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A photothermal approach to the problem of characterizing the thermoplastic layer thickness
sandwiched between two metal foils used in heat-sealed food containers is described. Real-time
signal acquisition instrumentation for the photothermal radiometric signal based on
impulse-response fast Fourier transfofR¥T) processing via chirped laser-beam modulation and
cross-correlation spectral analysis, instead of the conventional point-by-point discrete frequency
scans with a lock-in amplifier has been introduced. A theoretical frequency-domain model for the
signal generation due to laser heating, which contains both a thermal component and a mechanical
component due to the thermal expansion of the thermoplastic layer, is presented. The time domain
impulse response theoretical data have been obtained by a numerical FFT of the frequency-domain
theoretical data. The total signal was measured via radiometric detection in both domains and was
fitted to the theory to obtain thermal transport properties of the three-layered system. The thickness
of the thermoplastic layer has been extracted with better than 5% precisioi99® American
Institute of Physicg.S0034-674808)01102-3

I. INTRODUCTION results in low damage threshold for many materials. Further-
more, chirped excitation is characterized by the low incident
power density and high source stability inherent in cw laser

stems. It also has the advantage of high speed data acqui-
noncontact photothermal technique for thermomechanic y g gh sp d

oF X ) ition compared with point-by-point single frequency mea-
characterization of a thermoplastic layer sandwiched beéurementsp P P g a y

tween two metal foils used in heat-sealed food containers. ., complex sample geometries the thermal-wave mea-

For t_his particular _application a noncontact measurement Wag.ament of specific parametdssich as thicknesses or ther-
required of the_ th|ckness of the polymer Igyer t_)etween twomophysical properties of multilayered solidsay be ill de-
Iafyfers (Tf alu_mmun; '2 a heat-sealed container rim at a speegha “in the sense that several parameter sets may result in
° our: OCE:.]tIOI’]SIO t f] container ml 60 IS. hi h identical signals. The combination of frequency domain and
P ,OtOt ermal techniques invo Ve flaunching a t e.rmak-me domain signal methodologies described in this work has
wave in the sample through laser excitation and detection elped towards the unique identification of buried layer
the resulting temperature_at.an external _b_o.undary of th ickness and thermal properties of all the layers. Data from
sample. Photothermal excitation and acquisition of therm oth methodsa) and (c) are presented which helped to un-

wave mformapon may be.ach|eved via several m_easur?mer("ferstand the signal generation mechanism and deconvolute
a_\pproa(_:hes, mpludln_ga) single-frequency harmonic excita- o \arious parameter contributions. Meth(o}lis the one to
tion using a sinusoidally modulated cw laser source ancbe used for actual online measurements

lock-in detection of the frequency dependent temperdture,
(b) pulsed excitation and observation of the transient signal,
(c) broadband-modulation cw excitatioffast linear fre-
quency sweep chijpwith simultaneous detection of the Figure 1 shows the schematic of the experimental setup
whole frequency response spectrum and fast Fourier trangsed in the laboratory. An intensity modulated Ar-ion laser
form (FFT) to obtain impulse responseSingle-frequency (500 mwj is focused on to one surface of the layered struc-
cw harmonic excitation is performed on a point-by-point ba-ture and the temperature on the opposite surface is monitored
sis and has a good signal-to-noise rdNR) but cannot be  (heat-sealed rim of the food container was accessible from
done in real time. On the other hand the disadvantage dfoth sidey via infrared radiometric detectibusing two pa-
pulsed excitation is that it delivers high peak power, whichraboloidal mirrors and a liquid-nitrogen cooled HgCdTe ir
detector. For the point-by-point frequency scan method, the
aCurrent address: Valmet AutomatioiCanada Ltd., 111 Granton Dr, Internal oscillator of the lock-in amplifier is used to drive an
Richmond Hill, ON Canada L4B 1L5. acousto-optic modulator which modulates the laser beam in-

Nondestructive evaluation of buried layers finds impor-
tant applications in industry. In this article we describe a fast

II. EXPERIMENT
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FIG. 1. Schematic of the experimental setup. 0 200 400 600 800 1000
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tensity. The_‘ S|gnal_f_rom the detec_:to_r '_S preamplified and SerlIEIG. 3. Phase of the photothermal frequency scan data from one of the
to the lock-in amplifier. The lock-in is interfaced to the com- samples with the structure shown in Fig. 2 and the theoretically calculated

puter for automated data acquisition. For the chirped excitaphotothermal signal phase from B@).
tion method the central excitation/detection component in the
system is an analyzéHP3562A equipped with an internal = 1 2(1+Ry)e it
frequency synthesizer. The synthesizer is capable of genef{(L,+L,+ L3,w):Fof —T
. . . . . 0 k101 Zz_ Rlzle 1=1

ating linear frequency sweepghirp) with a modulation
bandwidth up to 100 kHz. The sweep source is used to drive ><(1+Rs)e*"3L3e*2r2’8\]1(a)\)d)\,
the acousto-optic modulator. The impulse response averaged
over several chirp cycles recorded on the FFT analyzer is (1)
saved into a personal computer. where

0'j2=)\2+iw/aj 7 j=1,23,

w=angular modulation frequency of laser intensity,

I1l. THEORY a=radius of the detector,
) r =radius of the laser beam spot,
A. Thermal-wave field a1= az= ap=thermal diffusivity of aluminum,

Solving the heat diffusion equation for the system showrk; =Kz =k, =thermal conductivity of aluminum,
in Fig. 2, assuming continuity of temperature field and thea,= apg=thermal diffusivity of the polymer,
derivative of the field, evaluating the temperaturexatL;  K,=Kkpg=thermal conductivity of the polymer,
+L,+Ls in a one-dimensional geometfFig. 2 one ob- L,=Lpg=thickness of the polymer,
tains® bij=kioi/kjoy,
ol Ri=Rz=R=(bp—1)/(b1pt+1)=1; “0” refers to air,
w)= kFO 2(1+ Rl)e,zol |_1 Z3=(1+by1) X3z exp(—ozlo) +(1-021) Y3, €Xploly),
101 £~ RyZ e 771 Z,=(1—byy) X35 exXp(—osl,)+(1+by) Y3, explosl,),
X (14 Rg)est3, X32= (1~ bgp) + R3(1+bgy)exp(—203Ly),
Y3,=(1+bsy) + R3(1—bs))exp(—204L3), and
The above equation can be recast in a three-dimensional fop; = first order Bessel function of the first kind.
malism taking into account the Gaussian lateral intensity
profile of the laser beam by use of a Hankel transformAtion
(at the center of the laser spot

O(L;+Ly+Lg,

Figure 3 shows the experimental phase data from one of
the samples and the theoretical calculation from @g.us-
ing the measured thicknesses, and material properties found
in the literature. This shows a great discrepancy at higher
frequencies confirming that pure heat diffusion is not the
only signal generating mechanism. Observation of a signal
incident flux several thermal diffusion lengths away from the laser spot
R led us to believe that there is a mechanical component de-
tected by the ir detector. This is most probably due to the
F,=1/2nl, |0 L, L+L, L+L,+L, x thermal expansion of the polymer which moves the alumi-
num layer in and out of focus of the detection optics.

a11k1 aZ!kZ (X.3,k3

aluminum aluminum B. Photo-thermo-elastic theory of three-layer structure
polymer o . .
In deriving an expression for the displacement of the

FIG. 2. Layered structure of the sample under investigation. sample surface the following assumptions have been made.
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An unconstrained expansion of the polymer due to the laserAu(L;+L,+L;,w)
induced thermal-wave field is assumed. Also, the displace-
ment atx=_L,+L, is assumed to be rigidly manifested as an _ | (E(w)[k(csckL,—e”22 cotkL,)

equal displacement at=L,+L,+ L, i.e., only the polymer o k2+ cr§
expanded during the optical heating cycle. Initially a one-
dimensional expression will be derived and then it will be
extended to a three-dimensional expression. e “\2r2
. — 0.6 72-2]e” 72-1} X J4(aN)e dX, 5
In the presence of both heating and actual stress, the 72 ] X Jdu@n) ®
stress—strain relation in the polymer can be writteh as where

+ 0,672 2]e%2 1+ V(w)[ k(csckL,— e 722 cot kL,)

loapX (1+R)e 7it1-2(latla)
Ap(X;w)=(\* +2u* ) e(X;w) — BayA O(X; 2 = 07272
PG@) =\ 420 e(Xi0)~BadOxiw) (28 E(w) ( e | e —
with unconstrained boundary conditions Vo) ( lo@sY s ) (1+R)e 7itatoa(latly)
w)= —204L ’
Ap(Ly;®)=Ap(Ly+L2;0)=0, (2b) 2emoiZy)  1=Rpe T
. o andp is the ratioz,/z,.
where the following definitions were made: The total photothermal radiometritPTR) signal de-
\*: Lameconstant w*: modulus of strain tected by the ir detector is a combination of the thermal-
€(X; w): modulated strain Ap(x;w): modulated stress wave temperature field given by E() and the mechanical
Af(X;w): thermal-wave component due to the periodic expansion of the strip surface,
intensity B: bulk modulus going in and out of focus of the detection optics as given by
a.: coefficient of linear thermal expansion. Eq. (5). Therefore, the total PTR signal can be written com-
pactly as
Using
SPTR(L1+ L2+ L3,w)=Sl><T(L1+ L2+ L3,(1))+32
e(x0)= - AU(x,00), XAU(Ly+Lotlgw),  (6)
X

wheres,; ands, determine the contribution from each com-
the displacement as a result of harmonic thermal expansioff©Oneént. These two parameters can be reduced to a single
parameters, plus an arbitrary normalization constant. The
AU(X,wt)=Au(x)e't, normalization constant does not play a role in determining
the phase of the signal. The parametés one of the param-
and the equation of motion of an elastic wave in the solid €ters to be determined through multiparameter fit discussed

in the next section. The value sfonly determines the per-

32 d centage of the mechanical component that has to be added to
P2 AU(X,0t)= Ix Ap(X; ), the thermal component, to correctly predict the experimental
data, and it has no other physical significance such as the
with Eq. (2), we obtain values of material parameters presented in the next section.
The results in the next section will show that E) cor-
d? ) d rectly predicts the experimental data.
3 AuX @) +KAUX 0) = ar = A0(X w), The theoretical photo-thermo-mechanical impulse re-

sponse was obtained by a FFT of the numerical data calcu-
lated from Eq(6). We used Microcal Origin 4.1 softwateo

LisxsL;+L,, 3
! e ® perform the FFT.

wherek= w/c, andcy=speed of sound in the polymer.
The spatial thermal-wave profile in the polymer is given|v. RESULTS

by Results from two samples with different polymer thick-
AB(X;0) =T o X; @) nesses are presented here.' In both samples the aluminum foil
thickness on the laser irradiated side wasur® and that on
Qpol 1+R e 1t the opposite side was 138n. The total thickness of the heat
- 2K ol N apoy) Z,—RZie 27101 seal was measured with a micrometer and the aluminum foil
thickness was subtracted to obtain the polymer thickness. For
X[Xge™ 72battea™0 4y geraltarta=], sample No. 1 the polymer thickness wast&um and for

(4) sample No. 2 it was 405 um. The laser spot size was mea-
sured to be 15um.
Combining Eqs(3) and(4), and the unconstrained boundary Data from both frequency scan and impulse response
conditions(2b), and then extending the formalism to three were used for self-consistent fitting. The signal is insensitive
dimensions, the displacement at the center of the laser spotte the mechanical properties of the layered structure. It is
given by the Hankel integral sensitive however, to the thermal parameters, thicknesses,
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FIG. 4. Experimental frequency scan phase data, impulse response data, and the corresponding theoretical fit for two samples with different buried
thermoplastic layer thicknesses. Values of the fitted parameters are shown in the insets.

and the coupling parameter{see definition below Eq6)]. No. 1 data(both frequency domain and time dompinere
Each parametefor a set of parameterss sensitive to differ-  fitted first using the measured thickng&® um). Then the
ent features of the signal such as the phase minimum, th€ame fitting parameters except the thickness of the polymer

high frequency value of the phase, the impulse response peglfare used to fit sample No. 2 which gave a thickness of 39
time, the rise time, and the decay rate. Since the amplitude of

the { featurel i : 4. Fitt um for that sample. This value is in agreement with the
€ Irequency scan was leatureless It was not used. Mg 4o henqently measured thickness value of 88 um
data in both domains, one after the other, helps to uniquely P y H
determine all the parameters.

Figure 4 shows the experimental data and the corre-
sponding theoretical fits together with the fitted parameters

for both frequency scan phase and impulse response. SamRI/e

DISCUSSION

54 The theory shows that a linear relationship exists be-

327 tween the polymer thickness and the impulse response peak
E) 307 // time which makes it easier to calibrate a given nondestruc-
S 481 > tive evaluation signal-generating process as shown in Fig. 5.
2 467 / The fitting parameters for a given process can be found using
% 441 both frequency-domain and time-domain data as shown
£ 427 / above. Then using only the impulse response data, in each
E’ 40 measurement the peak of the response can be monitored and
% 381 / the polymer thickness can be read from the calibration curve.
A~ 367 The impulse response daftgig. 4) collection time was 10 s

349 7 (1024 pointg at 5 kHz bandwidth, averaged over 20 chirp

324+

LI L R S S S BN cycles, and adjacent average smoothing. Therefore, the total
9 10 11 12 13 14 15 16 17 . ) : .
time for making one thickness measurement is about 15 s.
The frequency scan data collection timelwit s lock-in time
FIG. 5. The relationship between the impulse response peak time and th((;:onSta‘nt was about 20 mm'. Precision of peak time n_]eas_ure'
polymer thickness. ment for the data shown is 0.5 ms. From the calibration

Impulse Response Peak Time [ms]
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