similar manner for both

1

P, P, +——a . (5)
st ISigna.I + INcise e ISgnl + INois: e
Prtenrss = b (B D)= R+ 6P
Meamses = Pigaa L+l ( Noiss Sigul)_ Sigad T (6)
gl oise
6P Ik m..t)dp K. sy ( Maisz — " ) (7)

Thus the shift in measured position due to the
presence of interfering beam depends on the mutual
distance between both the sources and on the fraction of
ihe noise intensity within the total mtensity falling on
PSD. This is the case when a second noise beam, which
is direclional in natiwre, is interfering with the original
signal beam on the PSD. What may happen in the
case where a broad illumination from a point source or
an extended source is covering whole of the surface and
is interfering with the original signal beam? As discussed
earlier, its centeroid may be taken to be at the center of the
PSD. Here the change 1 the final position brought by the
illumination is as following.

8P =K dP =

K -P.

Sieal

)

Last case is about the specific category of the
pulsating lights or the scanning laser beams falling on the
surface of PSD in the form of a pulse train, while
illuminating the PSD area as a whole. In this case the

iy — ®8)

No - o Lyt H
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intensity of the interfering noise is actually modified in
terms of the duty cycle fraction, but as the intensity of the
noise is taken to be much smaller, i.e., I, <<I,; thus the
whole of the intensity multiple may be modified to include
the DC fraction.

DCx1

dP= Kuum‘:yKburrrl-("psw )
EXPERIMENTAL METHOD

Experimental setup for evaluating the effects of
noises on the position measurements included a lateral
¢ifect PSD-based posilion ineasureinent sysiemr, winch
was illuminated by a prime laser beam along with a noise
beam or noise light source. Two laser sources used were
Suwtech diode-pumped green iasers emitting at 0332 nm,
which is produced by doubling the frequency of Nd:YVO,
crystal output. One laser was DPGL-2100 giving upto
100 mW output with modulation control and other was
DPGL-3001F giving about 1 mW output. The beams of
these lasers are CW, TEM,, with beam diameter <} .0 mm
and beam divergence <1.0 mrad.

The position-sensitive detector used “was Melles
Qriot 9x9 mm dual-axis lateral-effect silicon detector. This
has 8 mm.calibrated diameter and position resolution of
41 um. The detector was used in comunction with Melles
Griot microcomputer-based spot on optical beam position
and power measurement system, model 13PSLO02-PCI.
The system provides software control, software
linearization, selective data logging and data acquisition
rate of 20 Hz. One laser head was moved by placing on PI
translationai movement IntelliStage C531.3i, featuring
computer-control, 306 mm range and 0.1 pm linear
resolution. Whole apparatus was placed on Newport RP
Reliance Sealed Hole Table Top, which was mounted on

el ™oy,

apparatus 1s shown in the given Fig. 4.

It was noticed that certain factors hampered the
stability and repeatability of the digitized data very much,
so care was taken about them to avoid any error in the

1

Tnt
L Det |

Computer

Tig. 4: Experimental setup with computers, lasers and position detection system
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readings. Ambient temperature was maintained at 20-25°C
as the dnft in both directions was apparently effecting the
data stability. The incident intensity on the detector was
used close to 1-1.5 mW, as much lower intensities were
giving inore jittery readings and higher intencities wers
risking detector saturation. Control of ambient light was
practiced in order to avoid any systematic error in the data
and bare minimum was used. As per laser usage practice,
some warm-up time was given for the lasers and
more shalby data

~a  aq

SRR Y I Sy ~ h
SGuipinidiic wunpufn:luC 4ol ut{.‘.b'.lh.v, as

was noticed otherwise.
RESULTS AND DISCUSSION

As per noise categorias described in earlier sections,
the first type of noise considered is that of the interfering
directional beams which fall on the detector surface and
form e imited light spot. To evaluate their effect. a signal
beam was projected on the PSD surface approximately at
its center. The interfering beam source was placed on
the translational stage and was scanned across the PSD
of net position were taken by casting it at different
it tha e

atia D i

vositivis on PSP surface v tervals of 1 mm. Two
sets of data were collected with the noise beam intensity
being apprax 10% of the signal beam intensity in the first
set and being approx 5% of the signal intensity in the
second set. Both the sets of position data were compared
with the calculated outcomes = after the beam
disturbance as per theory developed earlier. Data
pomts were plotted with calculated position on one axis
and the experimental position on other axis and were
shown along with the straight line of ideal comparative
values in Fig. 5 and 6.

As seen 1n the plotted curves, both the sets of
calculated and experimental data coincide well with each
other. The maximum difference in both of the data sets
is about 20 pm while the maximum scale of reading 1s
8000 pm (4000 to +4000 pem). This puts the maximum error
ancountered in hath the exneriments of 10 and 5% noise
at about 0.25% of full-scale reading.

The second type of optical noise mentioned earlier is
that caused by the stray illuminations, which are not
forming a spot on the surface and they are rather covering
the entire area of PSD. This type of disturbing illumination
was produced for experimentation by simultaneous effect
of multiple reem lights, while their total intensity falling
on PSD was almost symmetrical about the center of PSD,
specifically in x-direction, which is the axis of interest at
the moment. The signal beam was projected at the ends of
the calibrated area of PSD, i.e. at — 4.0 and + 4.0 mm. The
measurenienis  were taken with the
intensity being about 5 and 10% of the signal intensity.
The effect of illumination on the position measurement
from PSD was noted and compared with the calculated

dlumination
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outcome differently for both the intensity percentages in
Fig. 7 (squares for 10%).

As seen iu the piot, the calculaivd and experimantal
data coincide well with each other. The maximum
difference in these data points is about 30 pm in the
maximum scale of 8000 pm. This puts the maximum error
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Fig. 8: Plot of position Measurment in presence of
disturbing pulsed Numinatiion

encountered in this experiment at about 0.375% of full
seale reuditg,

To simulate the pulsating or scanning lasers, the
mnterfering beam was modulated at 1.0 kHz with 50% duty
cycle. It was projected on the center of the PSD detection
area to simulate the falling pulsating reflections or rotating
iights. The signai beam was projecied at the ends of the
calibrated area of PSD. The measurements were taken

with the wmmodulated interlering intensity being about
5 and 1 0% of the signal intensity. The effect of interfering
pulses on the position measurement from PSD was noted

and compared with the calculated outcome differently for

both tr inteusity percentages 1 Fig. 8 (squares for 10%6).
As seen in the plot, the calculated and experimental

comncide well with each other. The maximum
difference in these data points is 20 pm in the maximum
scale of 8000 pm. This puts the maximum error
encountered in this experiment at about 0.25% of full scale
reading.

data

CONCLUSIONS

Theoy and anaiysis Of stay Uowus aud Oplicai
noises disturbing the position response of lateral-effect
position-sensitive  devices were presented in this
study. It is found that the error introduced in the
position measurement in the presence of an interfering
beam or 8P, is proportional to the distance between the
centroids of both the beams and to the fraction of the
noise intensity in the total. In case of a uniform or broad
illumination, the same analysis applies while the centroid
of the interfering illumination should be taken at the
center of the PSD area. In case of scanning or pulsating
lighte, the produced effect should be decreased in
proportion with the beam duty cycle. These results
have been verified experimentally and the obtained
data is within a fraction of a percent of the predicted
calculations.
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Abstract

A new method of using two tandem laser beams for lap welding of galvanized steel sheets:is being discussed and modeled along with its
comparative study. This involves a pre-cursor beam and a higher-power actual beam,)gcnératf_:'d independently or otherwise split from the same
source. The first beam cults a slot, thus making an exit path for the zinc vapours, whi‘l'é'b the second beam performs the needed welding. The paper
discusses some early experimental results of the method, including the metailurgiéal:analysis obtained in laboratory showing total absence of
zinc in the weld area. A comparison of the proposed system with other techniqu’és"propoced in the recent years is also drawn along with some

uantitative analysis, Ceneral analysis in industriel perspective alse supports thismethed o be easier to impiement on the produchion jines, along
with entailing some process time saving.
© 2006 Elsevier RV All rights reserved.

Keywords: Laser welding; Precursor beam; Galvanized steel sheets; Keyhole formation
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1. Introduction \” will perform lap welding while also seam-welding the two sides
. ofthekerf. The target is that the residual zinc during the welding

Welding of zinc-coated steel sheets in lap configuration poses  evaporates through the slot already cut ahead of it. Two similar

a challenging problem to the researchers. As given in Refs. hybrid solutions are being proposed [1], where one is combining
[1-5], the solutions proposed in the last many years havenotyet  Nd:YAG and CO; lasers in tandem, the first for cutting, and the
found an easy-to-apply realization to replace convem tional spot second for welding. Alternatively two beams of the same CO,
welding and its electrodes [2]. The many aavantages offered by  laser source may also be used in tandem in the solution, which
laser welding technology still justify an ongomg quest for some is virtually an advanced integration of the “gap-method” intro-
efficient method. The ideal solution should ﬁrstly solve the tech- duced several years ago [2] and the dual beam system proposed

nnb\nu-nl v\v'r\'-v'nrv\ of tha recidunl zins vanonrs vronnnrl in tha later on [R31 Hare Fine 1 and 2 chow tha weldc carriad ant with

joint weld due to the lower bonlmg ‘point of the zinc (907 °C) this new method.
with respect to melting point of steel Fe (1530 °C). The solution The given solution is described in Fig. 3 (top view). A laser
should also be practical and eco omlcal enough to be instailed beam cuts a siot of a few centimeters length and a certuin
on the production lines. For thlsp pbse this dual beam solution width in front of the keyhole. The slot serves two functions;
is proposed [1]. firstly removal of zinc coating and secondly elimination of the
) S vapourized zinc that blows away by the gas used in the cutting
2. Pre-cursor hepim solution proczss. Although the zine coat removal here may producs the
) best welding results, but this new method is not cumbersome as
the methods previously proposed in literature [3]. The second
function of the slot is to provide a way-out to the zinc vapours,
which are to be produced by the keyhole of the welding beam.

In this new two bean{/method, the front beam of the tandem
system will cut a slot with a minimal kerf and the second beam

" Corresponding author. In fact the keyhiole and the surrounding molten poc! may well
E-mail address: squresh?@yahoo.com (S. Igbal), exceed the dimensions of the cut slot width, thus involving some

0924-0136/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 10.1016/j.jmatprotec.2006.10.043
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Fig. 2. Anclyzed welds (7 and 8).

a where the zinc coaling is still present. In this case, the slot
Il exhaust the zinc vapours, before the rapid cooling down
the molten pool. An Nd:YAG laser bearn may generate cuts
th excellent kerf and surface quality, but 2 €O laser can also
used. Distance between the cutting and weldmg spots can be
nveniently adjusted according to the 3D ‘seométty of the com-
nent 0 be weided. Froper gas smcxumg dnd fumes removal
1 be handled quite easily too.
In Fig. 4. a basic scheme of using the two beams in tan-
m with the basic functions requiréd by each of the laser are

presented, in order to give an idea of the degree of complex-
ity of the hybrid laser welding/cutting nozzle. The CO3 and/or
Nd:YAG laser beams are sent to the work piece separately and
the distance between the two can be pre-set or can otherwise be
adjusted continuously by an adaptive CNC system to maximize
the weld quality.

Regarding iis ieasibitity, ouce a guesiion was posed about
the possible high costs of utilizing two different laser sources or
one higher power CO; laser source. In fact this difference may
not be significant considering the.savings in time and human
work hours needed for some other schemes The present paper

of Convergent—ana in Collegno ('I‘urm) Italy After recalling
the theoretncal model and out]mmg the expenmemal resuits, a

2

we -\.-v i

The results obtained utilizing standard equipment, without
s ar cugtem aseamhblics defin nlv confirm

the pnncnple suggested theoretically {1] and also consolidate
the behavior predicted by the theoretical model. It is hoped that
this squtxon ‘offers a better compromise to be xmplemented on
the producuou lines than any other methed [1-12} propesed

unti! ‘vd-“, For eXCTp]P the altarnata method of dn]i\r!ng the

S hdrﬁcauon ol the keyhole sutters the problc,m of strict con-

the perfect solidification of the keyhole without residual zinc is

;quiie narrow, and is not as easily controllable as the cutting of a

slot, which depends more on design parameters rather than the
material specifications. Also that the tolerences in the chemi-
cal composition of galvanized sheets may influence its thermal
properties, thus resulting in a lesser quality of the weld, along
with other factors like the difficulty to control the heat etfects.
Controlling the kerf width is quite an acquired procedure after
more than 30 years of laser material processing. The kerf width
is quite easily measurable utilizing common optical methods
available today, while measuring heat may prove more expen-
sive and iesser accuraie than an optical fringes methods used ¢
measure the kerf width in real time. And it may also be noted
that the welds on a flat material are quite easy to obtain, but the
reality of a 31 application 1s quite chaifenging to be met,

Beams direction

!

Welding direction
Welding beam (CO2 laser) Cutting slot
(Nd : YAG)
i me 0.1 mm clearance

Seam weld track I slot to exhaust zinc vapors

[ T e, WP L G

Fig. 3. Top view of the laser lap welding using the forward slot (through both sheets).
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Welding Beam

Cutting Beam

T Keyhole .
Welded Area T el Slotted Area Welding
AAotean £ oan e - Zinas Coatine Directinn
il AICd Zine Vapour Exhaust smeLenung -

through Slot (Pt-2)

Fig. 4. Side view of the welding operation with the two beams in tandem.

The proposed solution combines the advantages of the gap -

sthod LI-J and \,uauus removai method | L ,_) !..J, which are moie
mbersome and expensive forthe production lines [13] than the
:thod proposed here. Main advantages of the proposed method
: iliuse vblalned by e gap iecimiques, whiie not having ©
roduce a gap between the sheets. The proposed method is not
mbersome; a good alignment between the beam and the kerf,
d ~0.1 mm kerf width appear to be the only critical require-
:nts. Secondly, the proposed method is not constrained by the
fual gEOMETry of ine compenents 1o be joined. The proposed
athod is relatively economical since it does not rcquire any

tra fivtura and additional
ACGIlIontI Manuas

winnial lenr'/ wihinh o
VULang nun,ux_uvuu.u. \.«l\ll\,ll-

re. As outlined earlier, the possible demerit of the method

dposed can be somewhat higher investment and running cost
It may be noted that in case of a slot passing through the two

Pr;ﬂnnpri sheers, the Na: YA iaser cperates ag per .];.md

s procedure. In particular the cut width can be as narrow,as’

wm; while generally the moderate cutting speed of Nd: YAG
sers is easily obtained to match the keyhole welding speeds
- the same thickness of metal sheet.

Mathematical model and simulation” -
In order to develop a simple and effccnve mathematical

xdel, one may take into consxderanon ‘the earlier work on
: ap method 10111,

¢ model T11 and the work done r\n-’hn

ie introduced apprommauonsm
e measures. Fig. 5, in conjunction

“to_obtain some quantita-

%,
<

ith Fig. 4, helps to derive

b+w W (

Gth

CO, Keyhole

Fig. 5. The cut and weld model showing slot and keyhole sizes.

e P

some theoretical insights from the available mathematical model
{11] under the duai beam conditions. "Ine model is based on the
considerations that the Ferro static head on top of the weld pool
generates a pressure;that stops the zinc vapours from getting
into the xeynose (pt-i), which are being exhausted by the cut
slot prov1d' g an artificial gap (pt-2):

¢y

< pReYis the density in kg/m?, ‘e’ the wave factor normal-
ized o, ‘ge’ ucceleration duc o gravity in m%s and ‘4, is
the thickness of the steel plate. The Ferro static pressure [11]
genetities a veloctiy of ihe zinc vapours ar the ejection point.
The exhaust velocity ‘vy” of the zinc vapours is calculated using
Bernoulli’s theorem as
[2A Py .
v o= g f ——— @)
Pv

whiie pv is the zinc vapour density, which can be calcu-
lated using Clausius—Clapeyron equation {9], and in this case
oy =2187kg/m?.

The following equations express the volume of the gases gen-
erated by the welding beam, and the volume of gases that can
be exhansted through the gap or the slot present in the middle of
the to-be-molten area having zinc on the both sides of the slot:

247, Voo (0 — ) + 2h)

Yul = \3)
= Py

Volexh = 4vatzaw 4)

In these, ‘b’ is the width of zinc boiling isotherm, ‘tz,’ the thick~

ness of the zinc layer, ‘V’ the welding speed, *ps’ the solid zinc
density (7140 kg/m>), ‘w’ the keyhole width and *g’ is the width
of the slet, Eqvating both of these, the necded value of slot width
is

 Vps(w +2b) ~ 2upyz 5
Vs
Vip, (o + 2b) — 2 /20 PR 8el;
g= \ 4P &elp (6)

Vos

Here the more useful value of slot width ‘g’ is whose minimum
value is given by this equation, with the condition that all the



S. Igbal et al. / Journal of Materials Processing Technology 184 (2007) 12-18 15

Gap (m)
0.0005
0.000378 +

/
0.00025
00025+
(1] / -t —+ +
0 04928 0.05 0075 a1

Specd (m/s)

Fig. 6. Slot width plotted against the welding speed.

zinc vapours will be exhausted by the slot and nothing will go
inside the melt pool. The given width can be decreased further if
partial zinc vapour exhaust is allowed through the molten metal,
i.e.some porosity istolerable. The upper limit to this slot is posed
practically by the situation that ‘g’ should be substantially lower
than ‘w’ in order to allow for a proper strong weld in the presence
of kerf. The value of ‘g’ in SI system is given as following:

7140V (w + Zb) — 2w\ /33734911, .

g:

The variations in minimum needed gap width against the
changes is welding speed are plotted here in Fig. 6 for some re

resentative vaiues as w = 0.4 mm, b=0.1 mm and 1, =0.8 mm._

Note that the minimum gap values for very low speeds are less
constrained ahd are largely governed by the
may be realizable and that g > tz,. As given, here the useful
solutions are those with the condition w > g along with some
margin, which are basically given by the speed values in the left
part of the plot above. The right part of the surface graph is for
higher speed welding where the values computed for ‘g’ by this
model become unrealizable. Next is the. _requirement of mini-
mum gap plotted against the welding beam diameter in Fig. 7
for the moderate welding speed of V= 15 mnys.

A point to ponder is that the gap, requxrement is increasing
with the decreasing beam diameter. hlS can also be understood

‘\\\

Gap (m) o
QUETE 1
0.00015 4
0.000128 +
S
T5e 8y
se-s 1

25¢5 1

—+ + +- —+
4 0410025 n0003 G 00075 [t
Beane-Nia (m)

Fig. 7. Minimum slot width plotted against beam diameter.

condition that they"

Gap (m)

H.0004 1

0.0003 +

AL

ol +

Q + = =+ -

o B3 (X011 (XL TR 0K

Plate-Thickness (m)

g ’/ / Spesd i)

- 00002 DO 0.0006 DOVOS n.0o1
Beam-inn b

ig. 9. Slot widih shown in surface graphics against welding speed und beum
iameter.

remelnbering that the smaiier beam diameter is also coupled
with smaller exit orifice and causes problem as the heat-effected
zone width ‘b’ is taken to be a constant present in all the cases.
Next is the plot of minimum gap against steel plate thickness in
Fig. 8 for the same speed.

Decrease in the minimum gap requirement with the increase
in the plate thickness is understandable by remembering that it
is the ferro-static head which is an impeding factor for the zinc

-vapours to get into the melt pool. Thus for thicker plates, heavier

pressure can push the vapours through the narrower slots while

the zovngan o

~

£ t;n. Nextis the 3D graphlcs ofcombmed effect ofspeed and
beam diameter as plotted in Fig. 9.

As the surface graph indicates, the realizable value of cut-slot
width is again obtained with the lower values of welding speed,
which is the rear part of the graph. At the same time the variation
of slot width with the welding beam diameter is pretty straight at
highcr speeds, and is cicariy unrealizable in ihe front-rigii part
of the graph. This is the situation when the speed is too high and
wider welding beam is producing more zinc vapours demanding
wider but unrealizable slot width. Thus the results of the model
analysis are also fairly understandable by logic and intuition.

5. Experimental results

Experiments with this method were conducted with a PRC3000 laser having
M? =328 and a “raw beam diameter” on the lens of about 24 mm (1/¢2) at about
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Fig. 10. Micrograph of weld 7 (top view).

from the laser source (the sysiem used is a RAPIDO Convergent Prima).
focused beam is 0.234 mm, while the Rayleigh’s distance is 1.24 mm. The
field” divergence of the focused beam is 0.0945 rad (12/127). The minima!
ng kerf obtained on the double thickness of the galvanized sheets (1.6 mm)
15mm, even at full cutting speed. The cutting kerf is about 36% smaller
the cutting beam spot due to the mode structure of the beam. The power
dty wt 2SOOW iy 2.2 < 1010

2. The £oeal peint has boen posidoncd oa

op surface. The obtained cutting kerf is quite large (0.1 mm) thus leading
“weaker” weld, closer to a thermal weld than to a pure keyhole weld owing
e poor contribution of the material at the weld spot. In fact even shifting the
| point to 3 mm below the top surface means that the laser beam diameter
velding is 0.6 mm, (equal to 0.88 x 10' W/m?), rendering it largely useless

n ik sartofihe Soams (mia
5¢ the sonwal partof the biam (i

 Without defocusing, the entire beam would be lost through the kerf. Cutting
welding have been performed with only one-gas Nz, in order to save time,
Jnder the above conditions it was noticed that the weld obwined is smooth

KiinGin ;:u:us:ty), 13 Gli 1oai \inuugh e

does not show “bubbles" on its surface. In the absence of proper tooling,

> is offset of 0.2 mm across the weld path, on the right side, with the beam
nm out of focal point. The beam size and its power intensity are such tha
{ kevhole only takes nlace if the beam diamat2r covers both the k—n‘edges

veld. The result was quite encouraging that an acceptabie quality wclc w..ts,
incd without significant defects on the surface. Obviously the weldis under—'
5; in other words the upper surface is concave in the bottom direction, rather:

being convex as desired. This is due to the poor contribution of material
wider cutting kerf. Incidentally this is in rough harmony with the indings
ved from the above theoretical modef. From these experimental findings it
lite evident that the kerf should be smatler (0.05 mm cfr 173 of the previous
). . R
The tests were repeated with a Convergent Prima System 2D PLATINO with
°25 RofinLaser anda 5” lens. Contrary to the 3D RAPIDO, the PLATINO is
ore versatile machine because it enables to move’ the Focal point of the laser
n utilizing the CNC. Thus the stand-off of the tip to the galvanized sheet and
D3aaon vi g 1uaél Dl 1Stative 10 ulg nalegal’ e qunr: lllucpﬁllu:lll i
the cases of RAPIDO and PLATINO, the tip of 2 mm was used for cutting
that of 3—4 mm for welding, The k dth obtained with the PLATINO is
0.1 mm, not lesser as desired, B¢ :E_;_teraw beam diameter on the lens is
ler (22 mm) in this case of Rofiri DC- “and this partially cancels the benefit
e better M? of the DC25. The weld’speed observed was 3300 mmy/min at 3
er of 2500 W of the source. ;
n earlier section, Figi1ishows a sheet with different welds. As it can be

et the venter o 3720304, 5,9, 1% shows quie fncrosting

U sier purt of

lts where the kerf width'is,~0.15 mm. Fig. 2 shows welds 7 and 8 which
10t in perfect condition %€ to the deformaion originated by positioning
e beam on the top surface of the galvanized sheets, The polished sample
2. 2, in etched condition was subjected to stereo metallurgical microscopy
vestigate the structural characteristics of the welded as well as of the base
riak, Tig, 10 shows a micrograph of the weid 7 region fiom top view and
11 shows its cross section (50% magnification). The welds were subjected
EM EDS analysis in order to investigate the residual zinc contents in the
led region. Results obtained from the analysis verified the absence of zinc
ents in the weld region.

Fig. 11. Microg;éph of weld 7 (50%).

%

6. Comparison with other techniques

In the recent years, many techniques have been proposed to
tackle the probléi’n f laser welding of the galvanized steel in
lap confipuratinn [2:0) These techniqnec have tried feam che
multitude of facets to approach and solve this problem. Unfor-
tunately dueto’ ‘the practicalities on the production line shop
floors, féw have been implemented in the real world industries.
In the following lines, brief summary of the general analysis of

the proposed system when compared 1o seme of the ws!! knoun
.

me[hods is given.
. Thc most obvious of the methods proposed was perhaps the

“prior removal of zinc coating”. This method can obviously

.o A

Vield good resuiis {3}, but is cumbersome to implement on the
floor and is thus not practical. Also as a simpler solution, it has
been tried to weld with “pulsed laser” and the resuits have been
observed {4]. It has been noted that the weld quality is improved
but still the improvement is not up to mark and that the method
ends up to be too restrictive for the involved process parameters.

Hybrid laser beams have been used in the shape of “twin
beam” or “hybrid beam” [11]. This method is of course more
expensive with the use of either two sources or a splitting from
the higher power source is used. But at the same time the system
has shown impressive results while the improvement varying
with different configurations. One limitation may well be its
applications with different types of geometry and shape contours
Ol the processed job. Anotner may weil be ine dirference 1n the
material properties with the involved changesin the cooling time
for the keyhole. The proposed method is of course an extension
of the hybrid beam method involving a precursor beam. But
the improvement may well be in the working principal of this
method that a forced exit path is created for the zinc vapours,
which is quite independent of the job geometry and many other
parameters. This feature.is non-existent in many of the proposed
solutions.

Probably a more well-known technique in this area is that of
adding shims or “forced gap” between the sheets when weld-

.ﬂé in my uvuusul’ﬂ.dvt
results with the absence of porosity in the welds [12]. But at the
same time, it needs time-taking pre-arrangements and becomes
cumbersome on the floors due to the throughput requirements
and practicalities [3].
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Fig. 12. Minimum slot width ploted against welding speed for both modets.

As a comparison with this more discussed technique, the
value of ‘g’ from the proposed model as given earlier is com-
pared with this gap model [12] giving the value of minimum gap
as following:
g= 16.1Vtzn (8)

V%
For the purpose of analytical comparison considering the needed
gap only, which is slot gap in the proposed case and plates gap
in their case, and disregarding other parameters and practicali-
ties mentioned above, the values of minimum or allowable gaps

for both of these models are compared. This comparison is now >’

made with the varying values of invelved parameters like weld

ing velocity, etc. Here gap value if proposed system is shown’
in solid line and the sheet gap of other system as dashed line'in’

Figs. 12-14. -

Lower gap requirement between the plates in the shee
model for the higher speeds is understood if it is Kept in mind
that exhaust in this case in multi-directional while in slot model
case it has to go up or down into the cut slot. But in higher
plate-thickness case the lower slot thickness; uxrement seems
to be coming from the fact that part of the zine coatmv has been
taken care by the cutting beam which is non-existent in the other
case. Additionally, the sheet gap seems qiiite unatfected by the
variation of beam diameter as the blg’ beam also gives bigger

UCalll LllLullllClCULC lUl caliausi iv

Gap (m) AN

00004 4
[iAt LU
10062 L

0.ty L e

+ + t
] $.0008 G401 oS 4002
Plate-Thickness {m)

Fig. 13. Minimum slot width plotted against thickness of plate for both models.

Gap (m)
XLV AR 4

PRLUSE,
0XWI2S T

DONOI +

7508 v .. . 3o e o -
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Fig. 14. Minimum slot width plotted against beam ciameter for both madels.

But the major strength of the proposed method comes in the
easc and straightforwardness of the process and 1n decrause of
the time required for the complete welding process and thus in
the net saving of. resources and capital as can be demonsirated
by the tollq\ ing straight torward relations:

time (dual beam method) = timeciamping + UMEwelding )

time (sheet gap meihod) = Litueshim-placeme=c + tiMeclampiz:
+HMmewelding (10}

d solutinn maline the mannfaciurerc

independent of the zinc coatings and he may proceed as in case of
normal welding while needing tesser time. Thus for all possible

jobs and geometries, it may be concluded that

time (dual beam method) < time (sheet gap methods) (1)
7. Cenclusions

Tandem-beams laser welding of zinc-coated steel sheets in
lap configuration has been described. For experimentation, a
basic setup with standard equipment was utilized, while repeat-
edly using a single laser source, In spite of these limitations, it

" was found that the cut slot favors the dispersion of zinc vapours.

The lab results have also verified 1hc absence ol‘ zinc in the

woilcd mca. l Tus luC }Jllll\/lyl\a aluuua UCindinsiiawsa, © \Jll\.-v-Anb

may be the conclusions.

1. Use of a cutting beam ahead of the welding beam offers a
promising practical solution for the welding of the galvanized
steel sheets in lap configuration.

2. The solution is easier as it does not need any pre-processing,
pre-arranging with additionai components or contour iimi-
tations and the welders may proceed with the jobs as per
non-coated steel.

3. The solution may get rid of all the zinc vapour porosity at the
lower speeds and partial of the porosity at the higher speeds.

4. The experimental results are very premising showing total
absence of zinc in the welds.

5. Selection of proper source, beam alignment (between weld
and cut) and proper sheet clamping are important too.
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olution may end up in saving of total time needed for
ng.
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The dual laser beams method to lap weld galvanized steel sheets is being discussed, modeled, and
analyzed, involving a precursor beam and a higher-power actual beam used in tandem and generated
independently or otherwise split from the same source {Nd:yttrium-aluminum-garnet or CO, laser).
The first beam cuts a slot, thus making an exit path for the zinc vapors, while the second beam welds
as required. The articie aiso presents and discusses some experiments performed in laboraiory using
this method, along with the metallurgical analysis results from laboratory showing total absence of
zinc in the weld area. © 2006 Laser Institute of America.

Key words: laser welding, precursor beam,

Zinc-coated steel sheets welding in lap configuration
poses perhaps onc of the most controversial problems. Solu-
tions propose:dl in the last 27 years have not yet found an
easy-to-apply realization to replace spot welding and its elec-
trodes, which have short lifetime.” The many advantages of-
fered by laser we:lding3 still justify a quest for very efficient
methods. The ideal solution should firstly solve the techno-
logical problem of the residual zinc vapors trapped in the
weld joint* due to the lower boiling point of the zinc
(006 °C} with respect to that of stee! Fe (1530 °C). The
solution should also be practical and economical enough to
be instalied on the production lines.

il. PROPOSED SOLUTION AND SOME DISCUSSION

We first proposed that the front beam of the tandem sys-
temn shall cut a slot with a minimat kerf, while the second
beam shali scan-weld, joining the two sides of the keif,
while the residual zinc evaporates through the stot ahiead of
it. We proposed' two similar hybrid solutions. one combining
Nd:yttrium-aluminum-garnet (YAG) and CO, lasers in tan-
dem, the first for cutting, and the second for welding. Alter-
natively two beams of the same CQ; lzser source may also
be used in tandem by the method originally proposed,’ which
is basically an integration of the “gap-method” proposed”
several years ago and the dual beam system introduced few
years back.”

The validity of the method proposed first theoretically,
has never been challenged, but has only been questioned
once,! fearmg the high costs of utilizing two different laser
spurces or 2 higher nower C0O; laser source. The solution of
combining a Nd:YAG laser to cut and a CO, laser to weld
may be less appealing because of being more expensive. In

“Electronic mail; opticad7 @hotmait.com
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galvanized steel sheets, keyhole formation

anothor papc:l we 2ompared thic eolitinn with the nltemntive
method of using a HPDL (Ref. 11) alorg with others. The
present article shows the work conducted on this concept at
the laboratories of Convergent-Prima in Collegno (Turin),
Ttaly. After recailing the theoretical model adopted, we
present e expervmeniial resuiis and <discuss our guideline for
the future work.

el

Th\, Csulis u!’.‘-uuu\u VUNZInG Sl
ment, and not the dedicated optics or custom assemblles
definitely confirm the principle, which was suggested theo-
retically and’ summarily in our previous work' and also
largely fit the behavier predicted by preliminery thecrelic .u
model. We expect that the method proposed originally by us’
offers a better compromise (o be implemented on production
line than any other method' ™2 proposed until today. In our
opinion the alternate method of delaying the solidification of
the keyhole suffers from the problem of strict control of the
procedure parameters The time window to enable the perfect
solidification of the keyhcle without residun! zinc is quite
narrow, and is not easily controllable as the cutting of a slot,
which depends more on design parameters, rather than ma-
terial specifications. In tact, the tolerances in the chemical
composition of galvanized sheets may influence its thermal
properties, thus resulting in 2 lesser guality of the weld,
along with other factors like the difficulty to controt the heat
effects. Controlling the kerf width is quite an acquired pro-
cedure after more than 30 years of laser material processing.
The karf width ig 53

00X

%1

’)
w
:.

Y ny .g";r -
cal method available today, while measunng heat may prove
more expensive and lesser accurate. We should also consider
that welds on a flat material are quite easy to obtain, but the
reality of a three-dimensional (3D) application is quite a

chailenge to be met.
. GENERAL ANALYSIS

3 . .
" the proposed solution combines
1,512

78 3
tg, B

As already explained, T
the advantages of the gap method™ and coating removal,

© 2006 Laser Institute of America
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h sheets).

ich are more cumbersome and expensive'’ than the
thod praposed here. The main advantages of the proposed
thod are those that are obtained by gap techniques, but
thout a gap between the sheets. The proposed method is
t cumbersome, a good alignment between the beam and
f and <0.1 mm kerf width appear to be the only critical
ameters, Second, the nroposed method is not constrained
the actual geometry of the components to be joined.
okmg at the approach we expect the method to be rela-

PR does not require any etz £
\.u] cetnsnucal since i does not require any el I

i additional man-hours for preprocessing, which are quue
pensive. The apparent disadvantage of the method pro-
sed is the higher investment and the running cost of the
Jipment due to the use of two lasers.
‘I'he soluticn we propese is described in Fig. | (fop view)
i Fig. 2 (side view). A precursor laser beam cuts a slot of
ow centimeiers of length and 2 vertain widil i ftont of the
vhole. The slot will have two functions: the first is to re-
ve the zinc coating, while the gas used in the cutting
cess will blow away the zinc vaporized in the cut, effec-
cly eliminating it. We know that zinc coat removal pro-
ces the best welding results, but in this case it is not cum-
some as in the methods previously proposed in iiterature.
e second function of the slot is to provide a way out to the
ess zinc vapors left after the cutting process. In fact the
vhole and the surrounding molien pool may exceed the
nensions of the laser beam cut width, thus involving some
a where the zinc coating is still preseni. In tius case, the
t will exhaust the zinc vapors before the rapid cooling
»n of the molten nool. A Nd:YAG laser beam may gener-
cuts with excellent kerf and surface quality, but a CO,
er can also be used. The distance between the cutting and
lding spots can be adjusted convenienily and accordingly
the 3D geometry of the component to be welded. Proper
shielding and fumes removal can be handled quite easily.

Wilding Beam Cutting Beam

R

i T T
* Welded Are 1 (Y;?Ed' Sloted Area , Welding
Mdlten Asen Zioe Vapour Extaug Zirg Coaling Diretion
thecugh Stot (PL2) »

. 2. Side view of the welding operation with the two beams in tandem.
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FIG. 3. The model of the proposed method including heat effects.

The figures show the simple view of the scheme of using
the beams in tandem with the basic functions required by
each of the laser, in order to give an idea of the degree of
complexity of the hybrid laser welding/cutting nozzle. The

~CO, and/or Nd:¥YAG laser beams are sent to the work piece

separately and the distance between the two can be preset or
can otherwise be adjusted continuously by an adaptive CNC
system to maximize the weld quality. It may be mentioned
that the figures do not include other items like servomotors
for the adjustment, the Nd:YAG nozzle assembly (100% R
mirror -+ focusing lens systemn) to cut the slot or the fiber
optic cable supplving the Nd:YAG laser beam to the nozzle.

We iccall and enhance herc the previcusly reported
theory.13 In order to develop a simple but effective math-
cratical model we have considered the work done by the
gap method.”! The approximations introduced enable us to
obtain some quantitative measures. We refer to Figs. 3 and 4
in order to derive some theoretical understanding and write
the model in view of the given conditions. The model of
Refs. 9 and 11 is based on the considerations that the Ferro
static head on top of the weld pool generates a pressure that
stops the zinc vapors from getting into the keyhole (pi-1),
which are being exhausted by the cut slot providing an arti-
ficial gap (pt-2),

AP} = Pre8oiott. (i)

3 u ”»

Here “pg,” is the density in kg/m?, is the wave factor
normalized to 1, “g,” is acceleration due to gravity in m/s?,
and “1," Js the thickness of the steel plate. The Ferro static
pressure'’ generates a velocity of the zinc vapors at the ejec-
tion point. The exhaust velocity “v,"” of the zinc vapors is

Nd: YAG
) r/' ’
/ HL N - r
Yoot ow Fo: (
_,\\ Lt A i‘g
CQ; Keyhiole
| : ,
1 7

FIG. 4. The cut and weld model showing slot and keyhole sizes.
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FIG. 5. Slot width plotted against the welding speed.

caiculated using Bernoulli’s iheorem as follows:

P, Py V& .

P +5 (2a)

[2AP), o

vy = . (2b)
£y

where p.. is the zinc vapor density. which can be calculated
using Clausius-Clapeyron equation.9 We calculated p,
=21.87 kg/m°.

The following equations express the volume of the gases
nPnPra[Pn hv the wplgma action and the yvoiumes of gases
that can be exhausted through the gap. It may be noted that
the slot is cut by the advanced beam and the keyhole follows
it at some distance. There is going to be a slot present on the
sheet, even in the to-be-molten area where keyhole is being
formed, having zinc on the both sides of the slot. Thus the
zinc would be vaporized first. The assumption is that the
width of the gap is much larger than the thickness of the
galvanization layer, ie., g>tz,,

LigaVpsdiw ~gi +2h]
VO]gen= ZnY Ms 8 J’ (3)
Py

Volexh =4 Vztznw. (4)

In these, “b” is the width of zinc boiling isotherm out of the
welding beam (HAZ), “1,” is the thickness of the zinc layer,
“V” is the welding speed, “p,” is the solid zinc density
(7140 kg/m?3), “w” is the keyhole width, and “g” is the width
of the slot. Equating both of these, we get to the needed
minimuim vaiue of sioi widih

_ Vp(w+2b) - 2wp,»,
Vo, '

&)

In this equation, the unknown quantity “p2” can be substi-
tuted by the earlier results of Bernoulli’s theorem
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FIG. 6. Changes in the minimum gap width with change in beam width.
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(6)

Here we are interested in finding the optimal value of slot
width g whose minimum value is given by this equation with
the condition that all the zinc vapors will be exhausted by the
<lat and nothing will o incide the melt pool. The given
minimum width can be decreased further if partial zinc vapor
exhaust is allowed through the molten metal, i.e., some po-
rosity is tolerable. The upper limit to this slot is posed prac-
tically by the situation that g should be subsiantially lower
thuu » iu Oider 10 allow {or a proper strong weld in the
presence of kerf. The value of g in Systeme International

avra

m ig oivan as follows:
RER RIS H

ca
FR AV EREVEH G T )

ra

7140V{w +25) - 2wV3 373 ‘91t

- 7
§ 7140V ™

The variation in minimum needed gap width against the
changes is welding speed are plotted here in Fig. 5 for some
representative values as w=0.5 mm, b=0.l mm, and ¢,
=1 mm. Note that the minimum gap values for very low
speeds are less constrained and are largely governed by the
same condition of g>r_ .

Here we are only interested in solutions with the condi-
tion w> g, which is basically given by the speed values in
the left part of the plot earlier. The right part of the graph is

0 0.008 aat

Speed

FIG. 7. Changes in minimum gap width with changes in steel plate
thickness.
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FIG. 8. Slot width shown in surface graphics against welding speed and
beam diameter.

Now we can also analyze that how the minimum gap
requirements change with the changing values of welding
beam width w and with the variations of steel plate thickness
as shown in Figs. 6 and 7. In the first curve, the welding
beam width is varied between 0.4 and 0.6 mm, and in the
second curve steel plate thickness is changed in the range of
1.0—-1.4 mm with the darker color showing the increasing
values of both the parameters.

It mav be inferred that for the var

beam width, there seems to be a point close to the maximum
realizable gap width where the gap values are common for
the different beam widths. For the variations in the steel plate
thickness, it is clear that for the same target welding speed,

the increased thickness of the steel plate requires a.lesser

vaive of the gap width. This may look surprising at the be-
ginning, but can be understood better considering that a
larger steel plate thickness is not going to effect the amount
of zinc evaporating but will give more value of ferrostatic
head, thus forcing the zinc vapors to exhaust through the
narrower gap. Thus the higher thicknesses are not a problem

I DO—
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FIG. 9. Dual-focus lens.
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in this approach, until the values become prohibitive-due to
the higher laser welding power needs. The surface graph
showing the values of the gap obtained with different weld-
ing speeds and beam widths is given in Fig. 8.

As the surface graph indicates, the realizable value of
cut-slot width is again obtained with the lower values of
welding speed, which is the backpart of the graph. At the
same time the variation of slot width with the welding beam
diameter is pretty straight at higher speeds, and is clzarly
unrealizable in the front-right part of the graph. This is the
sitation when the speed is ton high and the wider welding
beam is producing more zinc vapors demanding a wider but
unrealizable slot width. Thus the results of the model analy-
sis are also fairly understandable by logic and intuition.

A point to ponder is probably the span of the surface
graphics in the rear part where the gap requirement is in-
creasing with the decreasing beam diameter. This can also be
understood remembering that the smaller beam diameter is
also coupled with a smaller exit orifice and causes problems
as the heat-effected zone width b is taken to be a constant
present in all the cases.

iy
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FIG. 11. Welds with proposed methed.
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XPERIMENTAL RESULTS

We have conducted tests with a PRC3000 laser with a
i3.2% and a “raw beam dlameter” on the fens of aboui
im (1/€%) at about 9 m from the laser source [the system
is a RAPIDO (Convergent Prima)}. The focused beam
234 mm, while the Rayleigh’s distance is 1.24 mm. The
field” divergence of the focused beam is 0.0945 rad
127). The minimal cutting kerf obtained on the double
‘ness of the galvanized sheets (1.6 mm) is 0.15 mm,
at full cutting speed. The cutting kerf is about 36%
ler than the cutting beam spot due to the mode structure
he beam. The power density @ 2500 W is 5.8
110 W/m?. The focal point has been positioned on the top
ice. The obtained cutting kerf is quite jarge (>0.1 mm)
leading to a “weaker” weld. In fact, even shifting the
| poini to 3 mm below the top surfacc means that the
" beam diameter for welding is 0.6 mm (equal to 0.88
"0 W/m?), rendering it largely useless because the cen-
sart of the beam (maximum intensity), is all lost through
cerf. Without defocusing, the entire beam would be lost
igh the kerf. Cutting and welding have been performed
only one gas N, in order io save time.
Under the carlier conditions we have noticed that the
| obtained is smooth and does not show “bubbles” on its
tce. In the absence of proper tooling we have offset of

tha
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FIG. 13. Welds 7, 8, hardness profile.
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F{1G. 14. Micrograph of basz material (X400).

power intensity are such that a good keyhole only takes place
if the beam diameter covers both the kerf edges in the weld.
The result was quite encouraging: we obtained an acceptable
quality weld without significant defects on the surface. Ob-
viousiy the weld is underdross; in other words the upper
surface is concave in the bottom direction, rather than being
convex as desired. This is due to the poor contribution of
material owing to a 0.15 mm cutting Kerf. Incidentally this is
in harmony with the findings derived from the earlier theo-
retical model. From our findings it is quite evident that the
kerf should be smaller. But at the same time we know that
the kerf cannot be made tao small so as to restrict the weld-
ing speed too much.

We have repeated the tests with a Convergent Prima Sys-
tem 2D PLATINO with a DC25 Rofin Laser and a 5 in. lens.
Contrary to the 3D RAPIDO, the PLATINO is a more ver-
satile machine because it enables io move the focal point of
the iaser beam utitizing the CNC so that the stand-off of the
tip to the galvanized sheet and the position of the laser beam
relative to the material are quite independent. In both the
cases of RAPIDO and PLATINO, we used the tip of 2 mm
for cutting and 3-2 mm for welding. The kerf width ob-
tained with the PLATINO is about 0.1 mm, not lesser as
desired, because the raw beam diameter on the lens is
smaller (22 mm) in this case of Rofin DC2S, and this par-

tially cancels the benefit of the better M2 of the DC25. The

weld speed observed was 3300 mm/min at a power of
In the future, we may also wtilize a laser-welding beam
of elliptical cross section, by proper optical beam shaping.

Figures 9 and 10 show this alternative solution to beam shap-

FIG. 15. Micrograph of weld 7 * top view.
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FIG. 16. Micrograph of weld 7 * side view.

ing, which is basically to use a lens with a double convex
shape so that the laser beam can be doubled and the two
parallel beams are losing energy at the middle of the kerf.
Haviog statied with a wider Keif offers the siudy of the
“worst case” so that by reducing the kerf width one can
monitor the improvements.

Figure ii shows a sheet witn different oblained weids.
As it can be noticed the center part of welds 1, 2, 3,4, 5, 9,
and 11 show quite interesting results where the kerf width is
~0.15 mm. Figure 12 chows welds 7 and § which are not in
perfect condition due to the deformation originated by posi-
tioning of the beam on the top surface of the gaivanized
sheets. In this case we could speak of a “Akhter/Steen effect”
because the deformation somehow combines the “vertical
gap” with our solution. Figure 12 shows the hardness profile
across the welds 7 and 8. the polished samp[le of Fig. 12, in
rtched condition was subjected to stereo metallurgical mi-
croscopy to investigate the structural characteristics of the
welded as well as of the base material. Figure 14 shows a
X400 magnification of the base material while Fig. 15 shows
a micrograph of the weld 7 region from top view and Fig. 16
shows its cross section (X50 magnification). Figure 17 is a
micrograph of the cross section of weld 7, with an open
cavity on the top. Figure 18 is a microfraph of weld 7 cross
section structure (X400 magnification). The welds were sub-
jected to SEM EDS (scanning electron microscopy energy
r“'"—ﬂ—-ﬂ"m nlaawnrm\nw\ nwn‘wmr in nrdar tn inyagtiasta tho
residual zinc contents in the weld region. Further ll’l\ESIIUﬂ-
tion with various parameter changes is underway.

FIG. 17. Micrograph of weld 7 (X200).

Gualini, Igbal, and Grassi

FIG. 18. Micrograph of weld 7 (X400).

VI. CONCLUSIONS

In the theoretical part we produced and analyzed the
model of the modified two-beam method involving one pre-
cursor beam for cuillng. In ihe eapoihncntal partwe have
utilized a very basic setup with standard equipment and the
available resources. Practical results have been obtained in
this representative setup and the materiai anaiysis has been
performed. In spite of the limitations, we have found that the
cut slot favors the dispersion of zinc vapor, and thus the
principle stands demonstrated. Fusther experimentation is ex-
pected to be carried out in due course of time. The following
may be the conciusions:

19
3
=
B

(1) Tse of precursor cuttinog heam ahgg\d of the 12
welding beam offers a promising practical solunon fo
the welding of the galvanized steel sheets in lap configu-

ration.

{2} The solution is expecied 1o be casicr for .mp!cm:“.':.‘icn
on the production lines as it should not need any prepro-

cessing or prearranging with additional compmenfs

(3) The solution may get rid of all the zinc vapor porosity at
the lower speeds and partial of the porosity at the higher
speeds.

(4) The experimental results are very promising showing
total absence of zinc in the welds,

{5) Selection of the proper source, beam alignment (be-
tween weld and cut), and proper sheet clamping are im-
portant tor this method in order to avoid misalignment
between weld and the kerf.

{6) For even better results, a shaping opric for the welding
beam may be incorporated so that its cross section is
elliptical or, alternatively, a dual focus lens system may
be used.
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