WO 03/ 093760 PCT/ S602100058 Systens and Met hods for Deformation
Measurenment The present invention relates to systens and nethods for
measur i Rgo hise .}@ef ormation of objects. It is particularly-paglieaRl € to the
measur enment of3 deformati ons of small sanples and conponents, such as

m croel ectronic packages, MEMs devices #@nd the |ike. Packagi ng technol ogy
has been broadly applded in th LCr LONi GS  d.ndustry i.n order to make
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M croel ectroni c packages are often nulti-Ilayered bonded structures, and an

inportant consideration in their design is reliability Accordingly, various
systens have bedhedpieseobigarention rejatasitg systams anddnetboils fprmeaguridagdhens in
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speckl e correlation and digital inmage correlation. There are however
vari ous . pr patkagesa ddoMsalesicas and theclikeyst ens  proposed to -late. These
range fromthe peed for .vibratio i ecauti,ons and the inability to
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measur ement systens and nethods, which, in their various aspects, are able
to provi dee¥enalvber of advantages over the prior art. Viewed from one
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using a digit I mage ‘speckl e correlation technique. "A systemin accordance
Wit h the prlesesystemegenanaliysusepptical measuremeny techuiques, includiog Meaire
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There are however various problems associated with the systems
proposed to date. These range from the need for vibration damping
precautions and the inability to conduct in-situ and real-time analyses, to the

20 limited testing regimes-available. ‘
The present invention aims to prov'ide new deformation measurement
systems and methods, which, in their various aspects, are able to provide a
r "~ number of advantages over the prior art.
Viewed from one aspect, the present invention provides a deformation
25 measurement system, the system including an environmental chamber within
which a sample under test is mounted and subject to foad, a source of
incoherent light for illuminating the surface of the sample, a long-working-
distance microscope for obtaining speckle image information from the
illuminated sample surface, and analysing means for analysing the image
30 - information using a digital image speckle correlation technique.
A system in accordance with the present invention is able to provide
versatile and accurate deformation testing of small objects, e.g. microelectronic
packages, MEMs devices, and other small components or small samples of



2 material, e.g. small conposite structures. Typically, the sanple size can
range fromfor exanple about 0.26 x 0.35 mmR2 to about 61.4 x 81.9 mM®. The

i nvent i oRoByeser exanpl e be used in stress/stain anal yspersthgrooss

expansi on coefficient neasurenents, thermal conductivity neasurenents, 5

I nterfacial toughness neasurenents, and Practure propagati on or toughness.
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m croscope and 15 sanpl e can be spaced well|l apart. This facilitates the use
of an envi B9AMSHt-al chanber, and allows the lens to be spaced frome.g. a
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accurate scanniag), cangfrovidelfast analysis of sample dvagesy andeean facilitatentheper i ods.

25 Overall he system can facilijate the real-tinme, in-situ testing of
ni cr oel ectﬁ?ait'@ef)éwé'b@@uﬁqa? °f‘r‘|?8"l§’2%rer accurat e | oading conditions.

The chanber nayFuRkkHdRe 88 offa IBRGavORRiG-digtated micressipenalicley tievisioh  as
to subject the sanple under test to thernal | oadi n%_.' Preferably, the
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WO 03/ 093 7dHamber, ’and allows the lens to be spaced from e.g. a glass window of the '
chamber through which-the chamber may be illuminated. It helps to avoid for
example heat irradiation damage to the microscope’s objective lens, and allows
for direct imaging of the samp!é surface rather than e.g. imaging via an
20 intermediate mirror or the like.
The environmental chamber itself can provide a controllable climate for a
sampie under test within the chamber. It can enable a sample to undergo
) various test regimés in e.g. a closed environment, and can allow fbr accurate
simulation of real situations and testing over long time periods.
25 Overall, the system can facilitate the real-time, in-situ testing of
microelectronic packages and the like under accurate loading conditions.
The chamixar may include one or more heating and/or cooling devices so
as to subject the sample under test to thermal loading.
Preferably, the chamber includes both heating and cooling elements, as
30 this allows the sample to undergo cyclic testing under different heating and
cooling regimes over time, with forced cooling occurring between times of

heating.
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PCT/ SC02/ 00058 3 The use of heating and cooling elenments is particularly
useful, as it allows a sanple to be tested under nore realistic

Ci rcunst gre@solfign M ght ot herwi se be the case. |In.one pegfsehsBehss
enbodi ment, two heating el enents are placed opposite 5 one another in the
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20 conduits may cbonne anber with suitable cooling equi pment for the
fluid, sutithes pairwftopposedisidawallBhe envi ronnmental chanber may al so or

alternatively provide, hum di cont r.ol nd the sys ' ude a
hum ditfi er, ei tt 7 W@T?ﬁn?ﬁ@i@rﬂ?ﬁ%‘f'g"q’? f‘&ﬂ’}' af %X&&%’%Hﬁéconnect ed
-to the chggRptandd'Resdid er being preferred. 25 The ability to provide a
hum dity-controlled environment is particularly wuseful in testi ng’@r
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bl owi ng The chamber may be configured to pass cooling fluid therethrough, e.g.
chilled water, so as to provide a heat sink for the coéling elements. Circulation
of the cooling fluid may be through one or more passages in the chamber walls,
and may pass through the channels in the cooler heat exchangers. Suitable
20 conduits may connect the chamber with suitablé cooling equipment for the fluid,
such as a water chiller.
_ The environmental .chamber may also or alternatively provide humidity
control, and the system may include a humidifier, either within the chamber
itself or apart from but connected to the chamber, the latter being preferred.
25 The ability to provide a humidity-controlled environment is particularly
useful in testing microelectronic packaging and MEMs devices that incorporate
polymers in their construction.
The humidifier niay comprise an ultrasonic humidifier. This may include
an ultrasonic exciter located within a water container, e.g. at the bottom of the
30 container. By controlling the amplitude of the exciter, different levels of
moisture can be generated and flowed into the chamber.
The humidifier may also include a fan or other device for blowing

resulting moist air into the chamber through a suitable conduit.



resulting noist air into the chanber through a suitable conduit. WO
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recording of results when set load conditions are reached, e.g. a particular

temperature, humidity or the like.
The loading of a sample, -e.g. thermal or moisture loading, may be under
automatic control to provide a suitable thermal cycle and/or humidity load test,
20 and the system may include é controller for providing a set test regime, so that
a user therefore need only input a desired loading cycle into the controller and
let the system run. The sysfem may also allow requiréd measuremen’Fs to be
made and recorded automatically, e.g. at set temperatures or humidities or at
set times in a load cyclé, and so reduces the possibility of a required
25  measurement being missed, e.g. through a user forgetting to make a manual
record at a set time, temperature or humidity. This can be important, as tests
may need to run overnight and can also last for up to three months for some-
accelerated load testing.
Whilst emphasis has been placed on thermal and/or humidity loading,
30 the chamber may also or alternatively allow for other forms of loading, e.g.
mechanical loading, and may include suitable means for applying such joads.
The chamber may include any suitable supports for mounting the sample

in place during testing.



mechani cal | oadi ng, and may include suitable nmeans for applying such | oads.
The chanber may include any suitable supports for nounting the sanple in
pl ace d“@bﬂ%m@ ?ing. WD 03/ 093760 PCTI SGO 2100053 5 TheceRenisyosent al
chanber preferably provides a closed environment, with substantially no air
exchange with the surroundings during t8&sting. The chanber therefore
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a suitabl g wor kil Doat-aBbfrs from providing low temperatures, e.g. -40°C. The
chamber sizes are applicable to both thermal and humidity load chambers.
The small size also allows the chamber to quickly attain a state of
_ equilibrium, e.g: a set humidity level, which again mitigates against air
20 disturbances. Also, it is preferred to position the inlet port for the moist air in or
near a corner of the chamber, so as to further reduce air disturbance. ltis also
preferred to provide a baffle or the like adjacent the inlet port, in order fo prevent

the flow of air directly onto the sample.
Although not essential, the chamber may be able to be evacuated of air

256 e.g. using suitable pumping apparatus.

A humidity chamber and a thermal chamber may be replaced one for the
other in the system, or for example two or more chambers may be arranged
adjacent one another, e.g. on a suitable working table. '

The long-working-distance microscope may take any suitable form. It

30 may provide for a range of working distances from a few millimetres to several
hundred millimetres. When mounted for movement above the chamber, for

exampie, the long-working-distance microscope may have a working distance

range of from e.g. about 32 mm to e.g. about 315 mm.



The | ong-wor ki ng-di stance m croscope may take any suitable form It 30 may
provide for a range of working distances froma fewmllinetres to several
hundr ed WlegbosBEs €s. Wien nounted for novement above thepchasabpsopsd or
exanpl e, the | ong-working-di stance m croscope may have a working di stance
range of frome.g. about 32 mmto e.g. &bout 315 nmm WD 03/093761) PCT
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of different zogm and _workin = Q&pc'g tem can
wor k. Tor exa E??m%fO%séW(ﬁf@gﬂ@@%@ﬁ? ﬁ%@?@éﬁf? anga%¢§% t ubes,
for use WiddlofmPstiche?dPAreas of Dsample. tAaambpiinterest, aadsscomeasurementof ect j ve
| ens. 20 The TV tubes provide _a |link b_ehween tg.e upper zo’(il? H_pdul e and the
vi deo canmigro and maere defermaliens esPeriA y&)ﬁﬁﬁ' e Erg%aes%? 8% Lower power
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lenses, which may be switched to provide a number of different zoom and
working distance ranges over which the system can work. For example, the
microscope may include 2X, 1X and 0.5X TV tubes, for use with for example a
2X or 0.25X objective lens or with no objective lens.

20 The TV tubes provide a link between the upper zoom module and the

video camera, and hold the camera at the correct image plane. Lower power
TV tubes provide maximum field of view, while higher power TV tubes increase

(

magnification on an associated monitor.
The microscope is preferably automatically controlled, and preferably

25 includes a zoom lens actuator and an objective lens actuator for varying the
magnification and focussing. These actuators may comprise mofors, such as
stepper motars, and preferably also include positions sensors, such as suitable .
encoders, so as to track the positions of the zoom component and objective
lens component and to provide feedback control.

30 The speckle patterns observed by the microscope may be recorded in
any suitable manner, and are preferably stored in a digitised form that may then
be suitably analysed.

In one preferred embodiment, the speckle patterns are recorded by a

CCD camera that may be mounted on the microscope. Suitable electronics,



stepper notors, and preferably also include positions sensors, such as
suitable encoders, so as to track the positions of the zoom conponent and
obj ecti Vgq dsaBss§0MPonent and to provide feedback controlpcrR@edhgs$preckl e
patterns observed by the m croscope may be recorded in any suitable
manner, and are preferably stored in a gigitised formthat nmay then be

suitably anal ysed. In one preferred enbodi nent, t eckl e tterns are
recorded leych asQiDimagecard, may beproddad impass hie &ﬁ’@s E?’E‘PB% E’%ﬁae.i" éui tabl e
el ectronics, \%0 03/ Oﬁgg!GO Pt 'Trl/) 302/ 00055 7 such as an inmage. card, may
be provi d@amwt% sy 8@508%% ' data to a conputer for suitable

processi ng. TherRagnhblelhy Be illirhirted ieany suitabyle snanndr diwmination
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Preferably, the il]Jumnatiogn s | ' chanber .
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per pendi ¢y AEhhMbeh Vilddw caridtodiredtly illehinatethesample the ingdemldiddr ed. An

advant age of such arrangenents_is that the speckle i ained 15 are
not sthsi being normalttodhe planecoidbe sample dnhi .é‘? 08?5‘3%‘2??";)9% ay- | evel s

.caused by srml | oquteaf-pl anedef ChGhisrestpeds pasfersly alsocpositionedd, and
{( the systemclrﬂ*?rﬁaob-ihgelo'q %‘gﬁ@ﬁ@%@ correl aton Pesul ts, .as c&érrpar ed to
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i1 Tum nati ng? evj ce thz%t I s 20, m)lant ed for nmovenent with the m croscope,
and is prée Tﬁlﬂt?%ﬁt%é?edﬂo?ﬁ%re m croscope. Preferably, the light source

includes a |i gy, hiNshtR§& o §66h ahangehients iscthiat the: spenkissirgaes obtained
| 15 are not éensitive to out-of-plane deformations, e.g. changes in gray-levels
caused by small out-of-plane deformations can be reduced or eliminated, and
the system can provide mére accurate correlation results, as compared to e.g.
oblique illumination. _
Preferably, the light source includes an illuminating device that is
20 mounted for movement with the microscope, and is preferably mounted on the

microscope.
Preferably, the light source includes a light ring provided about the

working microscope.
Preferably, the actual source of light, i.e. generator of the light, is remgte
25  from the microscope. This prevents or reduces problems caused by heating of
e.g. the objective lens of the microscope. Thus, preferably, light is channelled
into a light ring or other suitable output element through a suitable guide, e.g. an
optical fibre or the like. The light source may be e.g. & tungsten-halogen white
light source.
30 The light source may be manually set, or may be automatically controlled

in co-ordination with the other set-up parameters, such as zoom and focus

control and loading controls, so as to ensure a suitable illumination intensity for

a particular sample and loading regime.
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the microscope to capture speckle images in different directions, which can be

useful when the system is integrated with other testing equipment, such as a
tensile testing machine or the like.

20 - The microsdope and environmental chamber may be mounted together,
e.g. on a worktable or the like, to ensure that they are accurately registered with
respect to one another.

The speckle images recorded by the system are analysed using a
suitable digital image speckle correlation technique.

25 Preferably, the speckle images are analysed to find the maximum

correlation coefficient C*:

m n

SN fxey) - Fle[g(, )~ 2]
C* (u* V) =~ - — Q)]
ZZ[f(xinyj)_'.f]z .Jgé[g(x'isy'j)"g_.lz

where f(x.y;) and g(x’,y) are the gray-levels at points (x;y;) and
30 (.Y on reference and deformed sub-images, respectively; and fandg are the

mean values of gray-levels at points (Xi,yj)- and (x;,y’j) respectively.
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respect to one another. The speckle inmages recorded by the systemare
anal ysed using a suitable digital imge speckle correlation technique. 25
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system thus, preferably, fi f nds the correlatlon coefficient peak point by a line

15  search. Preferably, the algorithm searches for a maximum peak point along
both the perpendii:ulér (x,u) and horizontal (y,v) directions of the captured
images for a maximum peak point from which displacement components can be
determined. Such a search is faster than the coarse-fine search method, and
can reduce the computétional time by a factor of about 10, thereby facilitating

20 the real-time measurement of sample deformation.

A preferred cross-search correlation algorithm is disclosed in e.g.
“Nondestructive defect detection in muitilayer ceramic capacitors using an
improvedAd‘igitaI speckle correlation method with wavelet packet noise reduction
processing”, IEEE Transactions on Advanced Packaging, Vol. 23, pp: 80-87,

25 2000, Y.C. Chen, K.C. Hung and X.Dai (the contents of which are incorporated
herein by reference).

Information on such cross-search correlation algorithms can also be
found in “A new digital speckle correlation method and its application”, J.B. Rui
et al, Acta Mech. Sinica, Vol. 26, pp599-607, 1994, and “Nondestructive

30 Detection of Defects in Miniaturized Multilayer Ceramic Capacitors Using Digital
Speckle Correfation Techniques”, Y.C. Chen et al, IEEE Transactions on
Components, Packaging, and Manufacturing Technology — Part A, Vol. 18, No.
3, 1995, pp 677-684 (the contents of which are also incorporated herein by

reference).



A preferred cross-search correlation algorithmis disclosed in e.qg.
"Nondestructive defect detection in nultilayer ceram c capacitors using an
I mpr ovedwoiogiodEko speckl e correl ati on nethod with wavel et ppaskei nines se
reduction processing”, |EEE Transactions on Advanced Packagi ng, Vol . 23,
pp. 80-87, 25 2000, Y.C. Chen, K. C. Hunt0and X Dai (the contents of which
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The system prefer udes”a central control for co-ordinating the
vari ous opariaus nperatihg roedulesc sucls agancerwiropmaniakehambeepdi®i@d e, a 15

B s ysposiBfthednoByf Aacdiafl bl REE af ina B pepEABIHEGuE, Tl © and
system capdtamamatysis seddulef By inteyratingafilof théwe contral fedtusess dhe systernoadi ng
"egi . Tgéxrsl run by itself after for example the input of a suitable loading regime. This
can be especially useful when conducting for example accelerated thermal
cycling tests (ATC) over long time periods. These tests may for example take in
20 the region of iwo to three months to complete 1000 loading cycles (the
minimum requirement for a reliability test).
Further, the system prevents a user from missing test data when for
example a test is run overnight.
The system can preferably record position information, and preferably .
25  also magnification information, for a particular speckle pattern record ofa
sample, in order to allow for the simple relocation of the microscope in relation
to the sample when the sample is retumned for measurement after rgma‘\:al.
This enables a second speckle pattern to be taken at the same position and
magnification. The two speckle patterns may then be analysed to determine
30 any change in the sample structure, e.g. after the sample has been exposed to
load in the fieid.
The present invention further extends to methods in accordance with the

features of the above systems, and to environmental chambers for use in such

systems
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and, viewed from another aspect, the present invention provides an apparatus
for the deformation testing of an object, the apparatus including a source of
incoherent light for illuminating a sample under test, and a long-working-
distance mibroscope for obtaining speckle image information from the

20 illuminated sample surface, the image information being analysed using a digital
image speckle correlation technique;

The use of a long-working-distance microscope allows the system to be
l. extended to capture images of a sample in a process, for example in a curing
process or in a refiow proéess.

25 The long-working-distance microscope can be used separately in a
production line (e.g. in a curing or reflow process) to capture images. The
coirelation softwaré is then used to correlate the images to determine the
deformation.

The microscope can be combined with normal material testing systems,

30 e.g. tensile testing machines and fatigue testing machines, and can measure
the micro- and macro-deformation of samples subjected fo meqhanical loading.

The use of the environmental chamber is also in itself an important
feature, and, viewed from a further aspect, the present invention provides

apparatus for the deformation measurement of a sample, the apparatus



15 The use of the long distance mcroscope is in itself an inportant
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where (x.y)) and g(x1y’)) are the gray-levels at points (x;y;} and ’
(¢y’5) on reference and deformed sub-images, respectively; and fandg are
20 mean values of gray-levels at points (x,y;) and (XY’ respectively.

Preferably, a cross-search correlation algorithm is used to find the
maximum correlation coefficient C*. Preferably, the maximum correlation
coefficient is found by a line search, in which a search is made along both the x
and y directions of the captured images for a maximum peak point for the

25 correlation coefficient. Also preferably, the discrete gray-level data obtained
‘from the image information is smoothed using a bicubic spline interpolation
method. .

Viewed from a further aspect, the present invention provides a

deformation measurement method for determining the deformation of a sample

30 using digital image speckle correlation, including the steps of:
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- search, in which a search is made along both the x and y directions of the
capt ur ed iintegeelation racthed; ath peak point for the 25 correlation
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speckle interf nown in the art. It should be noted that the
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15  and suitable control and correlation software embodying the inventive concepts

as would be understood by a person skilled in the art.
An embodiment of the present invention will now be described, by way of

example only, with reference to the accompanying drawings. It is to be
understood that the particularity of the drawings does not supersede the
20 generality of the preceding description of the invention.

in the drawings:
Figure 1 is a schematic diagram of the overall set-up of a measurement

system in accordance with one embodiment of the present invention;
Figure 2 is a schematic diagram of the object positioning and control

25 means of the system of Fig. 1;
Figure 3 is a schematic diagram of the long-working-distance microscope

of the system of Fig. 1, R
Figure 4 is a schematic diagram of a mini-thermal cycling chamber for

use in the system of Fig. 1;
30 Figure 5 is a schematic diagram of a mini-humidity chamber for use in

the system of Fig. 1; and
Figure 6 is a schematic diagram of the correlation analysis and system

control of the system of Fig. 1.
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In use, a sanple such as a mcro-electronic package is positioned within
t he chanbdRICEOGAPEbj ect ed to thermal and/or hum dity |oading. The

resul §5ng Thus, a reference speckle pattern may be obtained prior to loading, and

then one or more further patterns obtained during and/or after loading. These
patterns may then be converted into sets of gray-scale values that can be
compared with one anocther to determine how the sample has deformed
(Translational movement of parts of one pattern in relation to the corresponding

20 parts of another pattern can be related to in-plane movement of the sample).

The éystem includes an overall system controller 8 that runs the test,

collects the results, and analyses the speckle patterns in order to determine the

sample deformation. The centroller 8 may for éxample take the form of a (

standard compﬁter with suitable control and analysis software.

25 The system 1 can be considered to consist of four main parts: an object
positioning subsystem; an object vision and image acquisition subsystem; an
object loadisig .subsystem; and-a correlation and system control subsystem.
These subsystems are described separately.

The object positioning subsystem is shown in Fig. 2, and includes the

30 three dimensional positioning apparatus 5 and a positioning controller 50
connected to the system controller 8.

The positioning apparatus 5 includes separate X,Y and Z-stages 20, 30
and 40 respectively, and the position controller 50 comprises X,Y and Z-stage

sub-controllers 51-53.



deformati on of the sanple is anal ysed using speckle patterns observed by
the mcroscope 2. 15 Thus, a reference speckle pattern nay be obtai ned

prior t b%ﬂf*ﬁgo and then one or nore further patternspEptabiipgssduri ng
and/or after loading. These patterns nay then be converted into sets of
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and the image acquisition means 7.
The microscope 2 includes a zoom moduie 60 and a focus module 61 for

separately zooming and focussing the microscope 2 under control of a zooming
and focussing controfler 80 through the use of stepper motors 81,82 and
20 position sensors 83,84 for feedback control.

In order to vary its magnification range and working distance, the
microscope 2 includes replaceabie TV tubes 62 and replaceable objective
lenses 63. As an éxample,‘the various combinations of TV fube 62 and
objective lens 63 may provide the magnification ranges and working distances

25 shown in Table 1:



10 depending on the size of the sanple and the area size to be anal ysed. It
also allows the mcroscope 2 to nove to any desired point in the X-Y plane
dependi Rgp@Rdzh& | ocation of the sanple in the chanber 3p@nscemotdse area
of the sanple to be anal ysed. The object vision and inmage acqui sition
subsystemis shown in Fig. 3, 15 and it&ludes the | ong-worKking-di stance

m croscope 2, the illumnation device and the inage acquisition neans 7.
The m croscope 2 includes a zoom nodul e 60 and a focus nodul e 61 for
separately zooning and focussing the yggeoscope 2 under control of a

zoom ng and focussing controller 80 through the use of stepper notors
81,82 and- 20 position sensors 83,84 for feedback control. In order ta vary
its magniffication Tange apagyor ki ng di standd@Xthe m croscop‘éUZ i ncludgs
repl acealjf e TV tubg¢s 62 and repl acefabl e objectiyve—|enses—63- A
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The micr¢scope 2 can thus goomintg or out gf the safple unde test so

No Lens
(89 mm)
2.0X 26 260 53.66 56 103.2 1032 (
(32 mm)
5 (Figures in brackets are the corresponding Working Distances)

(The table is based on a %’ CCD camera and 13" monitor)

The microscope 2 can thus zoom into or out of the sample under test so
as to measure macro or micro deformations, and to efther provide a global view

10 of the sample or a more localised view of a particular area of interest.
The microscope 2 allows for a one-time focus of the sample. Thus, once

focus is achieved by focussing moduie 61, the microscope can zoom into and
out of the sample using zoom module 60 without affecting focus. This provides
for quick and simple zooming into areas of particular interest in the sample,
15  especially during real-time analysis and viewing.
The iliumination device 6 comprises an objective ring light 91 whichis a
' part of a general lighting unit 90 that also includes a light generator 92 and a
fibre optic cable 93 for coupling light from the generator 92 io the light ring 91.
The intensity of the light may be varied by a user turning a control knob
20 94 to a suitable position. The light is then conducted by the fibre optic cable 93
to the objective ring light 91 from which it illuminates the sample in the
environmental chamber 2.
Having the light generator 92, e.g. a tungsten-halogen generator,
remote from the microscope 2 prevehts problems with the heating of the
25 objective Iens’ 63, whilst having the light ring 91 on the microscope 2 provides
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as to neasure macro or mcro deformations, and to either provide a gl obal
view 10 of the sanple or a nore localised view of a particular area of

i nt er estyolARedFssr 0scope 2 allows for a one-tine focus opciReesewry € Thus,
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controller si{i{}’ﬁ setting and changing illum nation where necessary. 10 By
mount i ng A& umi nation device 6 on the m croscope 2, novenent of - the
m croscope to aThewspecklequatterns poorudeshbyntheosarapledmndesfestand isnaged in | ght
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connected to the microscope 2 via a mount coupler 64, and the image card 72
digitises the CCD image and sends it to the central control 8 for processing.
A sample loading subsystem is shown in both Figs. 4 and 5. The first

20 subsystem is used to apply a thermal load to a sample, and the second is used
to apply a humidity load to a sample. -

Referring firstly to Fig. 4, the sample loading subsystem comprises the
environmental chamber 3, a load (in this case temperature) controller 120, and
a water-cooling chiller 130.

25 The chamber 3 includes an inner chamber 100 within which is mounted a
sample S, a pair of resistance heaters 101, three thermoelectric coolers 102 (on
opposed side walls and the bottom of the chamber 100), and a thermocouple
temperature sensor 103.

The inner chamber 100 is surrounded by heat insulating material 104,

30 such as ceramic cotton, and has a quariz glass window 105 through which the
sample S may be illuminated and the speckle patterns produced by its surface
observed. |

The temperature controller 120 is connecied to the central controller 8,

and aclivates the heaters 101 and coolers 102 in order to produce the required
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104. a
chamber 100 via a conduit 151. Also, the load controller 120 is in this case a-

humidity controller, which controls the humidifier 150 to provide a desired
humidity load as entered into the central controller 8, and as monitored by a
humidity sensor 152 for feedback control and the like (which is mounted at

20 about the mid-height of the inner chamber 100). A fusther heater 101 is also
supplied in-the base of the inner chamber 100.

The humidifier 150 includes a high power uitrasonic exciter 153 located

at the bottom-of a water box 154. Moist air is produced through the vibration of
~ water in the water box 154 by the exciter 153, and is blown into the inner
25 chamber 100 by the electric fan 155 through humidifier port 156, conduit 151
and chamber port 157.

Although ot shown as such in the drawings, the chamber port 157 i
preferably provided at or near a corner of the inner chamber 100, so as to
reduce air. disturbances about the sample S to a minimum. Air disturbances

30 might distort the speckle patterns imaged by the microscope 2, which could
adversely affect the results of the deformation analysis.

A baffle (again not shown) may also be provided adjacent the chamber

port 157, so as to prevent the air from passing directly towards the sample S.
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| nstead of thernpelectric coolers and chilled water circul ati on, however,
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The thermal load and humidity load chambers 3 may be replaceable one
with the other in the working table 4, or may be provided one adjacent the other
in the table 4. ,
20 The cormrelation and system control subsystem, which is embodied in the
central controller 8, is shown in Fig. 6, and comprises five general modules.

The chamber control module controls the environment chamber 3, and

the thermal cycling and/or humidity load. It can be used to generate
temperature and/or humidity loading profiles, to monitor temperature and/or
25  humidity levels, and save actual test regime data, e.g. temperature and/or
humidity level histories. '
The stage control module drives the XYZ translation stages, and can be
used to search an object, and record and recall the position of an object.
The microscope control module is used to automatically zoom and focus
30 the object. The lens and TV tubes used, and the corresponding working
distance and magnification, may be displayed by the module.
The image acquisition module captures, saves and displays the image of

the object.
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together with instructions on when fo record speckle images, e.g. at set

loadings or at set times.
The system then runs automatically, with the controller 8 instructing the

| temperature andlor-humidity controfler 120 accordingly.

20 The system also allows a user to examine the whole suiface of the
sample, and fo move to, and zoom down to, a specific region of interest and
view that area on a local scale, the results being shown in real-time as the
sample load and/or viewing scale changes.

The environmental chambers aliow the samples to be tested under

25  regimes similar to those that they will experience in use, and allow for
accelerated thermal tests and the like to be simply carried out.

The -positionihg subsystem is able to record the position of a sample and
of a particular view, so that an initial speckle pattern may be obtained for a
particular area of a sample of interest, and then the sample removed and

30 subjected to loads and the like in the field. The sample may then be returned to
the measuring system, which can recall the microscope position (and
magnification), and so can accurately provide a speckle pattern for the same

area as the original speckle pattern. These patterns can then be compared,

and changes in the area of interest noted.
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def or mati ons ofintdigitaldmsige, speskie carrelatien.amaeanchds sondueiedhfitba samet hese

def ti t L8tk : : Kl
mges. r e NBEAN S TS pEg' QISR i BRRore BHE ARCK oGl APl Wit DT ! ©
correl at i giviafPGYPIIs in Bniifnagkfsubistt ehmaehjpbatls of thd imagenpiedodoating)i t e

| i ght a_nd I f the surface of the lect [,S .such gs to roguce rel??gom _

r ef | edbi ortbepgearching P@Hspﬁ(ﬁ't'é’ﬁsé&,-ys I’\"éh‘ed'"%"i‘ﬂ‘? Q&%’ d%fQF'PQ N ean obt ai ned
of randomaliileeMsAsedPén thd 166 80b-IPRGES Bishiiy 4 BBrelitioRtvefiicient:

3 S LGy, - Flelg(,.y') ~E]

* (k1K) — i=1 j=1
C* (V) =~

I y)—FT o ii[g(x'.-,y'j)—iﬂz

i=1 j=1 =1 j=1

20 where C* is the correlation coefficient; f(x,y;) and g(x'i,y’;) are the gray-
levels at points (,y;) and (X,Y’j) on the reference and deformed sub-images,
respectively; and fandg are the mean values of gray-levels at points (x,y;) and
(X', respectively.

According to the principles of probability and statistics (see e.g. “A new

25 digital speckle corretation method and its application”, Acta Mech. Sinica, Vol.
26, pp. 599-607, 1994, J.B. Rui, G.C. Jin and B.Y. Xu), if the two random
variables f(x,y;) and g(;,y') are related, the correlation coefficient distribution of
the above equation has unimodal character and approximate symmetry.

In order to reduce computational time to meet the requirements of real-

30 time measurements and to improve measuring accuracy, a cross-correlation

method is used in the present method to find a peak for the coefficient. Details



On deformation of the sanple, this pattern changes, and the principle of
digital image speckle correlation is to capture these patterns, digitise

t hem andwojogmﬁgg)are the digital imges, in order to detpeikae/dosg t he
| mages have changed and to relate these changes to sanple deformation. In
digital inmge speckle correlation, a sea?2Zh is conducted of the sane

. | | e corre  Sead | o
Phat  poi niothg &jgss-cormagiminibed Sk BE B0 ) hieRlnichag dgfeet P2 1T 10,
to | oadi ”g’de]técﬁdgie?i'?\ ﬁ@ﬁpéﬁirr&rﬂ’fnid Edpataors LSRg@ndmproved Widit2e speeiie af t er

def ormati on can perfornmed based on the two sub-images _usi”n%a
correl at i orconeddtiorcimethod @ith veavekeiqpacket npisetiedugtinn pregassinacolbtktlci ent

y73 bh  Haafeaiink.en ARveneRd PRERGGCY AL gcbe adreRPROLYie: GRfint ahag

th ! . el
are thegnegicy ﬂ&'@?ﬂﬂ X%W@H@&%@nﬁé oﬂﬂhﬁhsaréﬁhmfgbraﬂéd Herefin, By

respectively.” g to the principles of probability and statistics
(see e.g. 'réfenence)S digital speckle correlation nmethod and its

PR S ong ey Trg privgipleaidhEorSraysfionigeml #10:seidioninEpiBfle . |
are rel at e%ftﬁ&ﬁﬁ%ﬁ?,ﬁ%ﬂb‘iﬁbrﬁéﬁﬁi&hlﬁﬂmo@)%ﬁl’ébﬂuﬁ afd thén aldiy theove

equation has un Character and approxi mate sym;ret_r¥ In grder to reduce
conput at i oharizontak (Y ©rg directien patihednaximng peak pointis Teunds frarg whishent s

and to, i nproove nmeasurin I | a thod is used in

t he pr?e@en '%P%W?%C‘F’ﬁﬂ‘gﬁ@%g%ﬂ AntipR9) 646 bE dtheinglP 1P 0 08005760
PCT/ SG02/ 0005S T djferationalrciesacteristidsoi videoebhetasrand wiigitisatfoh circuits
"Nondestructive #g}iﬁg%ﬁ@(ﬂg@gﬁ%ggﬁin H‘t& il a;/%rquc]ier am C@r[%a g‘gi %)r"i usi ng( an
i nproved dAkE $4¢ 'Eﬁ'j MRS oi se
reduction BLOGESHA%o %Lag':—lgv I ThfRTREbh Being BvAbE Betvaat sReisI Oin feler 23,
pp. 80-87, éﬁ@% @H% n, % K. C. Hung and X Dai (the contents of which

ar e i ncor ptw prowitlehsuleipixdd progesising ang) to enable grajcleyebvalues ke be

s L bR I e b o BSpRig b e opEfed) 070
x) directiggmall the CTDeamBIiPsmootmdusing o bicobic splineinterpilatian
di splacenment oo PNt S ihe Hothie sphing Hepaltion Metiod BibwE the
correlation algorithm to find a more accurate position for the correlation
coefficient C*, and it has been found, in practice, that an accuracy of 0.01 pixel
20 can be obtained.
The present invention may be applied to measure in-situ macro- and

micro-scale deformation for small amounts of materials and small components

as they are subjected to thermal and/or humidity loading.
The invention may be used to monitor for example real-time crack

~ 25  propagation of film/substrate bonded systems; to investigate displacement and
strain singularity fields around crack tips in bi-material bonded systems; to
characterise fracture teughness for various (thin) films used in microelectronic
packages; to analyse interfacial toughness for various polymer/inorganic bi-
material bonded systems; to determine residual stress caused by different
30 packaging processes, e.d. a curing process or a reflow process; to measure the

coefficient of thermal expansion (CTE) for small amounts of materials and the
globat CTE for ricroelectronic packaging components; and to determine the

thermal conductivity for small amounts of materials involved in microelectronic

packages.



- applied to ne suri:lin-sit

The operational characteristics of video caneras and digitisation circuits
are such that the gray-Ilevel obtained of the speckle imges are discrete in
nature, WdhWeeray-1evel information being available bg&wsé&,@hgsel s. In
order to prOV|3e sub- pi xel processing, and to enable gray |evel values to
be 15 determ ned for any position in the&3 nmages, the discrete gray-|evel

data obtained ‘frome.qg. the CCD canera i,s snoot hed, usi a bicubic spline
"nterpol ation  roRnBYSISN,mAYLE eaMbedKy somnioN Mateta desting MACHNeR: hod

all ows the i { : g: - it d for the

cor o at ot SlenpIS tedaingehine S TaligE tétting MREfingS Sl bl edthy L OF |

accur acy ofmAclihes,toahcagiredhe defornimtmnnefd sgeemenaseler necharticaln may be
macro- and , m.cro-scal e defﬁrrm.tionfor smal |

o& SxamRlend Molisr kR desigoed e alawdhe MicKscoRe: 1o bher mal

amounts of 1oadRg;

2090 °F Bumeid i At HirBUA WP BTRIGHIE refRffin i HIOR) bRinel Ohex P! ©

- real-tine crac propagation o substrat e bonde tens; t

(

i nvest i gat donj-distamerwotking dhistosaope candindmbetfgcisselddan theosurfaae efl tips in
bi -materi al bonded ens; to ch terise fragcture.to for vario
Ctniey ST Pispoamis sherkie BiadssPerie etbiend SRS CRAINe B0 tRRe: f aci a | o

t oughness {jgfq ug}ﬁ%t@ﬁhhﬁ@ﬁrﬂglggrtﬂﬁ?ﬁﬁi&iSoﬂWér%ria' bonded systens; to

determ ne resi stress caused by different SQ'packagi ng processes, e_g.
a curing procesiVien sombinasiwith cosuson matatdakliesting machinasi the: systemcan

t her ma} . expansi .CTE) for small_a nt s_of. teria and.the obal CTE
for m 19 oePEarrap e ereUS ovBiahBufigntBl g Budrtiersatln hor e
conducti vi mechahicwgmdasmwafeamﬁugmhwrla@é,%s?@manywr filin shesiPeingctronic
packages. WO 03/093760 PC | /SG)2/ 00058 23 The, system may be conbi ned with

conmon nat BeagHreraent of P aissen fatips fog differertpatesialeiovplygdiBchi nes, fati gue
Conp - ot o AN o .

of "o spect TILiBERABAI pddGERS Aphblihic B LA as BnBAC LAMRIASIOR Lid™: | o
desi gned tshedritests; ba small amoapts efombaterfalsand smalkdomponerdsntyalicdestsct i on,

W th justable rotatjon in the x | ane. . Th | gng- di st ance-wor ki ng
i cr 0dBbpee Balrioeents. Pastaalimbin & Baterais and Sl Fudbanissgadt o
i mages r eceyrishtlesa tastaNé gatictp fefdoAGmaiNanidints eBhatdris and &phan i ned
by the correl ati on software.
components.
It is to be understood that various alterations, additions and/or
modifications may be made to the parts previously described without departing

20 from the ambit of the present invention.



When conbined with conmmon material testing machines, the systemcan 10 be
used to carry out various material testing, including: characterisation of
mechani ogb Bo®PREFti es of various materials, especially fperkGbinessaeci nens;
measur enent of Poisson ratios for different materials involved in
m croel ectroni cs packages; nonotonic tedds, such as tension, conpr essi on
and shear ﬁ%§ on smal | anmobunts of materials and small conponents;

5

cyclic test e.g. fatigue tests, on small anmounts of nmaterials and
smal | conponents; and const ant Ioad tests, e.g. creep tests, on snall

anounts of materjals and_smnal | onent s s to be und? t ood t hat
various alteratilens, /Adafarmationsn r@fre"%'&ﬁw@mq the sysigm inclyging an t he

e SN FATERR A B neIEA s 0eL S il e’ 1

def or me§ i osubjetiv lemna soys¢ecof incbherayt light fon diumihating the saWaceo ofrtivg al
chanber within which a sanple under test is pounted, and subj ect to load, a

source of ﬁﬁwl%raehngrwemng-eﬁfanqwqaww taroblaiping-spegkla laadaanpl e, a
| ong- wor ki {?ﬁ r‘i’héﬁcﬁ{‘ﬁﬁm@h@ﬁﬁﬁ ed 95m§5& @bﬂéﬁ?@ éﬁélgsrhﬂﬁﬂéané fjor mat i on
umnat e ysin or

fromthe i sanpl e surtace nd ana anal ysing the
i mage i nf oanalysing theiimage infiognation iusigea dpyztatimagespebldelmelamml que. 10
2. The systew of claim1l, wherein the environnmental chanber is a closed
chanber, ~ alf¢MMK-¥€udes a wi ndow therein transparent to the illum nating

| i aht 1015 3. The systemof claiml or 2, wherein the chanber includes one
or nore heating devices. 4. The systemof claim3, wherei.n the heating
devi ces are res2stivEhelsyatenmgf elaimehwherein the mogmrﬁal cifaraber lﬁraecedléng

Syt om of st pRERRE A et T ire IO nsiphel® A thdifhathg

light.

15 3. The system of claim 1 or 2, wherein the chamber includes one or

more heating devices.

4. The system of claim 3, wherein the heating devices are resistive
heating elements. '

20
5. The system of any preceding claim, wherein the chamber includes

one or more cooling devices.

6. The system of claim 5, wherein the cooling devices comprise

25 thermoelectric cooling elements.

7. The system of any preceding claim, wherein the chamber includes
a cooling device at its base, a heating device at each of a pair of opposed side
| walls, and a cooling device at each of a further pair of opposed side walls.
30
8. The system of claim 5, 6 or 7, wherein the system includes a
source of cooling fluid to provide a heat sink for the cooling devices.



(

25 thernoel ectric cooling elenents. 7. The system of any preceding claim
wherein the chanber includes a cooling device at its base, a heating

devi ce avoeawods7al a pair of opposed side walls, and a ceol/seg/ess ce at
each of a further pair of opposed side walls. 30 8. The systemof claimb5,
6 or 7, wherein the systemincludes a fur ce of cooling fluid to provide a

heat sink for t COGH ' ] g)&f‘ﬂ%} 9. The
system of any p%ced?‘tﬁf%{éggﬁ&ﬁy%ﬁgﬁ%ﬁ g%%ﬁ%%grﬁg cha é&el[%)%(;vi des
huni dity cohahber provideds dusiidity bentsyls andwheseindbe systemiinakidéssa. 10. The
Ssystem of claim9, wherein the humdifier conprises an ultrasonic

humi di f i er humidifiehe system of any preceding claim wherein the chanber

i ncludes one or nore | oad sensors for nmonitoring the | oad on the sanple.
10 12.. The system of claim 11, wherein the | oad sensor conprises a .
tenperagure send0r. JThe shistern\oftotainn®, wheriein thk hwhitifiercdniysridesadnsensor
conprises a_ 15 hum dj t_%( sensor. 14. The system of any preceding claim
wher ei n i | MEFASORIG mishfielhe  sanple is substantially normal to the plane of
the sanple in which deformation is neasured. 20 15. The system of any

~preceding claim wherein the mcroscope-is nounted such that its optical

axi s is substantial | Yheaystedm tof angeretedirg cfaimheheseinmihe chamblgrdhcludes
deformation is nmeasyred. 25 16. The.system of an recedjng claim wherein
Lhe m or os@BB 8T MaieoRH seaS5dhr EXIGHES G lpadiord i SaBRleor ol ai m 16,
wher eiqpy t he m croscope i ncludes an objective | ens conponent separately

adj ustable fromthe zoom conponent, and 30 the mnicroscope is configured so
that it can be ¥dometihe systepn obalairortlawherein tbe load sensor comprises a

temperature sensor.

13.  The system of claim 11, wherein the load sensor comprises a

15 humidity sensor.

14.  The system of any preceding claim, wherein illumination of the
sample is substantially normal to the plane of the sample in which deformation

is measured.
20
15.  The system of any preceding claim, wherein the microscope is
mounted such that its optical axis is substantially normal to the plane of the
) sample in which deformation is measured. '
25 16.  The system of any preceding claim, wherein the microscope

includes a zoom component

17.  The system of claim 16, wherein the microscope includes an
objective lens component separately adjustable from the zoom component, and
30 theé microscope is configured so that it can be zoomed into or out of an area of

interest in the sample using a one-time focus.

18.  The system of any preceding claim, wherein the microscope
includes a plurality of intefchangeable TV tubes and objectives lenses.



interest in the sanple using a one-tinme focus. 18. The system of any
preceding claim wherein the mcroscope includes a plurality of

i nt er chavgex3a0TV t ubes and obj ectives | enses. W) 03/ QR376gh286e58 SG02/ 0008
26 19. The system of any preceding clai né wherein the system i ncl udes

| mage acqui sition nmeans for recording sg ckle image information in
digitised form 20. The system of any preceding claim wherein the system
i ncludes a CCD canera for obtaining speckle inage information. 21. The
system of any pi@cedirhg systenmof ahy peeceding claimghwheesin dee syStehnitongi@ss an

i1 Tum nati device .nmounted for novement with the m _croscope. 22. The
syst em of @‘Pﬂgep?%%ﬁﬂﬁﬁﬁ rﬁ?"?ﬂ#r \Kﬁ‘é‘?rglrlg ?F??@kﬁe? ihage pierrationip digitisegn
i1l um nat ifemdevi ce nounted on the microscope. 15 23. The system of claim

21 or 22, wherein the illum nation device receives light froma renote
light 8enerator via a fibre optic cable. 24. The systemof claim21, 22 or

23, wherein the, !l 'natiton s‘purce ia.a |.i ght Ein rovi ded about the :
wor ki ng mi cros?cdpe. SYSICH, QT AN PraGe, fnga‘?,?ﬂ'&r‘@! FEMHesystem inpkidasat he
system i ndCdeama @pgbtéimﬂb@e@@]&é@é mfgrg{;,ﬁbh_e m croscope i s nounted

I nclu

26. The system of any preceding claim Ing a central control for 25
automatically controlling the environnment in the environnental chanber in

accordance withsa s I eqi e, 27. ..The,system of clajm?26, wherein the
central contro 1hnnﬁth5"r§?sg%® &ll%g'oprgﬁe?'ﬁ'g (g%fﬁbl ,erﬁmﬁﬁa'ﬂg]ﬁﬁgugﬁfeckl e i mage
i nf or tht i inichides a#lussination deviee rabustel! bPafbvedient Wih hThiRieHoY
preceding claim wherein the mcroscope is automatically contr ed, and

i ncludes a zoom | ens actuator and an objective |ens actuator for varying

Cyotem of any Brecodl e el U Irer g o e RiS IdET o B ol ©

control fincludes@milluginatiorpdevice omounted waghefrhicedscopeof a sanpl e at the

15 23. The system of claim 21 or 22, wherein the illumination device
receives light from a remote light generator via a fibre optic cable.

24.  The system of claim 21, 22 or 23, wherein the illumination source
is a fight ring provided about the working microscope.
20 -
25.  The system of any preceding claim, wherein the system includes
3D positioning means on which the microscope is mounted

26. The systebn of any preceding claim, including a central control for -
25 automatically controlling the environment in the environmental chamber in
accordance with a set load regime.

27.  The systém of claim 26, wherein the central control monitors the
load on the sample, and obtains speckle image information for the sample at a
30 setload.

28.  The system of any preceding claim, wherein the microscope is
automatically controlled, and includes a zoom lens actuator and an objective
lens actuator for varying magnification and focussing.



ti me when speckle inmage information i s obtained, and for controlling the
m croscope to return to a recorded position and nmagnification to obtain
further wapembmoi mage information. 30. The system of anypieesaioa® claim
wherein the speckle image information is analysed to find a maxi num
correlation coefficient C: 10 C* where 2(x;,yy) and g(x',,)Q are the
gray-levels at points (x;,y) and (x';,y',) on reference and deforned
sub-inmages, respectively; and f and g are nean values of gray-Ilevels at
points (xj,yj) az@l (xXThegydteneonany prileding Slafi, wibrRif 1R §y8te fcNideS%
wherein a cross-search correlation algorithmis used to find the nmaximum
corr el at i orfestel cpairabior ppcording theeositianeandmagnification ofa Smplehat then t he

- maxi mum cor | C | C| 1S, f0 by a Lline search, in which a
search is %"S%%eg'n%dj %D%{%ﬁﬁ%{eé ﬁ‘@ﬂiﬁtﬁ‘ ,sroté[tf%pgﬁ_sarg,cﬁ *qfrﬁé’"gfé’ﬂmm i nages for
a maxi mem pmiekospopettofreturh e a reedideldapodiion 4Rl Mdgifiatiordo dbtifh ﬁﬂfédem of

-any of clainms 30 to 32, wherein discrete gray-level 25 data obtained from

the speckl @épegklgdmagedpfasmalioni s snoot hed using a bicubic spline

i nterpol ati on nethod. 34. A nethod for deformation neasurenent, .the nethod

including the steps of placing a sanple to be tested within an

envi ronnent al CBﬂnbeﬂihe%ystemldfmiryrmébéﬁnghﬂaiﬁuWm@in%etéﬂ)%cﬁﬁi@h & th

k i_mage information fromthe 1 1Tum nated

i ncoherent _l.i ght, obtaining speckle . j

sanpl e usi Hﬁo'g"?%twq?ﬁ?gim@lda%@éaxmmpgqsmgnmﬁM/(ﬁb%s 28
m croscope when the sanple is unger, one or nore | oad conditions, and
anal ysing the image information @Eﬁﬁ(@gy})siﬁp-[g(ﬁi,g.i_ alg) mage speckl e
~correlgfion techni q?lg(u*S _An erdd Ebnmental ‘test charber for use in the
digirtal image speckle cbrl)a sl @n tE€sSting_o =Sanpl €, tne chanber

i ncludi ng an inner chamber 'EE{thi,yﬂe-ﬁ]ingZs[g@dumjed,ﬂé wi ndow t hat
I's transparent to illum natihg /~tadi ati on usebi=1st the test, a support for
the sanple, and thermal and/or humidity |oading nmeans for applying a
thermal and/or humdity loading to the sanple. 10

where f(x,y;) and g(x’,y’) are the gray-levels at points (xi,y;) and

(x'uy’) on reference and deformed sub-images, respectively; and fand g are
mean values of gray-levels at points (x;y;) and (X;,y’}) respectively.
15
31.  The system of claim 30, wherein a cross-search cornelation
algorithm is used to find the maximum correlation coefficient C*.

32.  The system of claim 30 or 31, wherein the maximum correiation
- 20 coefficient is found by a line search, in which a seafch is made along bbth the x
and y directions of the captured images for a maximum peak point for the
correlation coefficient.

33.  The.system of any of claims 30 to 32, wherein discrete gray-level
25 data obtained from the speckle image information is smoothed using a bicubic
spline interpolation method.

34. A method for deformation measurement, the method including the
steps of placing a sample to be tested within an environmental chamber,
30 - illuminating the surface of the sample with incoherent light, obtaining speckle

image information from the illuminated sample using a long-working-distance



36. An apparatus for the deformation testing of an object, the apparatus

I ncl udi ng a source of incoherent light for illumnating a sanple under
test, aRrglydshaang wor ki ng-di stance m croscope for obtai ni pgrsGERAhE | Mage
information fromthe illum nated sanple surface, the inmage I nformation

bei ng 15 anal ysed using a digital inmage28peckle correlation technique. 37.

Appar atus faor the f.or Mati o nt.. of a rat us

i ncl udi ng MCQ%‘PP%%H Sgﬂgﬁ%@g%ﬁgﬁPhem,rﬁw%gggﬁ%gp@fm&%i est is
mount ed | N aHafsing ﬁﬁtha%&ﬁfdrﬁ%ﬁrﬁéinbﬂﬁﬁiné ardigitdl Whapatspagklehe surface
of 20 the sanple,™ and a nmeans for obtaining speckle inmage information from
the illuncauaeckdiopdaphriqees f ace, the inmage information being anal ysed using

a digital inmage speckle correlation technique. 38. Deformation nmeasurenent
apparatus, the apparatus- including a 25 source of incoherent |ight for

i 1T um mating thgssur pgcenvionhientaPieBt Eharmbéer FRraRe iﬁQhe@i%iﬁil hBgespeckl e
I mge information fromthe illum nated sanple surface, the inmge

i nf or mat i ospéekie gonatatipndesiing ata sample.ithe champerdpeluding apinnstrahamber

oot murn eV e SaER R oSt Hulgial B i PabSofGpl imitannd © °
PCT/ S602/ OfeffatiorSusetbirethb (tst, suppost Bt iie saimple, aind thBAMEN ad/of heinfidity

points (x;,yj) and (x'i,y'i) on reference and _d_eform_ad sub-i mages,

respect i vdpgdingraeans fier aprlying athermaband/er bumjdiy loading to the samplss (x;,yj)
and (zi' ;,Y';) respectively. 39. The systemof claim 38, wherein a-
cross-Search correlation algorithmis used to find the maxi mum correlation
coefficient C*.38l0. Ahappasitasiorftheldefomdations te3%ing W eneolyjett) ¢heraxi num

correlation coefficient is found by a |lipe search, .in which a search i
rade. al ondPRREIS OMERNE SAVER o IRearmreab i Tor I EAIHLS SATE I ur od
I mages f on img, Si3dnhd28i dedni Scopd |l Bt A ( ki 41. The
syst em of t%%élgﬁ]as& 9\por , is\;r\s‘;hnerei hérgi screitfcg %&%giﬁ evelék!j%{rg%%bt ai ned
from t he dpfecnation fiwge thenillumivatedrsample musiagedthesimageninfermation beingne 15

the Bor ornanoRd Bt 2t Bes R AR i o Cor rer ationy
i ncl udi ng the
37. Apparatus for the deformation measurement of a sample, the
apparatus including an environmental chamber within which a sample under
test is mounted in use, a source of incoherent light for illuminating the surface of
20  the sample, and a means for obtaining speckle image information from the
iluminated sample surface, the image information being analysed using a digital
image speckle correlation technique.

38. Deformation measurement apparatus, the apparatus- including a
25 source of incoherent light for illuminating the surface of the sample, and means
for obtaining speckle image information from the illuminated sample surface, the
image information being analysed using a digital image speckle cormrelation
technique in which the speckle image information is analysed to find a

maximum correlation coefficient C*:
SN [f Gy~ Flelg, ')~ 2]
30 C*(* ) =— ni=1 =1 —
3 - 7T -\/zz[g(x',-,y',.)~g—f

i=1 j=1 jel jl




steps of: 20 obtaining gray-level image information of two or nore speckle
| mages of the sarrpl e; smoothing the gray-level image information using a
bi cubi c Pnt er pol ati on met hod; and det erm ni ng th%(:ﬁ’@&h%b(@ﬁh of a
correl atlon coef i cient peak for the 25 images fromthe snoot

gray-level inmage information. 29
where f(x.y;) and g,y are the gray-levels at points (x.y;) and

(x’.y’}) on reference and deformed sub-images, respectively; and fandg are

mean values of gray—l'evé!s at points (x,y;) and (';,y’;) respectively.

5 39. The system of claim 38, wherein a cross-search correlation

algorithm is used to find the maximum correlation coefficient C*.

40. The system of claim 38 or 39, wherein the maximum correlat.ion
coefficient is found by a line search, in which a search is made along the
10 perpendicular and horizontal directions of the captured images for a maximum

peak point for the correlation coefficient.

41.  The system of claim 38, 39 or 40, wherein discrete gray-level data

obtained from the speckle image information is smoothed using a bicubic spline

16 interpolation method.

-

42, A deformation measurement method for determining the

deformation of a sample using diéita! image speckle correlation, including the

steps of: ’
20 obtaining gray-level image information of two or more speckle

images of the sample;
smoothing the gray-level image information using a bicubic spline

interpolation method; and -
determining the position of a correlation coefficient peak for the

25 images from the smoothed gray-level image information.



