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Abstract

In the photopyroelectric (PPE) technique in the front configuration one surface of a
pyroelectric sensor is illuminated by a modulated laser beam, whereas the other surface is in
contact with the sample under study. A frequency scan of the PPE signal allows to measure
the thermal effusivity of liquids. Recently, it has been applied to solid samples, by taking into
account the effect of the thin grease layer used to guarantee the thermal contact between
sample and sensor. In this work, we extend this method to address the challenge of measuring
the effusivity of thermal insulators accurately. We have developed a complete model of the
PPE signal generation, including heat losses by convection, radiation and conduction to the
surrounding gas. Besides, very thin pyroelectric sensors are used since they enhance the
sensitivity of the PPE signal to the sample effusivity. Moreover, the sample is placed directly
in contact with the sensor, without using any coupling grease, to avoid polluting porous
samples. PPE measurements on several thermal insulators (paper, cork, wood and foam)
indicate that this method is well suited to retrieve the thermal effusivity of insulators

precisely.
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1. Introduction

In the photopyroelectric (PPE) technique in the front configuration the sample under
study is in thermal contact with a pyroelectric plate, whereas the other surface of the
pyroelectric sensor is illuminated by a modulated laser beam. This technique was proposed by
Dadarlat and coworkers in 1990 [1] and, since then, it has been used to measure the thermal
effusivity (e) of liquids successfully [2,3]. In fact, a frequency scan of the PPE signal is highly
sensitive to the thermal effusivity of the liquid in contact with the pyroelectric sensor [4,5].
However, for solid samples a grease layer must be applied to guarantee the thermal contact
between sample and sensor. This grease layer modifies the PPE signal in such a way that the
thermal effusivity of solid samples cannot be retrieved precisely. In this way, Zammit and
coworkers proposed to use the phase of the self-normalized PPE signal, using a transparent
pyroelectric sensor with transparent electrodes (Indium Tin Oxide) and transparent coupling
grease [6]. They demonstrated that, working in the thermally thin regime (low frequencies),
the PPE signal does not depend on the grease layer and that the diffusivity and effusivity of
the solid sample can be obtained simultaneously. However, the frequency scans from which
the thermal effusivity is obtained are a bit wavy (see Figs. 5, 6 and 8 in Ref. 6).

To overcome these drawbacks, authors proposed in a recent paper to perform a
frequency scan of the PPE signal in the front configuration, but taking into account the
thickness of the coupling grease placed between sample and sensor [7]. The PPE signal was
shown to depend solely on the solid effusivity and the thickness of the grease layer, due to the
fact that the thickness of the pyroelectric sensor and its thermal properties are known, as it
happens with the thermal properties of the grease. Therefore, in order to obtain the thermal
effusivity of the solid, it was enough to fit the experimental frequency scan of the PPE signal
to the theoretical model, where the effect of the fluid layer is accounted for. The method was
checked measuring the already known thermal effusivity of a wide range of solids, from bad
to high thermal conductors (from polymers and glasses to metals).

The aim of this work is to measure the effusivity of thermal insulators. Polymers are
the homogeneous materials with the lowest thermal effusivity (500-700 Ws%°m=2K™). On the
other hand, air has a thermal effusivity of 5.5 Ws’*m2K1. Good thermal insulators are highly
porous materials: the higher the porosity the lower the thermal effusivity, approaching the air
value. This is the case, for instance, of wood, paper, cork and foam. The method developed in
Ref. 7 fails when dealing with thermal insulators. To extend it, the following improvements
have been introduced. (a) Heat losses by convection, radiation and conduction to the
surrounding gas, which are negligible when measuring good thermal conductors, are included
in the model. (b) A very thin pyroelectric sensor is used to enhance the sensitivity of the PPE
signal corresponding to samples of extremely low sample effusivity. (c) To avoid
contaminating porous samples, these are placed directly in contact with the sensor without
using any coupling grease. PPE measurements performed on a set of thermal insulators
covering the effusivity range 25 - 500 Ws%°m 2K confirm the ability of the method to obtain
the thermal effusivity of insulators accurately.

It is worth mentioning that there are other photothermal techniques (optical excitation
and thermal detection) that allow measuring the thermal transport properties of solid samples
[8]. Among them, photothermal radiometry (PTR), where the sample is excited by a light
beam and its thermal emission is recorded by an infrared detector, is the most acknowledge
one to measure the thermal effusivity of solids [9,10]. This is a non-contact technique that
allows measuring large surfaces. The PPE technique, instead, is a contact technique and the
size of the samples to be studied is restricted by the pyroelectric sensor area, about 1 cm?. Its
main advantage is the outstanding signal to noise ratio and the possibility to measure the
temperature dependence of the thermal properties from a single temperature scan [6,7].



2. Theory

Fig. 1a shows the geometry of the problem we are dealing with. It consists of a four-
layer system made of an infinitely thick air layer, an opaque pyroelectric slab of thickness Lp,
a fluid layer of thickness L and an infinitely thick solid sample. A modulated light beam
(intensity 1o and frequency f) heats the whole surface of the pyroelectric sensor in contact with
the air. In this way, heat propagates just along the z-axis. The PPE signal (S) is proportional to
the spatially averaged temperature change of the pyroelectric sensor induced by the optical

heating (T, ) [11],
S=ab(T,)= abLip jOL T (2)dz, )

where a is a frequency-independent factor that depends on the physical properties of the
detector (pyroelectric coefficient, dielectric constant and permittivity) and b is a frequency-
dependent factor that accounts for the influence of the detection electronics.

By solving the heat diffusion equation, the temperature change of each layer due to the
optical heating is given by

g
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where q=+/iw/ D, D is the thermal diffusivity and @ = 2xf. Subscripts p, f and s stand for
pyroelectric detector, coupling fluid and sample respectively. From the boundary conditions
at the interfaces, the six constants A to G are determined:

(@) Temperature continuity:
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Here K is the thermal conductivity, # is the fraction of the laser beam energy absorbed
by the sample and h is the combined heat transfer coefficient by convection and radiation. As
the surface temperature rise is small, the heat rate dissipated from the surfaces can be
regarded as a linear function of the temperature. By substituting Egs. (2) into Egs. (3), the
temperature change of the pyroelectric slab, Ty, is obtained. Then, from Eq. (1), the PPE
signal (S) is calculated.

To eliminate the frequency dependence of the detection electronics, factor b in Eq. (1),
we divide the PPE signal corresponding to the four-layer system by the PPE signal obtained
for the naked pyroelectric plate. Its temperature change can be obtained by solving the heat
diffusion equation for the three-layer system shown in Fig. 1b

T, (2)=G'e™ (4a)



T,(z)=A'e™ +B'e ™ (4b)
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Here subscripts gf and gr stand for the gas at the front surface and the gas at the rear
surface respectively. The four constants A’ to G’ are obtained from the boundary conditions at
the interfaces:

(a) Temperature continuity:
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where we have assumed that coefficient h is the same at both surfaces.
Finally, the normalized PPE signal (Sn) writes
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As can be seen, the frequency dependence of the detection electronics (b) can be
eliminated by considering the normalized signal. Moreover, the normalized signal does not
depend on the laser intensity |, either. Egs. (6) and (7) have been written to highlight the

correlations between six independent parameters: L, /,fD L, /./D , egles , esler, eples and
h. In PPE experiments Lp, Dp, ep, &g and ef are known, and thus only three unknowns are
retained: the fluid “thermal thickness” L, /,/D, , the heat losses coefficient h and the

effusivity ratio es/er. Therefore, a fitting of the frequency scan of the normalized PPE signal,
Sn, to Eqg. (6) gives the thermal effusivity we seek, es, together with two by-products:

L, /,/Df and h.

This method is valid regardless of the selected coupling fluid. As this work is
addressed to thermal insulators and taking into account that many of them are highly porous
materials, we propose to put the sample directly in contact with the pyroelectric sensor,
without any coupling grease, to avoid damaging the sample. This means that there is a very
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thin air layer of several tens of micrometers between sample and sensor. It is worth
mentioning that a radiative heat transfer between sensor and sample should be added to the
pure conductive transfer. However, it has been demonstrated that when the air layer thickness
is smaller than the thermal diffusion length this radiative transfer is completely negligible
[12,13].

3. Numerical simulations

All the numerical simulations shown in this section have been performed for a LiTaOs
pyroelectric sensor (Dp = 1.50x10° m?/s and e, = 3750 Ws>®m2K1) and air for both, the
coupling fluid and the surrounding medium (er = eg = €air = 5.5 Ws®>m?K "t and Dt = Dg = Dair
= 21x10° m?/s).

In Fig. 2 we show the numerical simulations of the frequency dependence of the phase
and amplitude of the normalized PPE signal, W, and ISyl, for an intermediate thermal effusor
(es = 1000 Ws>°m2K™) and for a bad thermal effusor (es = 100 Ws%°m2K™). The lowest
frequency is f = 0.4 Hz, which is the lowest frequency we have used in the experiments. Two
sensor thicknesses are studied: L, = 320 um and Lp = 75 um. The black lines are the
simulations neglecting heat losses (eg = 0 and h = 0) whereas the red lines are the simulations
including typical values of heat losses at ambient temperature (g = 5.5 Ws®*m2K* and h =
10 Wm2K™). In the simulations we have kept fixed the coupling fluid “thermal thickness”,

L, /,/Df = 0.01 s®°, which corresponds to a realistic air layer of 45 um. Several features of

Fig. 2 deserve comment. (a) On the one hand, the amplitude and phase contrasts decrease as
the thermal effusivity of the sample diminishes; this result was already pointed out in a
previous paper [7]. (b) For a given value of the sample effusivity, the amplitude and phase
contrasts are shifted to higher frequencies as the sensor thickness decreases. According to this
result and taking into account our experimental lowest frequency (0.4 Hz), using thin
pyroelectric sensors when dealing with thermal insulators is highly recommended. (c) The
effect of heat losses cannot be neglected when measuring the thermal effusivity of insulators.

In the remaining of the manuscript only the phase of the normalized signal will be
calculated since it will be used in the experiments to obtain the thermal effusivity. Actually,
unlike the amplitude of the normalized PPE signal, the phase remains unaffected by the
intensity instability of the laser.

In Fig. 3 we analyze the influence of the three unknown parameters (L, /,/D, , h and

es) on the frequency spectrum of W,. We have selected a thin pyroelectric sensor, Lp = 75 um,
since it produces a higher phase contrast than the thicker one. The effect of L, /,fo IS

analyzed in Fig. 3a. Simulations have been performed with es = 100 Ws®>*m2K™ and h = 10
Wm2K?, Four values of the “thermal thicknesses” of the coupling fluid have been
considered: 0.005, 0.01, 0.02 and 0.05 s%°. As can be seen, the higher the “thermal thickness”,
the lower the phase contrast. However, the most important feature is that the “thermal
thickness” mainly influences the frequency at which W, starts rising. The effect of h is
analyzed in Fig. 3b. Simulations have been performed with es = 100 Ws®’m?K™* and

L, /‘/Df = 0.01 s°®°. Four values of the heat losses coefficient have been considered: 0, 5, 10

and 20 Wm=K™. As can be seen, the higher the heat losses are, the lower the phase contrast
is. However, its influence is only significant at low frequencies. Actually, the frequency at
which W, starts rising remains unaffected. Finally, the effect of es is analyzed in Fig. 3c.

Simulations have been performed with h = 10 Wm2K? and L, /,/D, =0.01 s°°. Four values
of the thermal effusivity of the sample have been considered: 50, 75, 100 and 150 Ws%°m2K"
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1 All of them correspond to thermal insulators, which are the target of this work. As it is
expected, the lower the effusivity, the lower the phase contrast. Moreover, its influence is
significant at intermediate frequencies. Note that the frequency at which W, starts rising
remains unaffected.

It is worth noting that, according to Fig. 3, the sensitivity of ¥, to the three unknown

parameters ( L, /‘fo , h and es) takes place at different frequencies. In fact, L, /‘/Df is more

sensitive at high frequencies, h at low frequencies and the thermal effusivity at intermediate
frequencies. To verify this result, we have calculated the sensitivity of Wy to a given quantity
X, which is defined as [14]

Sy(x) = xa;P“ , withx=1L,/,/D,;,handes. (8)
X

In Fig. 4 we plot the simulations of the frequency scan of Sy(L, /«ij ), Sy(h) and

Sy(es) for a poor thermal conductor (es = 100 Ws®°m2K), with h = 10 Wm2K? and
L, /./Df = 0.01 s®°. Simulations have been performed for a pyroelectric sensor 75 um thick,

which is more sensitive than a thicker one. As can be seen, the three curves are not
proportional showing that the three quantities are not correlated. Moreover, as expected from

Fig. 3, the highest sensitivity to L, /.ij occurs at a higher frequency than the largest

sensitivity to es, which in its turn occurs at a higher frequency than the largest sensitivity to h.
In Fig. 5a we show the frequency dependence of the sensitivity of Wy to es, Sy(es), for
several effusivity values. Calculations have been performed with L, = 75 um, h = 10 Wm2K?

and L, /,/Df =0.01 s%°. As can be seen, the highest sensitivity corresponds to es in the range

200-500 Ws%°m=2K-1, but there is a good enough sensitivity in the range 50 - 2000 Ws°m2K-
1. For extremely poor thermal effusors (es < 50 Ws®’m?2K™1), the sensitivity decreases,
indicating the difficulty of measuring the thermal effusivity of extremely poor effusors. On
the other hand, for good effusors (es > 2000 Ws®*m2K?) the sensitivity drastically drops,
indicating that for these materials the use of a coupling grease between sample and sensor is
more appropriate [7]. Finally, in Fig. 5b we show the frequency dependence of the sensitivity

of W to es for several L,/ ,/Df values. Calculations have been performed with es = 100
Ws®m2K1, Ly = 75 um and h = 10 Wm2KL, This result indicates that the largest sensitivity

arises when the thermal contact between sample and sensor is perfect, i.e. in the absence of a
coupling air layer. As the air coupling layer increases the sensitivity is reduced and shifted to

lower frequencies. Anyway, the sensitivity is good enough up to L, /.fo = 0.04 s°°, which
means an air layer thickness up to 150 pum.

The numerical simulations performed in this section indicate that the phase of the
normalized PPE signal, W, depends on three fitting parameters (L, /JDf , hand es), which
are not correlated. Accordingly, the thermal effusivity of the sample can be retrieved from a
multiparametric fitting of the experimental frequency scan of the phase of the normalized PPE
signal, Wn. Moreover, the best experimental conditions to measure the thermal effusivity of

thermal insulators require the use of a thin sensor plate together with the thinnest possible air
layer between sensor and sample.

4. Experimental results

In order to assess the method we have performed PPE measurements on a
homogeneous polymer with well established thermal properties: polyether-ether-ketone
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(PEEK). A 4 mm thick PEEK plate has been placed directly on top of a LiTaO3 pyroelectric
sensor without using any thermal grease. Two sensor thicknesses have been used: 84 and 320
um. The free surface of the pyroelectric sensor has been heated by a diode laser (A = 656 nm,
50 mW, beam diameter of 5 mm). A computer driven modulation of the diode current
provides a modulated laser output, and a lock-in reference. The PPE current produced by the
pyroelectric sensor is measured by a digital lock-in amplifier. Fig. 6 shows the frequency scan
of the phase of the normalized PPE for the PEEK sample using both sensors. Measurements
have been performed at room temperature. In order to guarantee 1D heat propagation, the
lowest frequency we used was 0.4 Hz. Logarithmic spacing of data points on frequency scans
has been used since it has been demonstrated to be superior to linear spacing [15]. Dots are
the experimental data and the continuous line is the best fitting to Eq. (6). Due to the high
sensitivity and low noise of the LiTaOs sensor together with the noise reduction provided by
the lock-in amplifier, the data phase noise remains smaller than 0.05°. The retrieved value of
the thermal effusivity of PEEK is the same for both sensors within the experimental
uncertainty, and is in good agreement with the literature values (see Table 1). The uncertainty
corresponding to the thinner sensor is a bit lower due to its higher sensitivity and therefore, it

has been used for the remaining of the experiments. The fitted value of L, /, /Df is 0.005 s°°,

which corresponds to an air thicknesses of 25 um, and depends mainly on the roughness of
the sample surface. Finally, the fitted value of h is 10 Wm=2K, which is a quite realistic value
for radiation and convection at room temperature [16].

After validating the method, we have applied it to characterize the thermal effusivity
of several isotropic thermal insulators: watercolour paper, cork and extruded polystyrene
(XPS) foams. In the case of XPS foams we worked with two samples from different
manufacturers. They differ on the pore size and we named them according to their colour:
yellow (pore size 300£100 um) and green (pore size 500+200 um). Fig. 7a shows the
frequency scan of W, for these materials (only yellow XPS foam is plotted, since the
frequency scan of the green XPS is very similar). Dots are the experimental data and the
continuous lines are the best fittings to Eq. (6). The retrieved effusivity values are given in

Table 1. In all measurements L, /,/Df falls within the range 0.005-0.015 s, which

corresponds to reasonable air thicknesses of 25-75 um. As explained before, the air thickness
depends on the roughness of the sample surface. In the same way, h falls within the range 5-
15 Wm2K,

We have also studied the thermal effusivity of Basotect® foam, an extremely
lightweight foam (the density is only 9 kg/md). It is a flexible, open-cell foam made from
melamine resin. Its characteristic feature is the three-dimensional network structure consisting
of slender and therefore easily flexed filaments. The frequency scan of W, is shown in Fig. 7a.
Note that the maximum phase contrast hardly reaches 1.8°. Accordingly, the retrieved
effusivity is extremely low (see Table 1).

In Fig. 7b we show the frequency scans for two anisotropic insulators: beech wood
and balsa wood. The first one is a quite hard wood whereas the second one is a soft, low
density wood indicating a higher degree of porosity and, therefore, a lower effusivity value is
expected. As their thermal transport properties are anisotropic, measurements have been
performed in the direction perpendicular to the growth rings (L) and in the direction parallel
(I) to them. The retrieved values of the thermal effusivity are given in Table 1.

In homogeneous materials, the physical properties are well established regardless the
manufacturer or the particular piece. In the case of heterogeneous materials, instead, the
physical properties vary depending on the manufacturer and/or on the specimen under study.
This is just the case of the samples studied in this work. For instance, in the case of paper it
has been reported that the thermal conductivity varies from 0.081 to 0.182 Wm?K™*

7



depending on the density (porosity) [17]. Regarding cork, we worked with insulation
corkboard, which is an agglomerate of granules of cork. There is a great commercial variety
depending on the density and on the pores sizes [18,19]. On the other hand, the thermal
properties of wood depend on the kind of tree, but even for the same species there are
differences from tree to tree depending on the age, climate, moisture, etc. [19-22]. Anyway, a
thermal anisotropy factor of 2 has been reported [23]. That is the reason of the huge
dispersion of the literature values shown in table 1 for paper, cork and wood.

On the other hand, XPS foam consists of closed cells, which dramatically reduce the
thermal conductivity of homogeneous PS. Depending on the density, the thermal conductivity
varies in a range between 0.032 and 0.040 Wm™K™ [25,25]. Using a lock-in thermography
setup, authors measured the thermal conductivity and effusivity of several XPS samples:
0.035-0.040 WmK! and 0.38-0.51 mm?/s respectively [26]. From the constitutive equation

(e= K/\/B), the thermal effusivity ranges from 54 to 57 Ws®*m2K™, very close to the
results obtained in this work (see Table 1). In the case of Basotect® foam, the manufacturer
announces a thermal conductivity smaller than 0.035 Wm™K™, but we have not found any
measure of its thermal diffusivity or effusivity. Nevertheless, taking into account its extremely
low density (6 times the air density), it is not surprising that it exhibits an effusivity as low as
25 Ws®m2K*, This figure could be considered as the lower limit of this method to obtain
accurate effusivity values, since the phase contrast in the frequency scan is smaller than 2°.

The uncertainty in the thermal effusivity values given in Table 1 is the standard
deviation corresponding to five frequency scans performed relocating the sample each time.
This standard deviation varies from about 5% for low effusivities up to 8-10% for extremely
low effusivities. This result is in good agreement with the sensitivity analysis performed in
section 3, which indicates that the sensitivity to es is reduced by a factor of 2 as the effusivity
is reduced from 500 to 50 Ws®>m2K! (see Fig. 5a).

5. Conclusions

In this work, we address the challenge of measuring the thermal effusivity of thermal
insulators accurately. We propose a method based on the PPE technique in the front
configuration because of its outstanding signal to noise ratio. We have developed a complete
theoretical model of the PPE signal generation. It takes into account: (a) the thin fluid layer
used to put in thermal contact the sample and the pyroelectric sensor, and (b) heat losses by
convection, radiation and conduction to the surrounding gas. Moreover, to avoid damaging
the sample we put it in direct contact with the pyroelectric sensor. Accordingly, a thin air
layer remains between them. On the other hand, numerical simulations show that thin
pyroelectric sensors are more sensitive to the sample effusivity than thicker ones. The method
has been validated by measuring a homogeneous polymer of well-known thermal properties.
Then, several porous materials have been measured: paper, cork, wood and foam. As
expected, as the porosity grows (the density diminishes) the thermal effusivity decreases,
approaching the air thermal effusivity. A thermal effusivity as low as 25 Ws**m2K-* (only
five times the air effusivity) was measured with an uncertainty of 10%. It can be considered
as the lower limit of this method, since the phase contrast is smaller than 2°.
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Figure Captions

Fig. 1. Geometry of the photopyroelectric cell in the front configuration. (a) Three-layer stack
and (b) bare pyroelectric sensor.

Fig. 2. Numerical simulations of the frequency dependence of the phase and amplitude of the
normalized PPE signal, Wn» and ISal, using a LiTaOs pyroelectric sensor and a fixed coupling

fluid “thermal thickness”, L, /‘fo = 0.01 s°°. (a) and (b) intermediate thermal effusor (es =

1000 Ws>°m2K™?). (c) and (d) low thermal effusor (es = 100 Ws®*m?2K™). Two sensor
thicknesses are studied. The black lines are the simulations in the absence of heat losses (eq =
0 and h = 0) and the red lines are the simulations including heat losses (eq = 5.5 Ws?°m2K?
and h = 10 Wm?K™).

Fig. 3. (@) Numerical simulations of the effect of the thermal thickness of the coupling fluid
on the frequency dependence of the phase of the normalized PPE signal, Wn. Calculations
have been performed with s = 100 Ws>°m?2K?, g5 = 5.5 Ws®*m2K! and h = 10 Wm2K™2. (b)
Numerical simulations of the effect of heat losses by convection and radiation on the
frequency dependence of the phase of the normalized PPE signal, Wn. Calculations have been
performed with es = 100 Ws**m2K™, L, = 75 um, eg = 5.5 Ws**m?K* and L, /,[D; = 0.01

s%°, (c) Numerical simulations of the effect of the sample effusivity on the frequency
dependence of the phase of the normalized PPE signal, Wn. Calculations have been performed

with Lp = 75 um, eg = 5.5 Ws®*m2K™, h = 10 Wm?K* and L, /,/Df =0.01 s%°,

Fig. 4. Sensitivity of W, to the fitting parameters for a pyroelectric sensor 75 um thick.
Simulations have been performed for a low thermal effusor es = 100 Ws®°m2K™, with g4 =

5.5 Ws®®m2K%, h = 10 Wm?K* and L, / /D, =0.015%.

Fig. 5. (a) Frequency dependence of the sensitivity of ¥, to the es for several effusivity
values. Calculations have been performed with Ly = 75 um, g = 5.5 Ws®*m2K, h = 10 Wm"

Kt and L, /,/Df = 0.01 s%°. (b) Frequency dependence of the sensitivity of W, to es for

several L, /,/Df values. Calculations have been performed with es = 100 Ws®m?K?, L, =
75 um, eg = 5.5 Ws®*m2Kt and h = 10 Wm2K1,

Fig. 6. Experimental frequency scans of the phase of the normalized PPE signal for a 4 mm
thick polyether-ether-ketone (PEEK) plate. Two pyroelectric sensors of different thickness
have been used. Dots are the experimental data and the continuous lines are the fittings to Eq.

(6).

Fig. 7. Experimental frequency scans of the phase of the normalized PPE signal for: (a)
Isotropic thermal insulators and (b) anisotropic ones. For them, measurements have been
performed in two directions: perpendicular and parallel to the growth rings. Dots are the
experimental data and the continuous lines are the fittings to Eq. (6).
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Table 1. Room temperature thermal effusivity (es) of the materials studied in this work.

€s

€s

Material (Ws®°m2K1) Literature?
(WSO.Sm-ZK-l)
PEEK 675245 (thick sensor) 655
PEEK 670£35 (thin sensor) 655
Watercolour paper 305+18 -
Cork 180+13 85-105
XPS yellow 54+4 54-57
XPS green 52+4 54-57
Basotect© 25%3 -
Beech wood L 36025 300-460
Beech wood I 515+30 300-460
Balsa wood L 154+10 110-200
Balsa wood I 20015 110-200

®References [19,26,27]
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