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In this paper the use of the so-called open photoacoustic cell for thermal characterization of 
two-layer systems of variable thickness is described. It is shown that the thermal 
diffusivity as well as the thermal conductivity are completely determined, based upon the 
effective sample model widely used in heat-transfer problems. 

I. INTRODUCTION 

During the last decade, several methods have been de- 
veloped to determine thermal diffusivities with high preci- 
sion by means of photothermal effects. (For a review, see 
Ref. 1.) The most widely used method is based upon the 
photoacoustic (PA) effect. The PA effect looks directly at 
the heat generated in a sample (due to nonradiative de- 
excitation processes) following the absorption of modu- 
lated light. In the conventional experimental arrangement 
a sample is enclosed in an airtight cell and exposed to a 
chopped light beam. As a result of the periodic heating of 
the sample, the pressure in the chamber oscillates at the 
chopping frequency; this is detected by a sensitive micro- 
phone coupled to the cell. The resulting signal depends not 
only on the amount of heat generated in the sample (i.e., 
on the optical-absorption coefficient and the light-into-heat 
conversion efficiency of the sample) but also on how the 
heat diffuses through the sample, that is, on the thermal 
diffusivity a. Apart from its own intrinsic importance, its 
determination provides the value of the thermal conductiv- 
ity k, when the density p and the specific heat c at constant 
pressure are known, since 

a = k/pc. (1) 

Thermal diffusivities of-several materials can be accu- 
rately measured by the PA technique and various setups 
have been developed.2’3 Recently, an improved gas micro- 
phone detection called the open photoacoustic cell (OPC) 
technique, especially suited for measuring thermal diffusiv- 
ities, has been proposed.4 The method may either be used 
as a spectroscopic technique to monitor chemical and 
structural changes5 or for monitoring thermal properties.6,7 

In a recent paper’ we described a study of a series 
two-layer system, in which the sample thermal properties 
(a and k) were investigated using two different PA tech- 
niques. The usefulness of the effective thermal diffusivity 
model for the description of the thermal diffusivity of a 
two-layer system was demonstrated as a function of the 
constituent materials’ thermal properties (ai and ki) . The 
systems studied were plate-glass Mylar and aluminum 
coated with white paint. 

In the present paper the OPC technique is used for the 
determination of the thermal diffusivity of a two-layer sys- 
tem consisting of high-density polyethylene (HDPE) and 
polyvinyl chloride (PVC). This is a model for coextrudate 
films. Coextrudates are materials of considerable technical 
importance currently, and we are interested in learning to 
what extent photoacoustic techniques may help in their 
characterization. 

II. EFFECTIVE THERMAL DIFFUSIVITY 

Consider the two-layer system shown schematically in 
Fig. 1 consisting of a material 1 of thickness 1, and of a 
material 2 with thickness 12, both having the same cross 
section. Let Z=Zi + Z2 denote the total sample thickness, ai 
the thermal diffusivity, pi the density, ci the specific heat at 
constant pressure, and ki the thermal conductivity of ma- 
terial i (i = 1,2). From the analogy between thermal and 
electrical resistances widely used in heat-transfer 
problems,g the effective thermal resistance r of this series 
two-layer system may be written as 

r=l/k=q + r2, (2) 

where k is the effective thermal conductivity of the com- 
posite sample, and rf = Ii/ki is the thermal resistance of 
layer i. From Eq. (2), 

k=lk,kz/(Ilkz + Izk,). (3) 
On the other hand, the effective heat capacity Vpc of the 
composite sample is given by 

vpc= VPlCl + F’;p2q. (4) 

Substituting Eqs. (3) and (4) into Fq. ( 1) and performing 
some straightforward algebra, we can write the thermal 
diffusivity of the two-layer system as 

1 
a= (x2/al> + Cl- x)‘/a2 +x( 1 -x) (Uai + l/Aa2) ’ 

(5) 
where x=Zr/l measures the thickness fraction of material 1 
in the composite sample, and il = kl/k2. Equation (5) im- 
plies that the thermal diffusivity of the composite sample 
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FIG. 1. Geometry for the two-layer system. 

depends not only on the thermal diffusivity of its constit- 
uent materials but also on the ratio of their thermal con- 
ductivities. 

III. EXPERIMENT 

The open photoacoustic cell detector is shown in Fig. 
2 (a). Basically, the radiation absorbing material is directly 
mounted to a commercial electret microphone. This type 
of photoacoustic detector requires neither an additional 
transducing medium, such as, for example, the confined 
layer of air encountered with the conventional PA cell, nor 
the time-consuming machining of the cell. The typical de- 
sign of an electret microphone consists of a metaliztd elec- 
tret diaphragm (12 pm Teflon with a 500-lOOO-A-thick 
deposited metal electrode) and a metal back plate sepa- 
rated from the diaphragm by an air gap (45 pm). The 
metal layer and the back plate are connected through a 
resistor R. The front sound inlet is a circular hole of 2 mm 
diam, and the front air chamber adjacent to the metalized 
face of the diaphragm is approximately 1 mm long. As a 
result of the periodic heating of the sample by the absorp- 
tion of modulated light, the pressure in the front chamber 
oscillates at the chopping frequency, causing diaphragm 
deflections, which generate a voltage V across the resistor 
R. This voltage I/ is subsequently fed into a field-effect- 
transistor (FET) preamplifier already built into the micro- 
phone capsules. The FET polarization voltage is usually 
between 1.5 and 3.0 V. The experimental setup for the 
measurement of thermal diffusivities consists of a 160-W 
tungsten lamp, the polychromatic beam of which is me- 
chanically chopped and focused onto the sample. The sig- 
nal from the microphone is connected to a lock-in amplifier 
(PAR Model 124) through which both the signal ampli- 
tude and the phase are stored, as a function of the modu- 
lation frequency, in a microcomputer. 
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FIG. 2. (a) Cross section of the open photoacoustic cell detector and (b) 
geometry of the open photoacoustic cell. 

IV. METHODOLOGY 

To understand the PA signal monitoring of a sample 
using the open photoacoustic cell detector, we should ex- 
amine the modulation frequency dependence of the de- 
tected signal. The usual way for extracting information 
about the thermal diffusivity of the sample is to analyze the 
data when recording the magnitude and phase of the PA 
signal versus the modulation frequency. 

According to the one-dimensional model of 
Rosencwaig and Gersho,” for the arrangement schemati- 
cally shown in Fig. 2 (b) the pressure fluctuation in the air 
chamber is given4 by 

p _ ~Pd&pJ1'2 
th- 2dJokJ sinh (ZFJ 

&at - d2) , (6) 

where y is the air specific-heat ratio, Po( 7’,) is the ambient 
pressure (temperature), IO is the radiation intensity, f is 
the modulation frequency, and Ii, ki, and ai are the length, 
thermal conductivity, and thermal diffusivity of medium i, 
respectively. Here, the subscript i refers to the sample s and 
gas g media, and Ci = ( 1 + j)a, ai = (rf/oi) I”, is the 
complex thermal-diffusion coefficient of medium i. In ar- 
riving at Eq. (6) it was assumed that the sample is opti- 
cally opaque and that the heat flux into the surrounding air 
is negligible. For a thermally thin sample (i.e., ZJZ~ ( l), Eq. 
(6) reduces to 
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yp~oa~as @t - 3?/4) 

pth~(2~)3~2Tol&ks f”‘” * (7) 

In other words, the PA signal amplitude decreases as 
f -lS with increasing modulation frequency; On the con- 
trary, for high modulation frequencies, when the sample is 
thermally thick (i.e., ZgS s 1 ), one obtains ” ^- - 

p -VddapJ 1’2 exp [ - Z,(?rf/a,) 1’2] 
th- 

rTol,ks f 

x &ot - T/2 - I&, . (8) 

Equation (8) implies that, for a thermally thick sample, 
the amplitude of the PA signal decreases exponentially 
with the modulation frequency. -according to (l/A 
exp( - b sf), with b = I,( ?r/a,)“2, while its phase q~ 
decreases linearly with b $. The thermal diffusivity as can 
then be obtained from the high-modulation-frequency be- 
havior of either the signal amplitude or its phase. As far as 
the signal amplitude is concerned, as is obtained from the 
fitting coefficient b appearing as the argument of the expo- 
nent ( - b sf). When using the signal-phase data, as is 
obtained from the slope of the phase (as a function of 
sf). However, in the case of plate-shaped solid samples, 

the contribution to the photoacoustic signal from the ther- 
moelastic bending of the sample cannot be neglected, espe- 
cially in the case of thermally thick samples, as has been 
demonstrated by Charpentier, Lepoutre, and Bertrand” 
and Leite et aZ.12 This effect is essentially due to the tem- 
perature gradient set within the sample along the thickness 
direction. The existence of the expansion of the sample 
parallel to its surface induces thereby a bending along the 
thickness direction (i.e., the vibrating sample acts as a me- 
chanical piston-drum effect). In the thermally thick re- 
gime, the pressure fluctuation in the air chamber of the 
open photoacoustic cell detector resulting from the ther- 
moelastic displacement, for an optically opaque sample, is 
given”>12 by 

(9) 

wherez= b@,g,=tanTt[l/(z- l)],andaTisthesam- 
ple thermal-expansion coefficient, R the radius of the front 
hole of the microphone, and R, the radius of the front air 
chamber. Equation (9) means that the thermoelastic con- 
tribution, at high-modulation frequencies (such that z> 1) 
varies as f - t, and its phase qel follows the expression 

~et=~o+tan-l[l/(z- l)]. (10) 

Thus, for a thermally thick sample, if the thermoelastic 
contribution is dominant, the thermal diffusivity can be 
evaluated from the modulation-frequency dependence of 
the signal phase [Eq. (lo)]. 

V. RESULTS AND DISCUSSION 

The samples used were two-layer disk-shaped (8 mm 
diam) films of HDPE (layer l), 35 and 50 pm thick, and 
PVC (layer 2), 22 and 80 pm thick. The disks -were held 
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FIG. 3: The dependence of the PA signal on the modulation frequency for 
(a) the 22pm-thick PVC foil and (b) the HDPE(50 pm)-PVC(22 pm) 
composite sample. 

together by capillarity using an extremely thin layer of 
diffusion pump silicone oil. The implicit condition for op- 
tical opaqueness [meaning that all the incident radiation is 
fully absorbed at the surface z = - ZJ2, see Fig. 2(b) 1,’ 
required in arriving at Eqs. (6) and (9), was met by using 
a circular Al foil (20 pm thick and 3 mm in diameter), 
attached to the front side of the sample, also using a thin 
layer of oil. This Al foil is thermally thin for modulation 
frequencies up to some few kHz (aA = 0.92 cm’/s), so 
that it introduces neither significant attenuation in the PA 
signal amplitude nor significant delay in its phase. The 
samples were placed to cover the top opening of the mi- 
crophone and affixed by means of vacuum grease [Fig. 
2(a)]. All the experiments were carried out in the NO- 
200-Hz modulation-frequency range. In this frequency 
range the microphone response is flat,13 and using the typ- 
ical values for the HDPE and PVC thermal diffusivities,4,12 
it is assured that the four polymer foils above are thermally 
thick. 

The thermal diffusivity of each constituent of this two- 
layer system was measured separately. In Fig. 3(a) the 
dependence of the PA signal amplitude on the modulation 
frequency for the 22-pm-thick PVC foil is shown. This 
amplitude decays as f - I.’ instead of exhibiting the expo- 
nential behavior [see Eq. (8)] predicted by the thermal- 
diffusion model. The observed frequency dependence of the 
PA signal thus suggests [see Eq. (9)] that in this frequency 
range thermoelastic bending is the dominant mechanism 
responsible for the acoustic signal. In this case the thermal 
diffusivity is obtained from the fit of the phase in Eq. ( 10). 
Assuming p. and b as adjustable parameters, the thermal 
diffusivity is readily given by a = z-(ZJb>2. In Fig. 4(a) 
the signal phase is shown as a function of the modulation 
frequency for the 22-pm-thick PVC sample. The solid 
curve represents the fit to the experimental-phase data by 
the theoretical expression given by Eq. (lo), and the value 
found for the thermal diffusivity was a = 0.7~ 10 - 3 
cm2/s. The same procedure was applied to the 35pm-thick 
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PIG. 4. PA signal phase angle dependence on the chopping frequency for 
(a) the 22pm-thick PVC foil and (b) the HDPE(50 pm)-PVC(22 pm) 
composite sample. The solid curves represent the fit to the experimental 
data by Eq. (10). 

HDPE foil and in this case we found a = 3.0~ 10 - 3 
cm2/s. These values agree very well with those reported in 
the literature:‘12 

After the determination of the separated constituents’ 
thermal ditfusivities, three two-layer samples were mea- 
sured: HDPE(35 pm)-PVC(22 pm), HDPE(50 pm)- 
PVC(22 pm), and HDPE(35 ,um)-PVC(80 pm). Figure 
3 (b) gives the PA signal amplitude dependence on the 
modulation frequency for the HDPE( 50 pm)-PVC( 22 
pm) composite sample. The f - ‘J behavior indicates again 
that the main mechanism responsible for the acoustic sig- 
nal is the thermoelastic bending. Figure 4(b) shows the 
PA signal phase dependence on the modulation frequency 
for this sample. The solid curve represents the fit to the 
experimental data by Eq. ( 10). Table I summarizes the 
values of the thermal diffusivity for the five samples stud- 
ied. 

Figure 5 gives the measured data for a as a function of 
the thickness ratio x [x=ll/( II + 12), where the subscript 1 
refers to the HDPE constituent]. The solid line represents 
the result of the fit of these data by Eq. (5), leaving al,a2 
and ;Z = kl/k2 as adjustable parameters. The data fit pro- 
cedure yielded the following values for the adjustable pa- 
rameters: at = 3.0X 10e3 cm2/s, a2 =0.7X 10v3 cm’/s, 
and /z = 2.0. The error in the data fit was 3% and the 

TABLE I. Values of the HDPE-PVC system components’ thickness, the 
ratio x of the HDPE thickness to the total system thickness, and the 
measured values of the thermal diffusivity, as obtained by the OPC tech- 
nique. 

4 12 
(pm) ( pm) X. ( X 10 -‘: cm2/s) 

0 22 0.00 0.7 
35 80 0.30 1.0 
35 22 0.61 1.6 
50 22 0.69 1.6 
35 0 1.00 3.0 

z3.0 

Ns 
0 2.0 
0 
T-l 

V 

6 
1.0 

X 

PIG. 5. Effective thermal-diffusivity data as obtained by the OPC tech- 
nique for the HDPEPVC samples as a function of x. The solid curve 
represents the fit to the data by E!q. (5). 

values of al and a2 obtained from the fit are in accordance 
with the measured one. The value found for a also agrees 
with the reported data for the thermal conductivities of 
HDPE and PVC in literature14 (kHDPE = 2.2-3.9 mW/ 
cm K and kpVC = 1.4-1.6 mW/cm K, at room tempera- 
ture) . 

In conclusion, the usefulness of the effective thermal- 
diffusivity model for describing the thermal diffusivity of a 
two-layer sample composed by different polymer foils is 
demonstrated. The importance of this model is that, since 
the thermal properties of the separated constituents (ai 
and ki) are known, Eq. (5) gives directly the thermal dif- 
fusivity of a composite sample obtained for any thickness 
combination of these constituents. Another application of 
this model is in the determination of the thermal diffusivity 
and conductivity of a composed sample. The method con- 
sists in using the OPC technique for a two-layer system in 
which one of the layers is a standard material, such as a 
thin polymer foil for which both a and k are well known. 
The other layer consists of the test sample for which a and 
k are to be determined. By varying the standard layer 
thickness we can make, for instance, three two-layer sam- 
ples. Using the OPC technique we can then generate a set 
of data for a as function of x= II/( 1, + 12) (i.e., the ratio of 
the test sample thickness to the total system thickness). 
This data is then best fit to Eq. (5) from which the values 
of the thermal diffusivities as well as of the ratio L of the 
thermal conductivities of each component are obtained. 
From the value of ;1, the thermal conductivity of the test 
sample is readily found. 
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