WO 03/ 093760 PCT/ S&2/00058 1 Systens and Met hods for Deformation
Measurenment The present invention relates to systens and nethods for
measur i ngwiahas/o9steh or mat i on of obj ect s. I t is particularly rmgamdcreabss to the
measurenent of 5 deformations of small nﬁl es and conponents, such as

m croel ectronic packages, MEMs devices and the like. Packaging technol ogy

has been broadly appli &steiné BpdMethoesgst Defdrffationdeastinenméhtor der to make
products nore personal, functional, reliable and | ess expensive. 10

M croel ectronic packages are often nulti-Ilayered , bonded structures, and

vari ous systens ndle rpesfnbtel L feidtEs SRR RS BBk dne
desi gns i n ogéRrmatiod fobjédls. & i8 paRuldmespsitiablato thEnAeaseEmiEEof
general ly use opt i cal measurenent techniques, including Mire 15

i nt er f er dhret d9forpaiians of smal samp @émdqqmap@@mtﬁ, sichsas aUoFoRiREtFANiG ect i on
Moire), | aseé a&g&gb&mgrﬂﬁéso &1{}% @{]e(;ﬂ tal inmage correlation. There are
us

however vari ens associ ated W the systenms proposed to date.

These range from Phekaging téctinology htis beeidbroadly anphed&uith@ﬁﬁcmlbdthﬁncs
Inability to, condugt in- S|tu and real -time anal yses, the 20 [imted,

testing regimgastrgimerdgiite. mmpm%mqrﬁmmraﬁl fét'lnﬁﬂo'ﬁi Fﬁ"@@i%@nﬂé@ﬁs

def ormati on ggg‘_?{gl@ent systens and net hods, which, in their various
aspects, are e to provide a nunber of advant ages over the prior art.
Vi ened f#om one aMlieroelectioaippackayesi areaftsnomufii-layertbbandied stroetures) arith

measurenment s ste tem i ncl.udi .an.envir nrrental chanber within
whi ch a sanp® 'rﬂﬂ {] §($§raﬁb hbe'%lags'gﬂlﬁ? IRlaby BVI oad, a source of

i ncoherent |ight A@éor‘dlﬁ \Fhﬂddé%}éf@ﬁ%‘éﬁ/é%é?lfdé\}é%Mr%stﬁﬂ

| ong- wor ki ng- di stance mcro cope ‘for obtaining speckle iInmge |nformat|on

fromthe ilmigipalectronicpatkagedasigns nmfdeatmdge@rn@erembomoﬂweymmnng t he

Systemin ackorpetel gehdtafl, Ak BpubaMEaBREhtE RS 8L PRVHRE Wole™

versati 16 anigterfaronmtey, gebmetrit Muird ehhitmesf(sacimbl shapeetand prajection
m croel ectroni ¢  packages, MEMs devices, .and . other small conponents or
smal |. sanpl Vole), laser speckle correlation and’ dlgltal image correlation.

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
) 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 load, 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



WO 03/ 093760 PCT/ S&2/00058 2 material, e.g. small conposite structures.
Typically, the sanple size can range fromfor exanple about 0.26 x 0.35
nMme to abewo3®23%ox 81.9 mMB. The invention nmay for exanplrCTsGOedsi n
stress/stain analysis, thernmal expansion goefficient neasurenents, thernmal
conductivity neasurenents, 5 interfacial tughness neasurenents, and

fracture proppgafaloB,sm4HEdNpESite sitatiifes - Typiealps eh@ksapiplé RERNEAR aAnge 9ht
source, e.g. white light, with i mage corrzel ation anal ysis reguces the need

for anti-vi bfram for exaspieabedt 0:26ex Odymm” tetahaulifdet K81 @HuUNfed e.g. in a

Viows (as opposed MEINEHTERY Jops APl bF skl id SRR Bif Sl Sbfmaf ey
anal ysi s of sgpasioh Eaefitierd MedsUtefrittits, thafrRal duhductidity rigBupdithents,si t u
anal ysis of a :sanple. Further, the use of a |ong-working-distance

ni croscofe aintemaciahloughsesmmegssrements, andidragturedpigpanatian O foughnessat f or
exanpl e the ghé&g cope and 15 sanple can be spaced well apart. This
facilitates ¢ of an environnmental chanber, and allows the lens to be

spaced frome.g. Thelwesoamiheoheferithight sbamceee.d. whitedighthwith imagechanber
may be illumnated. It helps to avoid for exanpqle_heat I rradi ati on danmage
to the m crogewelation anabisis (rducesdhe imedfor aili-vibrationpregautionsdhatmight; ne

I ¢ _ ; . ; . : .
The L ke, Tnatngiseche ISR g, ITHR albRrd Tofly DIRTGRIGHAL Bnflaiy "

cl i mat e 1i0or ean peoide whulke fieldedewsi(asioppoed ddraentzenplelto pramt @rlede e a sanpl e
2l | ow T o1 acHeATIS). SARATAVG osk A7l of Saiels Reade ALean aiale g
time peri Odsreaﬁinﬁélﬁﬁéhﬂl-sith%aé&ké%%%émﬁléﬁi litate the real-tinme, in-situ

testing of mcroel ectronic pa es and the |like under accurate | oading

conditions. The churther, theysereflalepgomerking-distandecaidragcepaiatiows dig visipn
Seuroes,ro Siublh BBl ohg dOERkes, ROt bl Mbiohladhato .o o
this al Hgws shephacan betspaced evelbapart Thig fagtlitatgs tinel ase dif Bhasramonhearitang
and cooling regines over tine, with forced cooling occurring between tines
of heati ng. chamber, 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 sample 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
sample under test within the chamber. It can enable a sample to undergo
) various test regimés in e.g. a closed environment, and can allow for 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 chamk2r 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.



WD 03/ 093760 PCT/ S&2/ 00058 3 The use of heating and cooling elenents is
particularly useful, as it allows a sanple to be tested under nore

real i sti cwa e3mesmsb ances t han m ght ot herw se be the case.pdsammogsef erred
enbodi ment, two heating el enents are placed opposite 5 one another in the
chanber. A pair of cooling elenents may abso be pl aced opposite one

another in the c ﬂ@% B8l EIEEnilis PaRicElarBYsdlgl, d¥jpvi ded at
t he base of the gﬂ\%er? l}gwd:@ﬁdébgﬁ%@ogr nar;}gkll%ﬁe a comr on its
bottom a hefdws sosamplehtodie tested undér nope sealisticdineahistarces thaoowight on a
further pair of opposed sidewalls. 10 The. heaters nmay take any suitable

form and nﬁﬂ“qws%kgméa%% resi stance heaters. The cool ers may al so take

S o oL P OMEBSRAGF nPOOITAR, M St s sppibh

cool ers may be p eat exchangers, e.g. noun
t hei r re®r s onélamtherin the chambero@opair of gbelingielementsspay atsodur placachel s

th into i th t t sink. Th hanb b
bont | gur ed OBPARE SRS MMM dhe chAmItET 123 pooling SO RRN pr.fBYier ray be .
to provide %&ﬁ%d %{e ﬂﬁ}ﬁ&ée bhheC@rhber. eTRIE the chaivised rady Rave &f cddler on

cooling flu rough one or nore passages in the chanber walls,

and may pasifstbottonyla héater bareaghsofi a painof opppeed sisiawally eandfyeecler snia abl e
20 conduits connect the chamber with suitable cooling equipnment for the
f1 uid, sucﬁﬂﬂ{e"é’%? ?Pl%?ﬁqqp%a?w?ﬂ% envi ronment al chanber may al so or

al ter najg vel y pr qyetecditrs fialtakes eny sitabRfdrinhand ysagforaxamplelbele a
humdifier, either within thé chanber itself or apart from but connected

to the chanbesistanse heatersr being preferred. 25 The ability to provide a

hum di ty-control | Ny d ' ' '

m croel ectronic b?’%ké%bﬁ%%qﬁ%g%%@/@Cﬁ@{ﬁ%}{mﬁﬁdﬁv&a X? %Itégéo Er%a\s‘lr)g I n

t hei r const twsricslectfib&oblers diThescookars maybel previdedulith suibable Heati di fi er .

This may include an uItrasonig(ﬁ{( iter Ioc.ﬁa in_a water antaiH(ir,
f

/.t t heoHONNGRTE O S1OUTEH G TelTPa T ETR MAVIB 5 & AEPRFHP LT,

(e chafbe b BERLRIY S ey itngpe s S o | 1o, 11

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 suitable 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 rﬁay 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

03/ 093760 PCT/ S@&02/ 00058 4 When providing humdity | oading, heaters (and
possi bl y wwoizaws)onay al so be placed in the chanber to prrevi/st»2werssous
hum dities at various different tenperatures. The invention can for
exanpl e be used to apply isothernmal loafling in a hunidity-controlled

v ronmen O RGP hu ity 1BbGT ABARTs Pariekbedbly Hiferymay [ | ot

may for exanple ity envirofthents om "about 10%to about 95%

RH at vari giso he/Hisde i the chambertiogrovidetvariong hiuwidiies ateariousshiierantd in

t he chanber, such as a_ tenperature fsensor, e % igl t he fhgr %‘%rgi"

t her mocoupltemperaturesnThe ijventioasan fof gxamiple g ysed 1 gRpi S Fstive

sensor. Preferabhl. . Ser tint IodeBek @hielsdtrdriies | nner
cﬁ%@%'na d'¥ ﬁ@}ﬁ@t&%‘?ﬁlﬁll@ﬂ%rﬂkr@ﬁ%n@, intdt@efotelee ) r

chanber, sanple, as tenperature and noi sture nmay vary
w th hgi gifevicdsese nonitoring devices may be used to provide feedback

trol of 15 the th I d/ hum dity | ' . . d i
The autonatic rBsohamgher maser esempmpladd Bt RS e CRo] 1"
eg. a paf;Abcq%gp;{%p?%swés%%wva%wtemptemulréése. The | oading of a

sanpl e, e. or noisture |oading, nmay be under automatic control
to provide a suiSaitdide nhenitaingoyevieesimaydre piavided i theshanaker, sush agRy t he

system may include a controller for proyidi t \: t hat a
user t her efleMperaEe SENFOL ﬁpgrt'néhﬁ&ri%? %,aﬂ%%%ﬁ@%lﬁ H{l@ﬁ!'ﬁﬁsec@%rf ol l er

and Iqb t@ sm@%ﬁﬁrbf allRistive Jep@ormy al so al l ow required neasurenents
to be 'Made dnd Teco i

huni di ties or -t Preferatiy, rtﬁéts%giéFsC%'@L&égéd 3 tharaicheioB Bt 4 VRer possi bi l'ity
0% mave s dhrave! PR TR gL, B8 e s hemrynat Sarts o
be i nport arﬁeigﬁﬁ tests may need to run overnight and can also last for up
been pl aced on_ tFessmMAnNHanGs deidn 19y Pockisibto BrayckrgeahafbEP a0 ki o or
i e B 4P LEAEaRIG, oy e useds ramiimatin

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 a 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 required measurements to be

made and recorded automatically, e.g. at set temperatures or humidities or at

set times in a load cycle, 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 loads.

The chamber may include any suitable supports for mounting the sample

in place during testing.



The chanber may include any suitable supports for nounting the sanple in
pl ace during testing. WO 03/093760 PCT/ SG2/00058 5 The environnent al
chanber pweX®roakbiey provi des a cl osed environment, wth swEHEIVSGKI0BISBY Nno
air exchange with the surroundi ngs duri ng_ht esting. The chanber therefore
preferably includes one or nore w ndows Itably transparent to the

|1 Tumnation i g’ﬂ!é% V%h?irBﬁﬂl%h(tjéol%sh?Hnﬂa?éy grEferaBRIrevities Recloséd bntrbaimshtand

observed. The w or wn or exanple, conprise quartz
crystal, angitieubsentialipreldicetahamgeowitti the streoumdings duringftestingaipee into

t he chanber. Sealing the chanber,  and, preventing ai.r exchar hel ps to
reduce air ehambenieceiore prefgea %HTM‘%%?O ?"YJPH@W%Sé@ggWoduce

LA Vil EnPRATE fuish igh? Miefdet @ SldPhetdpld tothe, chanber | s

preferably sha Sso as to er reduce problenms with air
di st ur banceflumimated iamdeolpserted r Fheavinddwrfenwindews)bvay, fos@@mde, mB8. Such

' i d i t abl || ] ' ,59 ; - h
i monsi on' reePeRBHBKS Ravetal nEMaL PeaBrEELE Faldh (€ P iniRtob Y A "
i ncl udi ng Lg;@qs[%@icfﬁ% Sh&mBES OSBANRY e BiAAbEY, @ndpréventing airaxehange) x 15

200 x 100 arge a chanber size could prevent for exanple the
t her noel ect hélps dooéduce air distprbarices iy the echamhpethat umight othegwiseqprodurge

chanmber sizes, are applicable to both thermal and hum dity | oad chanbers.
The smal | sﬁ@?@ﬁ!ﬁﬂﬁ%ﬁd{?ﬁp@ﬂﬁ er to quickly attain a state of _
equi | i g um e. gTha isetioP SiFedfitte chEflberdprdferdly kept sSmghtssas fafurtherai r

20 di sturbances. Also, it is preferred to position the inlet port.for the
moi st air i redsice probleras withrait disturbaaces ARk aﬁef%fqdoemhﬁ’f’ﬁ'g?nﬁ’ éﬁjﬁé%ugi r

di sturbance_ |t~ 1 | i ' jacent
the inler pSPEo0l Bl SEEFBRACAIOMIGL2 FRIG SR e51fg sppte witiBt B
sanpl e. Al t hriegiRghé dimeasibhatquirtments=fundypicalyelectrenice packagessvether ed of
air 25 e.g. using suitable punping,apparatus. A.hum djt h r a

t her mal chagiges inflyding l?'@ﬁ’l"&@@ﬁ %‘ﬁ%"?‘gﬁq’vﬁé{er B??%E'Lér ﬁ-gfr‘rﬁ’ %@&2(@?9]‘ or
exanmpl e £ wo nﬁ,gﬂ RibrReeRt forexanislege, e.g. on
a sui tglb#e %gdrjl%(infn%&ta |?%r%55??n§%mrg?§?ﬁge$°gt a'ralce m croscope _nay take any

sui t abl e f otharmicelectic cagleps fromipraviging lowd ieraperatukask ey -4P% adbes from a

few m I i rreg gr%b‘é?s;sz%\éearrglapplicable 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 to prevent
the flow of air directly onto the sample.

Although not essential, the chamber may be able to be evacuated of air

25 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 Iong-working-disfance 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
example, the long-working-distance microscope may have a working distance

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



hundred mllinetres. Wien nounted for novenent above the chanber, for
exanpl e, the | ong-working-di stance m croscope nay have a working di stance
range of Wwooise3go about 32 mmto e.g. about 315 mMm WO 0FALKNG00058

PCT/ S&02/ 00058 6 The m croscope preferably includes a zoom conponent, so
as to allow the mcroscope to view a sanple on either a macro or mcro

scale, and to p‘r‘(h\)é}@&r?%%ﬂﬁﬁ}eféfa#y%hd@s%ogﬁwﬁcﬁﬁ ant, 50 BsTodIRW ope

al so includes an s conmponent 5 separately adjustable fromthe
zoom conpongyd micradcope torvievoa sapeple on githefrer mialcyo opnficrgusaate,and tmt it can
be zooned into or oyt oimgn alr:ea of interest in the sanple using a

one-ti me follRVide@@lobalRrJocdl\I€Wed, the objective lens can be fixed, and

Lhe mi cr oscope ogsteRfapRORRIMiGosLEN BldoaneRies anRbte leAsSdnfhodit

b
sanpl e wi thout | o0sing One-tinme focussing facilitates the
nmeasur engnt sepatatelyladjustablecivam thecfoomaoimpeseot, andcthe icreseopeiSe t hat are

foi - and t i d | NS, :
espect al Ly PROIPEANY CPREOHEAERH At cen B eomeruBpeof drdPalst Stintemst s or
a wide rangg, ﬂ{% é@\‘laﬁief LSRG iLOne-Sife foeat. tTusS 8ABE fodlRiselieths ebjedtivs lery i ous

| evel s of detal one preferred 15 enbodi ment, the m croscope includes a
nurmber of TVamiieeﬁ;xed)dandﬂ?\ednimoneefrﬁjbh@ zopmed teagiewea lafaerceiesmabenr ovi de

a nunber of different zopm [ i stance ranges over which the
system can \%B?Q.OF&HS%’?B%p‘fvgﬁgﬂﬂ@gfnﬁifgg%%cope may include 2X, 1X and 0.5X
TV tubegg for useué-tilhd Rcuskingacilitates hemedsafetenl efdbcalearidegiobal with no
obj ective lens. 20 The TV tubes provide a |ink bet§een t he upper zoom

t

nmodul e and deformatipas Qfeﬁf@aﬁpfarﬁfmﬂﬁdhﬂ@etﬁr’rﬂe&e af'ﬁéodBF" _le"i"%'_étg@e
pl ane. _Lover, ot T LURSS AL BB idehthinossefomatl © i gher

power TV tu Se” magnification on an assoclated nmonitor. The
m croscope i s prafte midrgscopepeaferadly allows fenaividairangedofinagaifigation, £

i ncl ud | t uat d bi.ect jve, | tyator f i

the magni f featithesammpleraaY, beiigived AL vatiols |evels of dedil. Utoheorstemest & "Such

as stepper e%ddﬁiﬁwenﬁrlﬂeﬁﬁi%i'@é@ﬂe?(ﬁhtélha@siarﬁlhmﬂér 8OPVitLBES apd tbfctivesuch as
ers,

suitable enco So as to trac he positions of the zoom conponent and
obj ective lensescwhicheay ke awitched &y prvide adnspirercefidifferent 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 motors, such as
stepper motwrs, 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,



30 The speckl e patterns observed by the m croscope may be recorded in any
sui tabl e manner, and are preferably stored in a digitised formthat nmay
then be wada3absrsoanal ysed. In one preferred enbodi nent, tHoa/Speohdse
patterns are recorded by a CCD canera that nmay be nounted on the

m croscope. Suitable el ectronics, WO 03/ 893760 PCT/ S@2/ 00058 7 such as an

| mage card, y be provided,t a @ahtera dtatew er for
sui tabl e prsb'ggsaosi %quﬂgcggﬂﬁgyﬁ%j)r%gale%ﬁgﬁgg I n ger?y srui t abl e manner.
[11um nati %m&ﬁe}fbr%itbbmr‘&c@bﬁiﬁgt he envi ronment chanber, but this could

cause problens 5 wth accurate_control of e.g. e chanbey,. ture.
Preferably, the The sampla may bailitminated g any 'téb[]esm@nSF' [“Hb%@ﬁﬁ er.

Preferably, the lLight s e LS., blRICéduseyobisnag of

t he envi rorﬁ"‘t‘?é'llffgfe f&’rﬁﬁ%@“ ﬁ‘ﬁ#@‘"a‘ I | oésﬁg?l??e}n?iérgtﬁtmggsgg di recte(e)‘yd strai ght

t hroughg t R@is Baciate vbREeMf eagdthecchdimieert teynperatune.n Freferaklystepl e, the
inciden? Iight 10 being normal to,the, pl of the sanple in which

def or mat i orillunsiraiopesourem i Wﬂteﬁﬁ%tsfﬁg{%r%mgb%r stance microscope is
preferably also L i QWIS s0Wis!tB He dirédtly ewdrhaadof

per pendi cul ar toﬁ%i%}aﬁg’lwa;ggei"ghmrhé |éJgfd;)rmatt_isons are to bg1 moni t ored., An
advant age aheWHAroafiegleshemiiser. sThisallowsdhe figbkicsbe difgeiedsitaigheiroygh oy e

t it t t - of - pl f t ey ' : |
Coused by Sheiahassherringpunandds siregty SRETnafe B FREH AR |
the SYﬁbf m qtﬁagﬂg ﬁro?r‘ﬁia?lf‘o Y ﬁa@é‘b‘?'ﬂ?’é 8amplé Bl whichrdefesnaticn isdte leonpar ed to

i

e.g. umnation. Preferably, the |ight source includes.an
i | Ium nat i ngogituiete Thelorigswatking-distadce pHCIPSCRRR ft ow%fﬁbkm%'sﬂi&qs&%‘?ﬁ%,

and is preferably nounted gn.the.. mcr : I it source
i ncl udeg a Cﬂir%l\?/‘?‘{eﬁée 'o‘(‘/ﬁaga °§BS€¢5’{'§§%%%?‘5!§F ?n{@rgo%{%%%gﬁ WiIQE(SeF]‘Jer abl y,

t he actual &él’éh‘ﬁ% iOhs bt be imeénitayeder at or of the light, is renote 25 from
t he m croscope. h

R N T AT Lt e R
gE?[‘QﬁH;egﬁﬂggﬁ&es%d{s'itg)%ttorétﬂgoﬁﬂaﬁé Reforfittionl! & o uhanges regrptievsisough a
cauéed by small out-of-plane deformations can be reduced or eliminated, and
the system can provide more 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 remqte
25  from the microscope. This prevents or réduces 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. a 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.



optical fibre or the like. The light source may be e.g. a tungsten-hal ogen
white light source. 30 The light source may be nmanually set, or may be
aut omat i celd og/esmsdrol l ed in co-ordination with the ot her PEUSGHR/00058
paranmeters, such as zoomand focus control and | oading controls, so as to
ensure a suitable illum nation intensi tyafor a particular sanple and

| oadi ng regi ne. g&gg@@qﬁg%.ﬁ@cﬁ%ﬁg WRoR m%v@rréfa?i?é% Yhe 5BfMpR Cs6 AP

is able to nove e sa so that different portions of the
sanpl e sur f gigeremypoptonsiepihet sinplErsurface mayberiabpgctedc Aihis isoreferaly ng t he
m croscope rather than the sanple, e.g. roviding the m on a
sui t abl e poa¢hiewed RY MR .th%gﬁ?rﬁ@"?ﬂg r‘l’f?‘éﬁ i%hﬁeﬁpef%%rﬂnhi{é%w@ﬁphe

m croscope S L2 St | Ha watlidhtinf @evidd e

m croscope ﬁ% %\?‘Z%&%%ﬁ %IG)SVLE%EB% Egilg?il%bnrggé%%npr ygfeg X- axrgh;lsmgnd é axi s
trans| atg onmotinggkt thei nicrpseoper emsures tisat thesanple is puitahlyiit ba rsaigehew

whi ch the mcroscope is nounted. Each stage nmay include a suitable
actuat or, stienMmigsoecaRg BdNBYeA-0 st epper notor, which may for exanple

operate a ballsc ! lse0x-biie! -axiosanslatios ensor
Tﬁ&’rﬁ%\?@rﬁgﬁ!@&em &ammpﬁf attey-ax

such as an encoder, eeddack conirol. The actuators and paosition
sensors maystagesowiik preféraklysalso g-z-axia transtatige stage onovhieh $he RHETQSEaPS n

are control]ed b nt.r control . ' t ) LSO n the
z-axis stagh® rﬁpﬁg@%afﬁ?c%aa&%n%@c"i@gi%p Féo%&(l)@ {C{rhge@?nméggscopge?rg be
altered e. gg ?@r hltbr, Mifici eyt @xantpie operatbel ballseréw @ntamigeynerdndt may  so
that it can rotate about the Xy plane. This all

ws, the m croscope.to
capt ure spealsbdn¢lndgesposition seaseisuah as@n gmgqé)%fqgﬁe%%pcg%corﬁgcgf JII h&hen
the systemis inteqr A r i 'Qolge,p_t - §HGb-dt§g@ tensile
testing mcﬁ?W@P%ﬁ%trﬁteggﬁ'ﬁééﬁ Qﬁ@é%em%fgrbodgg‘g%gwan e’nzi ronrrent%l chanber
may be nounkgsiréiRIStatin tus are contelledrbyt aloestral canteoll i ke, to ensure that
they are accurately register with respect, to _one anot . e e
i mages recorded Bjernausing Qﬁ\ '@'caﬂaff%Pfg‘a" - s@g?tpggfeéa@pgqlﬁ)gfsc{lﬂr%ge
speckl &2or yeLAtdPOr iHRTARrGiSp B Slisietbbig. smasreckicroscameeanibe
anal ysed tofrn e maxi nrum correlation coefficient Ct: .
held horizontally, and e.g. so that it can rotate about the xy plane. This allows
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 microscope 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*:
ii[f(xi;yj)_i]‘[g(x'i:y'j)—g]
C*u*,v*)=—= ni=1 L - = (1
\/ZZ[f(x,-,y,)—flz e S 1e0r )27

i1 j=1 i=1 j=1

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

mean values of gray-levels at points (x,y;) and (X’;,y’)) respectively.



mn ZZ[AXi,Yj)-A0[g(x,i,Yjg-] C* (u*,v*) - i=1j=1 (1) ~,~[f(xiY;
)-f]2 ~~[g(x"i,Yj)-g]lz i=1j=11i=1 =1 where f(x;,yl) and g(x';,y'j) are
t he gray-Wwevesleszmd points (xi,yj) and 30 (x';,y'i) on ref acarsc2amds

def ormed sub-inages, respectively; and f and g are the nean val ues of
gray-levels at points (x;,yj) and (x';,y'Y) respectively. WO 03/093760

PCT/ SG02/ 00058 9ThIdkifreté frbfi the startaREcsiralatden oefiiciett foinuaqasithughein
formula (as taught 1n e.g. "Digital Imaging Techni ques in E,xglgrl nent al
$n

Stress Anal gg.<$Djgital tinapingeT echrigdesnrrExperirsental Sitess AAnatygjs » Ml nigeters) .

peak i n't heoBRMA et b Endiefie” Y 2 i 7 T ABp B hapy, o°
standard f omalkﬁpod@;&ﬂoﬁmﬁé hriiz@valigat Theaseakiindhe distribittorf oheduation (1)he
coefficient. The system could use a coarse-fine search and Newt on- Raphson

partial 5 diisfsharper thamthetfer the standamddpemtlay and fagilifatesgeeatar gccyacy in
disclosed ig "Pigital,,, | rel ati on usi ng Newt on- Raphson Mt hod of
Partial Di fﬂkﬁgﬂ&r‘&dfh‘*g@gﬁ'&(@ﬁﬁ on", H A Bruck et al., Experinental
Mechani cs, Vol. Fhe systdplcotid use BoEHrsefinef swaabh und iNevetorrRaphsom partialar ch
correlation algorithmis used, as this, can provide hi 9

h Pl
a(r:]cur acy i’indifai@ﬁﬁaldﬁﬂﬁmdépi%rqlatﬁé paifof ingpges (e-gnag d %Ig??eglﬁ[ﬂ Qﬁ]%li nds
t . AP e . . _ bl th
o2l O RN o Mt Pl b1 e

al gorithms or a maxrmum pea ong e perpendi cul ar
(x,u) afg hooretation”, VAYBrubkretcdl), @Expedferital Maphanies, Voln@gepp 261-26Fnaxi num
peak point from which displacenent conponents can be deternined. Such a
search is 4988} than the coarse-fine search method, and can reduce the
conputational ti Weféfaﬁ%yf, AGlveLePfa @Besisehch EbreREYN faAgdnthirdiki @ Gstthis

real -ti me nmeasurenent of sanple deformation. A preferred cross-search

corr el at i oncahguoviderhighs meastrement pacwagy andighedteernputatios tiee.edhe

det ecti i | til ' it US| ' i i gi.tal

apeckl e cor PuEm BEraAal. ind R e R guT pdRRot pERIRLTR BY 4tihe

processifg” sehfdiE Prefarbl, ithe algoritheivesmenedtakagiaximuivopeak’Boinpplorkp- 87,
both the perpendicular (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 computaﬁonal time by a factor of about 10, thereby fapilitating
20 the real-time measurement of sample deformation.

A preferred cross-search correlation algorithm is disclosed in e.g.
“Nondestructive defect detection in multilayer ceramic capacitors using an
improved digital 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 Correlation 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).



25 2000, Y.C. Chen, K C. Hung and X Dai (the contents of which are
I ncorporated herein by reference). Inforrration on such cross-search
correl ati wo @logsmdt hns can al so be found in "A new digi t ACTqGICIDESS
correlation nethod and its appllcatlon B. Rui et al, Acta Mech.
Sinica, Vol. 26, pp599-607, 1994, and ' Ndedestructlve 30 Detection of

Defects in Mnia t E?aot?tfi |

Speckl e Correl at Pﬂé aﬁ&gx’m (l?uégéﬁé%ggy %S?epdet a émgggﬁ}rﬂgs@g%g?s on
Conponent s, ciaeiaE smoothed lh@ngfaelmt:ublcrsymeameopmigyon nfedhed. ABicubic spineNo.
3, 1995, 677-684 (the contents ar e 0 ted herein b
r ef erence?plwp@\lﬁt@gé@@)km 5@959‘8 "ﬁqh rqﬁ%@%‘aﬁ Vﬁc{q n??%i?‘é’?% Y
gray-| evel [ a

51 cubi o spl Ptk ERAHREK SAARIE, FTwblefmehslonaP A inforp BN Agemhe .

known i rg er pi Bétew,Wellbsléy,Nl@tdlgl% of which can be found in e.g. the text
book Spath H., " naL spline in Iatlon

Peters, Well es| eJhel\mCLr'Egéﬁ nql'fge Q!ﬁ"b(i"la@ ?"H’t %'?(ﬁf(ﬁ@fzf%ﬁﬁgl I%Q/@ f or
sub- pi xel pEHﬁBf%%rg?anle\?éT@alnfé%%'l%dgféﬁnﬂuﬁi’fﬂr anyl pissttidroinithe deiagies] Be@nt or
any positionn mages, even though the characteristics of the

recordi ng déhough the. @aracteestlcsaabﬂ@ reearding glevice ag@- videoganmerd avdde a

pi xel 5. - Theclasteg SR Py 8 RerRlS YR AP bVLFRAAIREESD | 1

correl ajg Onuﬁbﬂﬁéﬂuém%ﬁﬁééﬂ ﬁ&e& TPti&s uBE @ tied bucnbsc $plioe lhtasrpérétloamdethod has
been found, 1 n practice, that an accuracy of I xel Eﬂ"réf talﬁ

The system paefralmme/cmr@atmeglgprtthmioa‘m%@rﬁ'ﬂ?r&a Fat§(5’°(§|‘
L R e BRI b

posi tioni ng ocus no mage- Capt ure nodul e and
an anal ysi s nodufThe @stemtmgfaabluygndUbIesfa ¢dresd controk fol coeudimaéing thae

system can run by itself after for, exa the i t, of asw ble | oadin
rggl ne. Thi yarl@wy)eer%wspgme? gueh gs %V'Wﬂgrﬂ&‘%? @QQH%? )
accel erpf ed BBQ%% masﬁlf,l Wzddhing érﬁdT@cu%Vrﬁédulénﬁn ihaBeRebtrdmodiRse

tests may fOr exa e ta In he regi on of two to fthree nonths to
conpl et e 10a6d|aranalysisyoodsle( tEnemtegrmtlng rall-efdoeseaemrolfentuses.dheystemy

test). FUrthen. uh Qﬁl ol L ELLAhBIRNESRbuf 6P TSk MShdiRg regiftét YRR for
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 two 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 returned for measurement after re_ma‘;z’val.
This enables a second speckle pattern to be taken at the same position and
maghnification. 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 field.
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



exanple a test is run overnight. The system can preferably record position
I nformation, and preferably 25 also magnification information, for a
parti cul awospaokice pattern record of a sanple, in order trRETHdGRWOESr t he
sinple relocation of the mcroscope in relation to the sanple when the
sanple is returned for neasurenent after termoval . This enables a second

kI ttern t ith i i proid Th
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two speckl e patterns ermne 30 any change in the
sanpl e str ughethed for deforfitationtrheasiaement hithe roethoddrploding the stepadfiplacing
field. The present invention f_tr‘r_ther ext ends, t.o, net hods i 000f danc&awith

the featur @Samplee ke trated yithunan enyiopmenta)ichamast @Phﬁ'ﬂ% he pUfage.
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further aspect, present 1 nventi s'a nethod for deformation
measur engnt thé filiminatestisampleudsing a lbagsvenkingsdistanoei migroscapmyhentthepe
tested wthin an environnental chanber, il.um nating the r. of the
sanpl e wi t h SARIALY Rger PBROT "BH?Q?%&HB"%‘QEQ'! %nc; ﬁﬂglé(sﬁ_nlgftﬁgr’r&tach%n fromb5
the illum nglednsaoR oBiainEd Usthd 2 Bt irihge speekisrefreltirorehRRjuen t he
sanpl e is under one or nore |oad conditions, and anal ysing the image

i nfor mati on obt ai Tredpresend inveatigh can alsebe seeadriprovideran anyiernmestaltesie.

Th t o ti n_ al . ' '

charber 1 or cigey fonua i e MoRLB RS bikdiiE Kol TEiE 8T Saflpie e
sanpl e, 1phe chifhBetanbiading an iieh ¢hamberie whidratiessarplevibimbunted, aamildew s
nmount ed, a w ndow (whi ch may be renovable for closing the inner chanher)
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that is trar(whishemaythe remevable for ¢lasingdhe dnelichamnkery thatds {rrpspagnt tg

support for ,th . . [ r el i
by ng o thenibRRBNfe sAdiRubn SH8'n thEfsta BUBhEH fef thaXanidlelBAd thofhal
the | ong di findiechumidilydoadiagimeams fdrsxpp‘iyiagaithpnnabamd/behuuﬁ@ity lomding to

vi ewed from anot her aspect, the present invention provides an apparatus
for the def dh&EAMMEt esting of an object, the apparatus including a source

of incegerent |igly 580fiNd IoMgAsiaRGe niersERbPelS iieitsdIPah imPOFtadt feature,

| ong-worki ng- di stance m croscope for obtaining speckle image information
from t he 20 arld, viswed frdnsangther aapecic the presephifyention proxdes anmnnagatus

anal ysed USifglgthae &iefgin%'n%{ion testing of an object, the apparatus including a source of
incoherent light for illuminating a sample under test, and a long-working-
distance microscope 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
extended to capture images of a sample in a process, for example in a curing
process or in a reflow procéss.

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
cosrelation 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 to meghanical 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



| mage speckle correlation technique. The use of a | ong-working-di stance
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i nf or mat i onusisgandigjtebitnags speekia CRHE t@ﬁ“‘?'&”ﬁt“ﬂ mn&g}q"m«?@ﬁ? pagem n
A u*1§/ ") in?&rrﬁa:ti]on:ijs ar‘aﬂséd: tb find-a maximum correlation coefficient C*:

3 S Gy - Flo[8(y,) - ]

i=1 j=1

\/i}":[f(x,-,y»—f]z -\/iitgaz,y',)—‘g'f

~i=l j=1 i=l j=1

C*(u*v*) =

where f(x;y;) and g(x’,y’) are the gray-levels at points (x;,y;) and
(x',y’j) on reference and deformed sub-images, respectively; and fandg are
20 mean values of gray-levels at points (xy;) and (X',y’) 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 inage speckle correlation, including the steps of:



where f(x;,yy) and g(x'i,y"'j) are the gray-levels at points (x;,yy) and
(x";,y"j) on reference and defornmed sub-i mages, respectively; and f and g
are 20 nma@wo3wabses of gray-levels at points (xi,yj) and (PCT/SG02j0)058
respectively. Preferably, a cross-search %orrel ation algorithmis used to
find the maxinmum correlation coefficientl3Ct. Preferabl y, the maxi num

correl ation coefficl Sblaihhc/@udeldt imgbforhatioh of o Wrirsbresissden s

made al ong both the x ections~of the captured inages for a
maxi mum peaimagesiof thersarhple25 correl ation coefficient. Al so preferably, the

using & bi cubi . spl | nemostengdha s inaee TPtaiof EREE P BISRBRAICC

the present w{tﬁiﬁﬁt‘dﬂ‘nﬁ%ﬂ,m a deformation nmeasurenment nethod for

det erm ni ng ormation of a sanple 30 usi g% digital image speckle
correl at§ on, i ncl udi ngetérmniningbegositianp of ocorelabiopcpesivientpssksior the

obt ai ning gray-1evel jnage ipfaormtion,of t r re speckle imges of
t he sanpl e; "@%Q)‘?ﬁ ﬁpﬂb{herénapﬁ'&?%l%@X’[le\’%@@gﬁﬁ?@’fﬁf’gh using a bicubic
spline interpol ghiea vaRbhedurtifeladpettd 6f thepregentimvention nwly alsodnclude
correlation coefficient peak for the images fromthe smothed gﬁra - | evel

i mage i nf or any obthe dtherdeaturesmentioned @boye e elatign e fhe firsk agpe ®ti on

may al so incl udet.an an the other features nentioned above in relation to
the first aBFREMEVEWEN present invention. 10 It would al so be possible to

repl acejg he whit ¢ wodiatalss Be possibie tabeplace theswhite light bsedetherabdveght e. g.
froma laser, and to use approgriate speckle i terferometrly as_kn I n

the art. |tsystemswite cebeeantdight e &omailaser. aprtP HSCraRRIPPIAIE she

system can | WeARRYE:T A ways using for exanple a personal
conput er ornﬁ%'éfé%%w%%gﬁ%s'ﬁ?bg%@ control and correlation software
enbodyi ng t he i nitesioule bearategtisat the vadolis coatrohfimctions af the systemsean be

descr i bed. PRSP Ta YaRE WNP SNG4 P e s anetrbsl s ke
gg:‘é"i 281[55 sL%glrj ?éﬁ(’jtgbﬁ%odtﬂﬁgnﬂt&ﬂﬁbléﬁ@ﬁ sbiiwareinbodyig the inferitive cbrdptgs
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; : i

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.



20 generality of the preceding description of the invention. 1In the

drawi ngs: Figure 1 is a schematic diagramof the overall set-up of a
measur emewo 03g@g3teem i n accordance with one enbodi ment of tHE/§BRSTE

i nvention; Figure 2 is a schematic di agra,mof, t he obj ect positioning and
control 25 neans of the systemof Fig. 1, "Figure 3 is a schematic diagram
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acqui sition means I's 10 connected to the TVtube end of the mcroscope 2.
I n use, 18 sagrinectad:to the BV tuke endloithe oicrospep&adge i s positioned within

t he chanber 3 and subjected to the I nd/ pr 1 di ty | oadi The .,. -
resulting defor ﬂﬁt‘fsén aoﬁarf'ﬂltg %’e?ﬂp%gi"@%%#ﬂfgﬁmﬁ#?\égsdggﬁ?gg'%‘&ff‘@#ﬂ@
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) f
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15 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 another 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 controller 8 may for éxample take the form of a
standard computer 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 XY and Z-stage
sub-controllers 51-53.
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and the image acquisition means 7. '

The microscope 2 includes a zoom module 60 and a focus module 61 for
separately zooming and focussing the microscope 2 under control of a zooming
and focussing controller 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 replaceable TV tubes 62 and replaceable objective
lenses 63. As an example, the various combinations of TV tube 62 and
objective lens 63 may provide the magnification ranges and working distances

25 shown in Table 1:
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The microscope 2 can thus zoom into or out of the sample under test so

as to measure macro or micro deformations, and to either provide a global view

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 module 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,

especially during real-time analysis and viewing.
The illumination device 6 comprises an objective ring light 91 which is 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 to the light ring 91.

The intensity of the light may be varied by a user turning a control knob
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

objective Iens. 63, whilst having the light ring 91 on the microscope 2 provides



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
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det er m ned. %Péh%éméﬁf\a@mbm'tﬁe rAickeyope B td1he MsiRes diretily BBoleYAEed
directly above the 5 sanple in a straight-line manner. Generally, the

i || um nabi orsamplerinia straight-linemannefanual |y via the control knob 94 and

kept at this valug for an.entire test. .. ener .

however, al so be é‘sﬂﬁ?d@ewq @“m%at&k‘{‘i‘%ﬁ%dtglwé’%%ﬁ '@55%?'%‘453%3"QH8'
changi ng i Iyl ofbhdakeptat this QaREsRr Bn Jiftir8Yestoun! Mhe ddiferaldr @ sedildon
device 6 on the mcroscope 2, novenent of the m croscope to a new

i nspecti on pgusvevesnalsode canresieddq thrpystem eorirelies B for setiingeandrabanginge

illumnatin ' ' leally noved to the correct position. The
speckl e pat g%&ﬁﬁ%@&%@%?a@%&{%éhganpl e under test and inmaged in 15 the

m croscqpe 2 are Bgefduttihgthetileminatioa desdee 6iohithe miessstope 2)movement of
conprise a CCD canera 71 and an ima(%_e carqd,.72. The CCD canmera 71 is .
connect ed t dhewaicresaopedeznewnspection pesitien,glse,casises mevement akihe lighty 72
digitises the CCD i e ﬁﬁ% i ; ’ :
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first 20 sywsjtidremis used to apply a thernmal load to a sanple, and the

F o 4, the sanpl % SEFHE RETBET blaR- BB LSRR e e AP b o
3, a | 03d (itAelrhicfoscdpe 2 AP RScdrdéd by dRe image ticqlidRionameans 7Waltich @) | ng
chiller 130. 25 The chanber 3 includes an inner chanber 100 within which is
mounted a comprise a CCD camera 71 and an image card 72. The CCD camera 71 is
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 quartz 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 connected to the central controller 8,

and activates the heaters 101 and coolers 102 in order to produce the required
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now to Fi g. @der fecooithem andimprovidermisinistaithe heattakepsiemdhe dingrig. 5 i s
simlar to tnﬁt S%ID{%(?] 4, and includes inner chanber 100, sanple S,
heaters 101, pl e tenperature sensor 103, heat insulating materi al
104 and1@ quartz ReRFSngNBACY Figb5, thesheaidigfsubsgstenelsesstiowrs. cool ers and
chilled water circulation, however 15 t he ubs%/f t.eminc|ludes a _hum difier
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for feedback contro he like (whigh is ted at 20 about .the

m d- hei ght of theéMf gféhSFmQ?'e?_Hfﬂ90013?5&@4?8)5'1“??@%{‘{33?’ Gitiiaton, hoyever,
suppl i eqsi n thBasupa§stent inchfids M ALNHGIAER $50 HR4: delverdwidislidir t8'thé denémcl udes
a high power ultrasonic exciter 153 located at the bottom of a water box

154. Mi st athamierptivieccondyityhls Mdswithe deacdbrortroller 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 further heater 101 is also
supplied in the base of the inner chamber 100.

The humidifier 150 includes a high power ultrasonic exciter 153 located

at the bottom of a water box 154. Moist air is produced through the vibration of
V 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 is
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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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 correlation 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
distanée 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 to record speckle images, e.g. at set

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

| temperature and/or‘humidity controller 120 accordingly.

20 The system also allows a user to examine the whole surface of the
sample, and to 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 allow 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 afea 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.



view that area on a local scale, the results being shown in real-tinme as
the sanple |load and/or view ng scal e changes. The environnental chanbers
al | ow t hewsemspbemot o be tested under 25 regines sinmlar trRETWSG@REIGESRat t hey
wi |l experience in use, and allow for accelerated thermal tests and the
like to be sinply carried out. The positi%%i ng subsystemis able to record
the position of i i ¥ | i kBAhidial
speckl e pattern %é%’@b?{gﬁgﬂhlgw gbbpdgﬁ'b ﬂ%ryéagéfaorrg%tlggggfgiaéngla*eﬁ%?’ '

i nterest, aralgt steess aed stapi nforemationd asrtbles® defdsirationd coorelspand tand t he

like in the field, The sanple hen,be returned to th asurin
slyst elm whi éré"&!ﬁ'qr@équr}ﬁ%"#ﬁ@cﬁ%&c%f&@ew&ﬂédm%ﬁde%&&ﬁi c;t : og) , and
so can accuratel w\mh%pgﬁ‘d fb fHeeddthlts Bﬁfﬁeedigir‘]é?hédéesﬁé’dﬂé céfr€atiah driMflysis

ori gi nal speckle patte These patterns c hen be conpared, and changes
i n the abea itselfi ifitaer alsjechistibuminatzd gitbaghitolight Breah the sedace ofithe-objest sy,
the analysis will be of, in-plane deformatjons @f the sanpl e, stress
and strain it &Wﬁ’fiu&? r?n@g@ { ﬁf’gtﬂm 435“n'§ O&? rtggﬁﬁggttﬁenﬁ%lﬁ&‘%ﬁi onal
movement of patdrg cah HdebnfskbErandeaegrdyereerest difféidht peias éntthetdifface.

details of the dlrg tal inmage S{)eckl e correlation analysis 5 itself, if an
obj ect is illuni fAneefoimatiahet ibe sagnpleatiis patterechangeass andrthe psinsipleaf i s

T s A e R KRR S SRR A ek e
on the 3prf agenpdte tHeldigitaitimages| intdrdes tngélermie Rowahedmagebaages, and the
principle of igital im eestﬁeckl e correlatiop is toﬁgg&;ure t hese

patterns, dicghianged ancia r 6se ghpnges Inzampla deform in order to
det ' h t hg,.i |
eLermne how P'gd:@g?lsil ‘égsﬁg%g[%f&réﬂﬁoﬁ ) Eéél%rhelstc?:ﬁaﬁcl%ﬁadﬁﬁé s(%zm? 2?01?

deformation. In ckl'e correlation, a search is con
the same p@oints inmndmageagithefoljéet biih deforearid aft¢nloadingd Assumingdhdt ng.

Assuni ng that . pojnt .F(X,y). is i ' f, i.xel s of. th
om0 o R ol ad e BT aPE Bty PS8, e
i mage ahker tHghBERHING of &8 pb@itiongts%yfr\ﬁ/ag;ﬁqﬁﬁd%@jaﬁéheefdmaﬁuhdaws usi ng

a correlation coefficient: mn C J ] =1 Mnm
performed based on the two sub-images using a correlation coefficient:

3 S LGy, - Flelg@,,y',) — B]

C* (u*,v¥) = =0

m n

\/ZZ[f(x,-,y,-)—f]Z o« 33 IeGe,y,) - 2T

i=1 j=1 i=1 j=1

) 20 where C* is the correlation coefficient; f(x;y;) and g(x’,y’j) are the gray-
levels at points (x;,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'1,y’)) respectively.

According to the principles of probability and statistics (see e.g. “A new
25  digital speckle correlation 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(x’i,y’j) 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



EZ[ . f(x1,y;)-] 2 1i=1j=1 1=1 j=1 20 where C* is the correlation
coefficient; f(xi,yy) and g(x';,y'j) are the gray- levels at points (x;,Y)
and (x';,wqgo3oosretb he reference and deformed sub-inages, rrEgpERiovEssy; and
f and g are the mean val ues of gray-leveli at points (xi,yj) and (x';,y"])
respectively. According to the principles &f probability and statistics

(see e.g. "AsfipW crédssdotieldtionThetidenzgiefotinddn “NBhBestradsld défect
application”, Acta Mech. Sinica, Vol 26, pp. 599-607, 1994, J.B. Rui,

G C. Ji n andd&eetioxun mulfilayeceramic sapeeitarsrusing a8 improved digikabspgckle, y' j)
are related, th orrelation,coefficient distribution of the a

cuat s on. hascoFRIAAMEReH JRIERaYRE Rapketiae SRR o cetsingndBrs o
reduce conputairsaefibné oRFAGVRNEREAIPARGIRS WdIE2E K 80Es7 £2000,30C. iCHen,
measurenents and to i nprove measuring accuracy, a cross-correlation nethod

i s used i5n tKd&.pgrlergandréDab hecantents of wéhich A incesp@retgd heleimby Det ai | s
WO 03/ 093760 PRCT/ SG0D2/ 00058 22 of the cross-correl ati on nethod may be
found in " Norr‘?(ﬁ%rsetnlcﬁ tive defect detection in nultilayer ceram c capacitors

using an i nprovedTHePrindipls BEEHIS erossotdreelatib® algtritivgds b EBarshveh the prefiet
noi se reduction processin | EEE Transactions on Advanced Packagi ng, Vol.

23, pp. 80- 8qf thequenk wpmqhﬁ@ﬁrp@d{?@ar epyaditestiansand then alongdhes of
i . _ . T A t b
O 0ss- cor r of TAtE @FoR R Gtckidh ult 6E FREET BEARBLRE Pt ol ynich
t he per p@ndi disphicemémcoypalients Lqy) amdivphpncaal badetdrmindgri zontal (U or

£ sp acenen:ConpBneSTalare phBFAHSRIcRor S s AP apon it
oper at i onal b it d ' ifed & | ieH 4 | | |ts are
such t hat thgeljégérlgc'g{%\lt/gfé gﬁ@?‘r‘éh@?'the stggc%égkfly@g se§ Zérrg%g?ggﬁéew ein

nat ure, w t hnatorgneith hogray-levMedinfatratiom bemg avaiiablebbetweenpiselspilnadrder | n

order to provide. sub-pixe rocessin and enabl e gray-|evel values to
be 15 det er ribrvies Subp e oficRERE, 218 MR SBHEaeliet B B ay -1 ovel
data obyai negbtefrhR8dEfod anyiposiidn haneimages stiediberdtd gidydletebd stalbistafiidd ne
I nterpol ation nethod. The use of the bicubic spline Interpolation nethod

al lows the f@nrepatheoGCR gamerais $popied using Adiadkiosalive jysiralation or the
correlation yethod. The use of the bicubic spline interpolation method allows 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 tcughness 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.g. a curing process or a reflow process; to measure the

coefficient of thermal expansion (CTE) for small amounts of materials and the
global CTE for microelectronic packaging components; and to determine the
thermal conductivity for small amounts of materials involved in microelectronic

packages.



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
measur e i wosistoa3meacr o- and mcro-scal e deformation for srrdT/SGaoowsss of
materials and small conponents as they aég subj ected to thermal and/or
hum dity | oading. The invention may be us to nonitor for exanple

real -time crack 2pp é’Eg@%%ﬂ‘bé’ﬁoﬁiﬂlﬁ@cﬁ%ﬁtdo%moHQﬂQl%@'laHé%‘tlﬁgﬁna&ﬁines

i nvestigate displacenent and” strain singularity fields around crack tips
i n bi - mat-eriel. tensiledesting machines, fatlmmtesbmg sadhines and/or cregmtasdingor

[ hi I d
Rt eriac al PaEbREcS Frsyls M ASRERoHaR o A srBRiman Bl mPBnc onaea

systens; to |daHRigT P& &@Fhpieah h‘HIdeﬂﬁ’ﬁa? %\é%@dedjtcf AR e ﬁﬁcr@%@B?G'tB%e
processes, e.g. a curing process or a reflow process; to nmeasure the

coeffici &nt Imeldtnmmew’aorlé&mah@remloor:w acbusta rotafioruin theoty wanenl'ahe and

the  Shor mal OBEARIRDPS G RIGnIcE forth Eah etted RIRBRRH I it o8 ™
i cr oel ect r axetimBACkSEEde IMEYESIET6E b@f&émw&qlagdmgsaﬁaehéyst em ey

be combined with common nmaterial testi ”%{”E‘Ch' nes, e.g. tensile testl ng
machi nes, f sdefguraatien detaymisrthbydae sateltionrsafiwaresting machi nes,

nmeasur e the def or IO d
exanpl e, a hol der%y %berﬂéggpgﬁgﬁb%%wg%t?@qgn%%@ggg‘e&t%hﬂ%sgg%h? G2
t he horitgontisd uséd &stany outwatoasimeterdl testing, dhcladingn charclerigatiomeof The

| ong- di st ance-workin mcrosco e can then be focus ed o the surface of a
speci men, sg8ERN %n'F?f'ngQeFt&so? Jeagioyspaier 'Vg%'o‘[]%Sp%ﬁmePﬁé

def or nat i on rﬂetr; r@nﬁ@ﬂ&Pdlﬁ%ﬁfﬁﬁb@'fﬁHl%réﬁ%%r%is Mbsﬂ,equbi ned with

common material testing machines, the systemcan 10 be used to carry out
vari ous mat emicibelestonicg pachagesnmgnotﬂmmte@tarsushtaainnsbn pemipaessiah and

properties of va us materials specially for filmspeci T
eacur enent ePirStonn Sl A unRRaRrls A8 shialtohRg e yalc tests,
m croel ggtr Cé‘gcfétlgﬁékéglgson%ﬁﬁml ambtintLof hateiididang shﬁlﬁhcﬁﬁpoﬁéﬁtﬁf aagi on
and shear tests, on small anounts of materials and snall conmponents;

cyclic test §ons1@té0@d tesisi @0eclash: tests @nsvaall amesints of paterals ang smalhd
smal | corrpor}gc{?ﬁ constant | oad tests, e.g. creep tests, on small
amount s of erl a and smal |

Itis 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.



conponents. It is to be understood that various alterations, additions
and/or nodifications nay be nade to the parts previously described w thout
departi ngw@®B/bsm@mn t he anbit of the present invention. WO KIGYIIH6GS

PCT/ SG02/ 00058 24 Clains 1. A defor rrati024rreasur enent system the system

i ncluding an environnental chanber withifiTwhich a sanple under test is
mount ed and @l4ikty ect to | oad, a source of incoherent |ight for
illumnating the surface of the sanple, a |Iong-working-distance m croscope
for obtaining speckle image information fromthe illum nated sanple

Gi'gi tal i mage Spetkl o Ao e o rRRRLAnB Sy et B s eRL FE R0 AL, §
wher ei n t he @mifdrmiémtal shambariathin whizh £5aple ahasibest isshduhieel a8¢s a
wi ndow therein transparent to the illum nating ight. 15 3. The system of

I

claim1 & subjpelteiloadrsewsemiingohergabighider Humingling hessurfapaielthees. 4.
The system o i \ gIT ' vd rE&Sl Bt eating
el ormnt s, | 2¢-Tipfy, Fdna IR bhind TRie ot fer BBt BolsR Rl Moo,
i ncl udes onafarmationheramdhe fllumieatetesample Siréacy; 2ndnaredflysihginteans fgrer ei n
t he cooling devices conprise _ 25 thernpelectric cooling elenents, 7. The
syst em of ar@nqjmesalﬂﬂgﬁegaimfprm;ﬁﬁmuﬁmgr%dtg#aﬁmw Aeeetde sormglation i ng
device at itg-hAREe @ heating device at each of a pair of opposed side
wal |'s, and a coolng device at each of a further pair of opposed side
walls. 30 8. The systemof claim5, 6 or 7, wherein the systemincludes a
source of cooling,fluid to grovifie a h'eat sink,for the co?I i’r]_% devi ces. WO
03/ 093760 PCT/ SGO®/ 000kRe System of claim 1, wherein the environmental ciramber is a

closed chamber, and includes a window therein transparent to the illuminating

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 9. The system of any preceding claim wherein the environnental chanber
provides humdity control, and wherein the systemincludes a humdifier. 5
10. The swsi®msfcocl ai m 9, wherein the hum difier conpriseCTsGo20bdssasoni c

hum difier. 11. The system of any precedigg claim wherein the chanber

I ncludes one or nore | oad sensors for nmoAPtoring the | oad on the sanple.

10 12.. The systeg of fl‘héihégsiélm oy Precédifg | Pamh, SfiETen heBHirsAténtal

tenperature sensor. 13. The system of claim 11, wherein the | oad sensor
conpri ses a chambanpoividessbusidity dentrothand wheesindhe system inolutlesgacl ai m
wherein illu '%.'.on of the sanple is substantially nornmal to the plane of
the sanpl e | AUHI¥ - deformation is neasured. 20 15. The system of any
preceding claim wherein the mcroscope-is nounted such that its optical
axis is substantially normal to the plane of the sanple in which

def or mat i%on i s medBur edheystan ofielairy veherein theyhwnisifier canprisgs@nwher ei n
the m crosco I ncl.udes.a zoom conponent 17. The system of cl ai m 16,
wherein the ﬁf@?BE'&JHgmidqurudes an objective | ens conponent separately

adj ustable fromthe zoom conponent, and 30 the m croscope is configured so
that it can be zoonmed into or out of an area of interest in the sanple
using a one-time fbcusThesystaa of payareesding glaime va@iraly the shamherdneludeshe

m croscope jncl WRY ' g@&p and objectives
| enses. WO Oéﬁlégggﬁe% g%ﬁ%é%off?gh"déﬁﬁﬁ@gq@he séﬁgg%s%%g%y precedi ng
claim wgerein the systemincludes inmge acquisition neans for recording
speckl e image informatjion in di%itised form 5 .

12..  The system ©of claim 11, wherein the 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.



20. The system of any preceding claim wherein the systemincludes a CCD
canera for obtaining speckle image information. 21. The system of any

pr ecedi ngwed @ioas76wherein the |ight source 10 includes an rd1/Sgmieisson

devi ce nmounted for novement with the m c‘r_:‘Q cope. 22. The system of any
preceding claim wherein the |ight sourc ncludes an illum nation device
nmounted on the m croscope. 15 23. The systemof claim?21 or 22, wherein the
illum nation device receives light froma renmote |ight generator via a
fibre optic cabl e19.24. Trasysies efraoy peecading claimpwhereis thessystenm inclades

20 25, The SyRRSAasioR sheicrBE el SRR ElrRthe LG ERSH PrdiRee™ Sh
posi tioni ng fggans on which the mcroscope is nmounted 26. The system of any

preceding claim including a central control for 25 automatically
controll Png the environment in the environnmental chanber in accordance

with a set | oad rggi : i.m.2 i e

control nonitors ?tg'ener%égy%%ﬂfﬁggég%%dnﬁwgfa%t \S{Pﬁ}é&g%@% EY%QW(E& a

i nfor mat i on €OD ¢dmerafoplobtaining sptkieimagaihfordatiorhe system of any
preceding claim wherein the mcroscope is automatically controlled, and

i ncludes a zoom | ens actuator and an objective |ens actuator for varying
magni fi cation an oc i ; e system
of any precedi ngcbclf'ai ﬁﬁ%%g?tgﬁﬁofﬁéygﬁ%gﬁﬁ% uhes@g@ﬁ?&%@% CoRtrol for
recor di ng t Heclpdes endlumimationgievice atduatedforanewement with e micioseopeen
speckle image information is obtained, and for controlling the 5 m croscope
to return to a recorded position and nmagnification to obtain further

speckl e i mage i”fﬂ.nﬁt'i'l%‘syﬁ@m dhany BRI clali, dhéféﬁm@ngmaédnrcéherei n

the speckle i mage information is analysed to find a nmaxi muim correlation
coef fi ci ent imeludes anillumination devjcg mpukted an thg migmscope.(u*, v¥) =1 j=1
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 light 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 system 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 systéem of claim 26, wherein the central cbntrol 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.



mnfi=i Z[.f(x,,Y,)-.f]12 ~[g(x",,Y,)-0]2 j=1 =1 where f(x;,yy) and
g(x';,y'"]j) are the gray-levels at points (x;,yj) and (x';,y"j) on

r ef er encewanw/odefeor med sub-i nmages, respectively; and ?and RETZGH2/0068N

val ues of gray-levels at points (Xx;,Yj) agg (x";,y"j) respectively. 15 31.
The system of claim 30, wherein a cross-séarch correlation algorithmis
used to find the maxi mum correlation coefficient C. 32. The system of
claim30 or 31, wherein the maxi numcorrelation 20 coefficient is found by
a line search, in28hi che systeraiof asyrmd@e@tngmlmowheme the system includesians

of the captur or _a m pe oi,nt _far the orrel

Qoef T ci eht %%fa'fﬁﬁ?roé 2 refordine. i Bfon ARk Maoftficath of safdta ddre, o
gray-level @hedfién §béékl@‘ﬂﬁa§é(i’lﬁfbhhﬁtlél@@é‘rlsbl%méﬂi%d'fBFebﬁﬁbl‘llﬁg the snoot hed
using a bicubic spline interpolation nethod. 34. A nethod for deformation

measur emént , migreseepentaratuidl tock rRearded pesition aitd magpifiegtian dasptaintfurtber
tested V\Athl hanmber, 30 - illumnating the surface of

t he sanpl e ﬁh%‘%%ﬁ@%ﬁ?nﬁ ", obt ai ni ng speckle inmage information from
the illumnated sanple using a | ong-worKking-distance WO 03/093760°

PCT/ SG02/ 00058 28 m croscope when the sanple iis under, one or nore | oad
conditions, and 3%al y$hagysiea ohage HT‘PFFQQ'%PI%W vwheseindhe spealgledmags t al

I mage speckl | £st chamber
for use in t|ﬁforﬁpitfo§ﬁ '?tdn%&gtgaggg@%t%mcag(r":rﬁgrna@hagﬁgé1(:& B%glao tact' Sanpl e, the

chanber including an inner chanbe n which the sanple is nmounted, a
wi ndow that is transparent to illuX tf(ﬁgy,)rafl]‘ig(bnyuéecg]l n the test, a

support qgor the sanplcetang)the Jity | oading neans for
applying a thermal and/or hum g& 5 '?j§ An
apparatus for the deformation {£s y) 14 m’éw aépaﬁ at us

I ncl udi ng a source of incohere £ 4 fght for i |1 uhfhati ng a sanpl e under
test, and a | ong-worki ng-di stance m croscope for obtaining speckle inmge
information fromthe illum nated sanpl e surface, the inmage information
bei ng where f(xi,y;) and g(x';,y’;) are the gray-levels at points (x;,y;) and

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

32. The system of claim 30 or 31, wherein the maximum correlation
20 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
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



15 anal ysed using a digital inmage speckle correlation technique. 37.
Apparatus for the defornation neasurenent of a sanple, the apparatus

I ncl udi ngwanoa@ayieo onnent al chanber mﬁthin whi ch a sanpl e wdesGo2vess i s
nounted in use, a source of incoherent t for illumnating the surface
of 20 the sanple, and a neans for obta|n| speckl e image i nformation from
the illum nafigesesreWhehtthbaemnplehs undeosné Bfﬁidfétlbéd‘cbﬁdﬁign§n§hdsed usi ng
a digital inmage speckle correlatlon t echni que. . Deformation neasurenent
appar at us, taralypipgrthe imagadniognagon obtained wsing @ﬂlgliﬁtdmegerspebk@ht for
|Ilun1nat|ng t f the sanple, and means for obtaining speckle

I mage i nf or n&LY %ﬂﬁgégﬁﬁﬁHﬁe?llun1nated sanmpl e surface, the imge
information being analysed using a digital image speckle correlation
technlque i n which the speckle image information is analysed to find a

maxi mum Sor r el at i ¥ colnfenyirepmental teshchamber for use ipjthe digital imrge, y, j) ]

721 W 03 oo EdTeRa T obk ahife Wblsaierhilgliien lirer' Q%gnw

gray-| evel s iatwiich the sample i§ l)noamded (xWwindow thagis trahsparenttaildnilgamgre
sub-i mages, respectlvely, and f and g are nean val ues of gray -Ievels at
poi nts (x:, yiadiatien ysed 'Mhﬁ)teﬁbﬁ)"étﬁﬂqlibﬁoy thessamplerandsthermag 6'ﬂd/@|rz§iumlggy

e Fos BRGSO APEHAP R ibdefnd W iihe i T

maxi munmQ@orrel ati on coefficient is found by a line search, in which a

search is made algng t cuI and hori zontal d'.re tjons of the
captured i nages f"g‘? 83 ﬁor{: ?F‘é@&&fﬁfh# (dB%f ficient.
41. The Syﬁé?fﬂé?ét&'lﬁbﬂﬂ% a3Bufde éﬂncﬂﬁ&’e‘?ﬂtﬂgﬁ’ﬂﬁ?‘ilﬁhﬂngf“ﬁd’a'éﬁfﬁ e c?er
obtai ned from'the speckl e mage information i'S snooth ustng a bicu

spline 15 iteskapd atang-woeingdistance mler@soemmrmbtammspedde umregeod for
det er m ni ng |ﬁ@ﬁﬂ%§ﬁﬁé&$hh@ Nihinte P ERhBIcSirte” i Iihgd TRIMSASS bbihg

correlation
16 analysed using a digital image speckle correlation technique.

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
illuminated 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 correlation
technique in which the speckle image information is analysed to find a

maximum correlation coefficient C*:
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steps of: 20 obtaining gray-level image information of two or nore speckle
I mges of the sanple; snoothing the gray-level inmage information using a
bi cubi c spla ;3®93iemt er pol ati on et hod; and det er m ni ng t he puagdmomsef a
correlation coefficient peak for the 25 'bgages fromthe snoot hed
gray-level inmage information.

where f(x;y;) and g(x;,y’) are the gray-levels at points (x;y;) and
(X'1,y’)) on reference and deformed sub-images, respectively; and fandg are

mean values of gray-levels at points (x;,Y;) and (X';,y’j) 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 correlafion
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

15 interpolation method.

42. A deformation measurement method for determining the
deformation of a sample using digital 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.



