- 1 - Anethod for exam ning the surface conposition of planar
structures The invention relates to a nethod for exam ning the
surface conposition of planar structures, in which specific surface
areas are first heated continuously in a controlled way by a heat
source and a tenperature neasurenent is perforned after a
predetermned tine in order to determ ne the cooling behavior, in
that the surface areas which are heateld by the heat source are
detected at nultiple nonents by a thermal inaging canera in order to
prepare a tenperature profile of individual surface points. The term
"surface conposition” shall be understood above and below in the
respect that not only the direct surface is examned, but it is also
possi ble to analyze a nulti-layer surface structure in an in-depth
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An especially high nmeasuring precision is achieved especially by the
novenent of the thermal imaging canera, which can be expressed as
follows by nunbers: to < 0.1 . 5/ v, preferably to < 0.05 . s/ v. It
has been noticed that any di sturbance variables thus have a
relatively low influence on the result of the neasurenent. An
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during the recoating of hulls depending on the detected thickness of the layers
that are still intact, leading to considerable savings in material.

An especially high measuring precision is achieved especially by the movement
of the thermal imaging camera, which can be expressed as follows by numbers:

to<0.1.5/v,
preferably

ts < 0.05.s8/ v.

It has been noticed that any disturbance variables thus have a relatively low
influence on the result of the measurement.

An especially advantageous embodiment of the method in accordance with the
invention provides that for calculating the surface a characteristic cooling time
constant t is calculated. It has been noticed that the characteristic cooling time
constant, which will be explained below in closer detail, is an especially good
measure for the surface composition.

The present invention further relates to an apparatus for examining the surface
composition of planar structures, comprising a heat source, a device for moving
the heat source along the surface of the structure and a measuring device for
detecting the surface temperature of the structure which is connected with the
device for moving the heat source. It is provided in accordance with the
invention that the measuring device is arranged as a thermal imaging camera
which is arranged to perform repeated measurements of areas of the surface
subjected to heat source, with the respective measuring areas overlapping.

Preferably, the heat source is arranged as a halogen lamp or as an arrangement
of several halogen lamps. It is also possible to use elongated and very slender
infrared radiators.

It is especially advantageous when the thermal imaging camera is arranged as
an infrared camera with a resolution of at least 240 x 320 pixels. A resolution in
the magnitude of 1 mm can be achieved when using a suitable optical system
and a respective recording distance.

The present invention will be explained below in closer detail by reference to the
illustrated embodiments, wherein:

Fig. 1  shows a side view of a test arrangement;
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Fig. 2 shows a top view of the arrangement of Fig. 1, and

Fig. 3 shows diagrams for illustrating the measurement results,

The following needs to be noted generally at first:

Information on the principle of heat transfer (conduction, convection and
radiation) and thermography was collected. Radiation is emitted by bodies, with
the radiation intensities depending to a substantial extent on the absolute
temperature of the body. Conduction describes the thermal cenduction in the
material. In order to enable quantifying these heat transport processes,
extensive knowledge on the properties of materials is necessary. The properties
concerning the degree of emission, thermal conductivity, thermal diffusity
coefficient, thermal capacity and density of different steels and base materials for
lacquers were collected subsequently. It was noticed that these data for steels
are relatively easily accessible and reliable, but that in contrast to this there are
hardly any characteristic values for lacquers. For this reason it is necessary to
use the properties of the base materials of the lacquers. Concerning the
emissivity it is only possible to make rough statements because they depend to a
high extent on the surface. There is usually a large difference between the
emissivity of lacquers (around 0.9) and of steel (between 0.2 and 0.86).
Emissivity can be applied only within limits to the degree of absorption of a
surface, so that measurement methods on this basis provide only unsatisfactory
results.

Thermal conduction occurs as a result of a temperature gradient present in the
material, The general equation of thermal conduction {equation 1} describes this
process concerning the three directions of space x, v and z, and time t. For a
one-dimensional problem without any internal heat sources, the law on thermal
conduction is obtained according to equation (2) with the independent variables
x and t. The thermal diffusity coefficient is obtained as follows:
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thermal conductivity specific density specific thermal capacity heat
gquantity generated per unit of volune and per unit of tinme thernal
diffusity coefficient The three-dinensional problemof equation 1 is
sinplified in equation 2 by omtting the conparatively snall ternms in
order to enable a self-contained solution. A nodel for

one-di nensi onal equation of thermal conduction was prepared on the
basi s of these equations, which nodel-awas used as the basis for
similation with a software for sol vi ng mat hemati cal probl ens
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assunpt i onsoludere made: Firstly, the heating occurs in an inmpul se-like
way and at the end of the inpulse the entire energy supplied by
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honbgeneouswvdstidagipent i al equati on. The solution for the surface
tenperature T(t) is then: T(t)=TAC(''')c +71,,(2a) with TA stating
t he t enper at mmeasdiifd egseanblybetzee davdl@eduésr acfonaingi Brst madsesr ical the
directly abb@srnidiee ahk NBethdd tineceRash@NivitASHENBEeLIBATDRKIAL W 8nhéYin t he
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cool i ng Charmpose’c[ons is (L:Jged which is designated with reference numeral 1. The sample
is moved past a fixed arrangement of very slender infrared radiators 2 and then
scanned by an infrared camera 3 as a thermal imaging camera. The surfaces of
the samples are lacquered in different compositions, sandblasted completely,
sandblasted only slightly, with the lacquering being performed in different
lacquer layer thicknesses with different defective places in the lacquer.

In the course of the development of the method in accordance with the
invention, an estimator was developed for the characteristic cooling time
constant r.



The cal cul ation of the estimator occurs according to the foll ow ng
formula (3): -- scw,"[All) frau. In this equation, Mstates the
nunber of neasured val ues of the avail able neasured data s[m and f
rate the refresh rate of the thernmal imaging canera. The indexes (pp,
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The solution for the surface temperature T(t) is then:

T()=T,-e"™"+T_, (2a)

with T, stating the temperature difference between lacquer and carrier material
directly after the heating, 7., the constant assumed temperature of the carrier
material, t; the time length of the heating impulse and t the cooling
characteristics.

The calculation of the estimator occurs according to the following formula (3):

M
Z(S(W.z] [1?1] - S(w.z)[M])

— =l (3)
(S(W.z)[l] - S(W.ZJ[M ])fmre

7'-(WP.:)

In this equation, M states the number of measured values of the available
measured data s[m] and fae the refresh rate of the thermal imaging camera.
The indexes (g, z) state the [ocation on the material sample from where the
measured data s[m] originate.

The influence of the material parameters such as thermal diffusity coefficient a
and layer thickness | on the characteristic cooling constant © was examined by
simulating the thermal conductivity processes which are performed with a block



has proven to be a suitable choice for the duration of the excitation
phase. As can be seen, the length of the excitation phase t1 depends
by square on the thickness |I and conversely proportional on the
thermal diffusity coefficient al _ which is calculated fromthe
thermal conductivity kL, the density pt. and the thermal capacity Cl _
of the layer with the equation a PLC, (6). The result of the
simulation is shown in Fig. 3. (a) shofs the |ayer thickness |
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- 9 - relative speed, so that an area not covered by a canera pixel
will not intersect with adjacent pixel areas (snudging). The

nmeasur ement system used for the neasurenent has already been

di scussed briefly. The geonetrical arrangenment of the sensor
conmponents is shown in detail in Figs. 1 and 2 in the formof a

di agram The principal arrangenent of the conponents is shown in a
general view and the associated plan W ew. The enpl oyed infrared
camera from NEC has a tenperature resolution of 80 nK, a pixel nunber
of 320 x 240 -pi Xel vagmidida ofrthd effaet mbfahds hupesireposéd 80 tidz grabos phEjgt he

measur ement, t hacreassenath SsiSPrRIMRGY etk termBiadiSusdly efpoMetsfall bus
systemto a PC where the inage data are further processed. The power

requi red for .t e axehéwad iiBNFig.s 3prAcldCRda byor-feae ddahagion baiwpsn &hé n

the formof sl ecﬂfiﬁﬁeés'l%ﬁd%@é%@&te%ﬂc%olﬁ%%n%ﬂﬂ!”e 1.5 kW of
el ectric power. The sanples to be neasured are di sposed on the

rotation table AZIEhOLBﬁ t@c&ﬁlanl:t%qn IQ%HPﬂﬁéairaT-thses ;Fh@st%@g\'r‘ WHO%GEQWQ\P
can be set tO boei\}e ar er ]areas S(b tléai s(ém{:t al\fw(':agori o?%h tﬁl&nefn? %m

circunferenti al rTi & radrus"o
cm Typi cal val‘h@ CF%PSUSE‘?‘T ”Hd"‘?%‘é’"ﬁ?ff"&ﬁﬁ%\"’é‘ for the layer thickness
nmeasurenment are shown in Table 1. Variable Nane Val ue Unit R Sanple

radi us 20. 5 1§ AMMRRERTH RARL AT ta, lusirated simylgtionsreglbtheb pl geaphs Sipe g

strictly monotonous way with two exceptions (8={3, 16, 10}) and therefore
enable a distinct statement on the thickness. Better measurement results can be
achieved when the thermal diffusity coefficient a_ of the lacquer layer is much
smaller than that of the carrier material (metal plate). The chosen duration of
the excitation phase t; is interesting for the reascn that a too short interval will
distort the result.

It was examined within the scope of this milestone how the properties of the
thermal imaging camera influence the measurement of the layer thickness. In
particular, it was examined whether an improvement of the system properties
can be achieved with changes made to the spatial resolution, temperature
resolution, refresh rate or duration of exposure of the thermal imaging camera.

- A higher spatial resolution of the thermal imaging camera is insufficient to
increase the spatial resclution of the layer thickness sensor. An
improvement in the spatial resolution is only achieved when the refresh
rate of the thermal imaging camera increases or the relative speed
between material sample and sensor decreases.

This is due to the reason that the local distance between two successive
pixels (in the direction of movement) is obtained from the quctient of the
relative speed v and the refresh rate fate.

- The better temperature resolution of the thermal imaging camera
influences the signal-to-ncise performance ratio, leading to a lower
estimation variance of the characteristic cooling time constant © and thus
the wanted layer thickness.

- The employed thermal imaging camera has a duration of exposure of
approx. 20 ys. It needs to be considered for the cheoice of the maximum



Hz a Grcunferential angle (lanmp) 0.53 rad R Picture angle (IR
canera) 0.62 rad 7 Position of objective axis (IR canera) 0/2 rad co
Angul ar velocity 0.55 rad/s The settings stated in Table 2 were nade
for the recognition of the residual field. Variable
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relative speed, so that an area not covered by a camera pixel will not
intersect with adjacent pixel areas (smudging).

The measurement system used for the measurement has already been discussed
briefly. The geometrical arrangement of the sensor components is shown in
detail in Figs. 1 and 2 in the form of a diagram. The principal arrangement of the
components is shown in a general view and the associated plan view. The
ernployed infrared camera from NEC has a temperature resclution of 80 mK, a
pixel number of 320 x 240 pixels and a maximum refresh rate of 30 Hz. During
the measurement, the camera is connected by means of a powerful bus system
to a PC where the image data are further processed. The power required for the
excitation is produced by three halogen lamps 8 in the form of slender line
sources, which each consume 1.5 kW of electric power. The samples to be
measured are dispased on the rotation table of the so-called demonstrator. The
angular speed o can be set to between 0 and =1.5n rad/s, which leads to a
maximum circumferential speed of vm.=0.94 m/s at a sample radius of r=20.5
cm,

Typical values for setting the parameters for the layer thickness measurement
are shown in Table 1.

Variable |Name Value Unit
R Sample radius 20.5 cm

v Measurement speed 11.2 cm/s
frate Refresh rate 30 Hz

o Circumferential angle {lamp) 0.53 rad

B Picture angle (IR camera) 0.62 rad

v Position of objective axis (IR camera) B/2 rad

® Angular velocity 0.55 rad/s

The settings stated in Table 2 were made for the recognition of the residual field.

Variable |[Name Value Unit

R Sample radius 20.5 cm

v Measurement speed 37.1 cm/s




Nane Value Unit R Sanple radius 20.5 cmV Measurenent speed 37.1 cnis
- 10 - frate Refresh rate 30 Hz a Circunferential angle (lanp) 0.53
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frate Refresh rate 30 Hz

o Circumferential angle (lamp) 0.53 Rad
B Picture angle (IR camera) 0.62 Rad
¥ Position of objective axis (IR camera) B/2 Rad
© Angular velocity 1.81 rad/s

The present invention allows detecting the thickness of the layers of lacquer and
other surface cornpositions of workpieces with high precision in an automatic
manner and at high relative speeds.



Rad 13 Picture angle (IR canera) 0.62 Rad y Position of objective
axis (IR canmera) 8/ 2 Rad co Angul ar velocity 1.81 rad/s The present

I nvention allows detecting the thickness of the |ayers of |acquer and
ot her surface conpositions of workpieces with high precision in an
automati c manner and at high relative speeds. CLAIMS 1. A nethod for
exam ning the surface conposition of planar structures (1), in which
specific surface areas are first heatéd-continuously in a controlled
way by a heat source (2) and tenperature nmeasurenents are perforned
after a predetermned tine in order to determ ne the cooling
behavior, in that the surface areag ggiép are heated by the heat
source (2) are detected at nultipl s by a thermal imaging
canmera (3) in order to prepare a tenperature profile of individual
surface poilnt sA nehisodafot ekarmiathg the tshefbcd dvengoaion of piater sBuaoresdi)Mii h a

novenent speeduiviclp\uBecifid1Sursatel #e8s ald@rdthRiai® coifabigy GRMIEEchtiold
covers a lengtf,an0a plat! s.%'&géeh%zé A LAt RCHL 8 Hﬁvﬁig‘fdbtrfor%@
tlne_lnterval or perrormng t neagyr mMent s wngbjtﬁe.t rﬁaL .
| mmgi ng camer 153 PO Med AURC A3 SR I PSP g FROIPS HEnTYiere it al
tois less t hatﬁatléb%wﬁ‘ﬁ@# 8ieapmpighese hepigd bydhie heratsoarqede) reofetr@rdt h
s to the speedtohulbipleanements byia therrba imdgihg caslerg (3)pn efder &b brepae x
0.05 . s / v. @dmphrdtetendfilacs oidhiogs tsarfedeapdintd, chiv@iceifdd wethattithé hat
for eval uating,dab&camel RCRo@d WERSE MBGertdiRr SREETV SUAC tkOQLIAG, tthae
constant is C%%H\Lﬁth%gging camera (3) covers a length area 61‘ length s in the direction
of movement, the time interval for performing the measurements with the
thermal imaging camera (3) is t, in each case, and further the time interval
to is less than 10%, preferably less than 5%, of the ratio of length s to the
speed of movement v, i.e.

th<0.1.5s / v,
preferably
to < 0.05.s5/ v,

2. A method according to claim 1, characterized in that for evaluating the
surface at least one characteristic cooling time constant 1 is calculated.

3. An apparatus for examining the surface composition of planar structures
(1), comprising a heat source (2) and a measuring device (3) arranged as a
thermal imaging camera (3) for detecting the surface temperature of the
structure (1} which is connected with the device for moving the heat source
(2) and which is arranged to repeatedly perforrn measurements of areas of
the surface which are subjected to the heat source (2}, characterized in
that a device is provided for moving the heat source (2} along the surface
of the structure in order to cover several measuring areas, with the
respective measuring areas overlapping, and the thermal imaging camera
{3) has a refresh rate (f.ae) Which is determined in such a way that the time
interval for performing the measurements with the thermal imaging camera
(3) is ty in each case, and further the time interval t, is less than 10%,
preferably less than 5%, of the ratio of the length s to the speed of
movement v, i.e.

to<0.1.5/v,



3. An apparatus for exam ning the surface conposition of planar
structures (1), conprising a heat source (2) and a nmeasuring device
(3) arranged as a thernmal imaging canera (3) for detecting the
surface tenperature of the structure (1) which is connected with the
device for noving the heat source (2) and which is arranged to
repeatedly perform neasurenents of areas of the surface which are
subj ected to the heat source (2), char&cterized in that a device is
provi ded for noving the heat source (2) along the surface of the
structure in ordePr&fgabyver several neasuring areas, with the
respective measuring gajeas,gverlapping, and the thermal imaging
canera (3) has a refresh rate (f rate) which is determined in such a
way that the tj [.at.er . LOg

wih the thor Aﬁ?pﬁgjq]@%gcgdgﬁ"%ﬁ R, ke B i By T e
the tinme inter\af® 369" P8 &S PR 895D &R abl y | ess than 5% of
the ratio of the length s to the speed of nmopvenent v, i.e. to < 0.1 .
57 U0 8, Aot et gt 16 BRR A chprqteeein Haningiasddest one
accordi ng to daaen3dame fppraended e Hie managiaf atrhé heat source (2) is
arranged as at |east one halogen |lanp. 5. An apparatus according to
clai m 4, cRar 't epRaraiys iaacardiag te isimts, |chasactegrized i shahthedinst seurce
arranged i n the) mamergedfas at feadt ore infharedppdiptus according to claim
5, characterized in that the heat source (2) is arranged as at | east
one infrar@&d rfadietiolaccdrding twedreodf the clairds Bdgo B chakacbérizdibinctiattse 3

to 6, charact ahb#ed iinBgihabmeRe (3)NehRehgbdBYBAAR GBARFA wAtR)a FeSolution

arranged as arbf'aBléé@f@é@x%&%i@lst esolution of at |east 240 x 320
pi xel s.



