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A B S T R A C T   

This work presents results of studies of thermal parameters such as thermal diffusivity, thermal conductivity, 
thermal effusivity and volumetric heat capacity of thin hybrid sol-gel corrosion protective layers deposited on the 
aluminum substrate. In the studies two groups of samples were investigated. The first group was: TMZ.1, TMZ.2 
and TMZ.3 (TMZ- Si/Zr-based hybrid sol-gel coatings), with different amount of zirconium, and the second group 
was: TMZ.1/Ce, TMZ.2/Ce and TMZ.3/Ce (TMZ/Ce - Ce-doped Si/Zr-based hybrid sol-gel coatings) with the 
same amount of zirconium and an addition of cerium. This work presents the influence of the content of zir-
conium and cerium on their thermal parameters. The possibility of using the nondestructive photoacoustic 
method (PA), with the microphone detection, to characterize this type of layers was analyzed theoretically and 
experimentally too.   

1. Introduction 

Aluminum and its alloys are of high interest and have already gained 
a broad spectrum of applications due to their physical characteristics. 
Aluminum alloys are highly susceptible to oxidation and pitting corro-
sion in aggressive environments. Various coating materials are used to 
protect such kind of materials under different service conditions. In 
general the issue of the sol gel coatings as a corrosion protective coatings 
is described in papers [1–4]. It has been reported that amorphous, ho-
mogeneous coatings containing Si and Zr and polymerized organic 
matrix provide high corrosion resistance for aluminum and aluminum 
alloys, even under aggressive conditions [5,6]. The degree of protection 
is dependent on the Zr content in the coating. Cerium salts, e.g. chloride, 
acetate and nitrate, are recognized as efficient corrosion inhibitors for 
Al-based alloys when added directly in the corrosive medium [7,8]. For 
this reason, the Ce-doped Si/Zr-based hybrid sol–gel coatings are 
interesting [9]. It has been reported that in the Si/Zr-based hybrid sol-
–gel different amounts of zirconium in the siloxane network and the 
addition of cerium into Si/Zr sol coatings are reflected in the values of 
material thermal properties [10]. The differences in their thermal pa-
rameters are attributed to the difference in structure and nano- 
organization of the formed Si/Zr complexes. The first aim of this 
paper was to check in detail changes in the thermal parameters caused 
by the composition of the Ce-doped Si/Zr-based hybrid sol–gel coatings. 

The second aim was to examine the possibilities of using the nonde-
structive PA method to determine this parameters of investigated coat-
ings. Since the eighties, a large progress has been made in the 
investigations of the use of different non-destructive photothermal 
methods. All these measurement methods have found wide applications 
in the investigations of different parameters of materials. For determi-
nation of thermal parameters different methods are applied. Among 
them the most frequently used methods are photothermal methods: 
photoacoustic (PA) [11–19], photothermal radiometric (PTR) [20–25], 
beam deflection spectroscopy (BDS) [26–30], piezoelectric method 
(PZE) [31–36] and photopyroelectric (PPE) [37–40]. In most cases 
thermal parameters are determined for single layer structures. For 
determination of thermal parameters of two layer structures the prob-
lem becomes much more complicated. It needs theoretical models of the 
photothermal signals [41,42]. This paper is the presentation of the 
theoretical and experimental approach, in the frame of the photo-
acoustic (PA) method in the frequency domain, for determination of the 
thermal parameters such as: thermal diffusivity, thermal conductivity, 
thermal effusivity and heat capacity of thin coating layers deposited on 
the thick aluminum substrate. 
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2. Materials  

• 1 mm-thick flat aluminum sheet (Aluminum (>99.0%, GoodFellow, 
England),  

• -tetraethyl orthosilicate (TEOS: Si(OC2H5)4, 99.9%, Aldrich, Munich, 
Germany),  

• 3-methacryloxypropyltrimethoxysilane (MAPTMS: H2C = C(CH3) 
CO2(CH2)3Si(OCH3)3, ≥98%, Sigma, St. Louis, MO, USA),  

• zirconium tetrapropoxide, (ZTP: Zr(OCH2CH2CH3)4, 70 wt%, in 1- 
propanol, Aldrich, St. Louis, MO, USA),  

• methacrylic acid (MAA: H2C = C(CH3)COOH, 99.0%, Aldrich, 
Zwijndrecht, The Netherlands),  

• hydrochloric acid (HCl, >37%, AppliChem, Darmstadt, Germany).  
• sols were doped with 0.5 wt% of cerium(III) nitrate hexahydrate (Ce 

(NO3)3⋅6H2O, 99.9%, Sigma, Lyon, France). 

The coatings were prepared by sol–gel method with TEOS, MAPTMS, 
ZTP and MAA precursors. The molar ratio of the applied precursors 
TEOS/MAPTMS/ZTP/MAA was 0.18:1:X:0.12. X was 0.06, 0.12 and 
0.48. The amounts of H2O (2.075 mol) and catalyst HCl (0.001 mol) 
were kept constant during sample preparations. Such prepared sols-gel 
coatings have been denoted as TMZ.1, TMZ.2 and TMZ.3. TMZ.1 had 
the smallest and TMZ.3 the largest amount of ZTP. The TMZ sols were 
next modified. The 0.5 wt% of Ce(NO3)3 was added into sol and the 
solution was stirred for 10 min. The clear sol was then aged for 1 h. Sols 
samples with an addition of Cerium have been denoted as TMZ.1/Ce, 
TMZ.2/Ce and TMZ.3/Ce. These sols were next deposited on the 
aluminum, 1 mm thick, discs by the use of a spin-coater rotated at 4000 
rpm for 30 s after which they were left for resting for 10 min at ambient 
conditions and finally thermally cured at 100 ◦C for one hour in the 
presence of daylight. The coatings, with a thickness of about 10 µm 
which were prepared this way, were homogeneous, transparent, color-
less and free of cracks. Details about the procedure of sample prepara-
tion can be found in [43]. 

3. Thermal model 

The PA method, for single layers, is based on the theory of the 
photoacoustic effect with solids [11] and the thermal wave interfero-
metric method [12]. In this method the sample is illuminated with the 
periodically modulated intensity of the beam of light. As a result the 
periodical temperature of the illuminated surface of the sample arises. 
This temperature causes periodical changes of the overpressure of gas in 
the photoacoustic chamber which are detected by a microphone. This 

experimental front configuration is presented schematically in Fig. 1. 
The calculations of the PA signal of the investigated samples have been 
performed in the two layer model [44]. The schematic drawing of the 
investigated samples is also presented in Fig. 1. 

The 10 µm thick sol–gel coating was deposited on the aluminum 
substrate. This structure was covered with the thin layer of gold of the 
thickness of a few nanometers. The layer of gold was the light absorber 
which is optically thick and thermally thin. In this way the sol–gel 
coating could be treated as two layer, optically opaque structure. 

The temperature of the illuminated surface of the sample can be 
expressed by formula (1) and is described in [44]. 

T =
I

λc⋅σc
⋅
cosh(dc⋅σc + ds⋅σs) + R12⋅cosh(dc⋅σc − ds⋅σs)

sinh(dc⋅σc + ds⋅σs) + R12⋅sinh(dc⋅σc − ds⋅σs)
(1)  

where: 
I - laser light intensity [W/cm2]; 
R12 - thermal reflection coefficient between the coating and the 

substrate [1]; 
di - thickness [cm]; 
λi - thermal conductivity [W/cmK]; 
αi - thermal diffusivity [cm2/s]; 
Subscript i can be c, s and g what refers to the coating, substrate and 

the gas respectively. 
The thermal reflection coefficient between the coating and the sub-

strate is described by Eq.2: 

R12 =

λc̅̅ ̅̅αc
√ − λs̅̅ ̅αs

√

λc̅̅ ̅̅αc
√ + λs̅̅ ̅αs

√
(2) 

The complex thermal wave number σi, (subscript i can be s, c and g 
what refers to the coating, the substrate and the gas respectively) is 
described by Eq.3: 

σi = (1 + i)

̅̅̅̅̅̅

Πf
αi

√

(3)  

where: 
f – frequency modulation of the laser beam intensity. 
The pressure in the photoacoustic cell, marked as PA, related to the 

temperature of the sample surface described by equation (1), is given as: 

PA = T/σg (4) 

The amplitude and phase of the pressure, related to the temperature 
of the sample surface described by equation (1), are given by formulas 
(5) and (6). 

Amp(PA) = |PA| (5)  

Ph(PA) =
180
π ⋅arg(PA) (6) 

The theoretical frequency characteristics of the PA signal of the two 
layer optically opaque structure are presented in Fig. 2. They show how 
thermal diffusivity and conductivity affect the frequency PA amplitude 
and phase characteristics. The values of parameters taken for the sim-
ulations were as follows: dc = 10⋅10-4 cm, ds = 0.05 cm, αc = 5.0⋅10-3 

cm2/s, λc = 2.0⋅10-3 W/cm⋅K, αs = 0.973 cm2/s, λs = 2.37 W/cm⋅K. 
It can be seen that with the increase of the thermal conductivity and 

thermal diffusivity of the coating, both amplitude and phase charac-
teristics shift towards higher frequencies. From the fitting of the theo-
retical frequency PA characteristics to the experimental PA 
characteristics both the thermal diffusivity and thermal conductivity can 
be determined. 

The characteristic frequency for the coating (fcc), for which the 
thermal wave diffusion length is equal to the thickness of the coating, 
can be expressed as follows: 

Fig. 1. Schematic drawing of the investigated sample in the PA cell under the 
laser beam excitation. 
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fcc =
αc

π⋅dc
(6) 

With an increase of the thermal diffusivity of the coating, the cor-
responding value of the characteristic frequency for the coating (fcc) 
moves towards higher frequencies. This situation is presented in Fig. 2. 
The theoretical frequency phase PA characteristics are more sensitive for 
changes of the thermal parameters of the coating layer than the ampli-
tude PA characteristics. The 4 times increase of the thermal diffusivity of 
the coating, and also of its thermal conductivity, changes the value of the 
characteristic frequency 4 times i.e. from for example 2⋅103 Hz to 8⋅103 

Hz. Low range of frequencies is dominated by the thermal parameters of 
the aluminum substrate. 

4. Samples description 

The examined coatings consist of inorganic metal alkoxides and 
organic alkoxides that include a network-forming element as Zr, Ce. A 
formed gel network contain condensed inorganic M− O− M (M is Si, Zr) 
and polymerized organic M− R− Rn’ moieties (R is an alkyl group and Rn’ 
is carbon chain containing functional group, e.g. epoxy, acrylate, amino, 
etc.). To induce the condensation reactions it is necessary to add Zr to 
hydrolysed siloxane sol. In such a way larger silicon domains are formed 
what results in a higher degree of polycondensation. Such coatings are 

very promising as corrosion protection materials since they are easy to 
be prepared with low costs, present a dense structure and good 
homogenity that was achieved through condensation reactions between 
Si- and Zr-based precursors [45–46]. The performed SEM analysis in-
dicates that the coatings are very compact, without pores and the state of 
homogeneity improves with the increase in the amount of zirconium in 
the coating (Fig. 3). The addition of cerium salt to the solution causes the 
decrease in its pH accelerating the same time the gelation process of the 
sols what could result in increase in the cracking susceptibility of the 
hybrid coating and lead to decrease in the coating corrosion perfor-
mance. Thus, the control of amount of Ce added to the coating must be 
performed to obtain dense, homogeneous layers without cracks con-
taining Ce that acts as corrosion inhibitor and improves corrosion 
resistance of the coating by blocking the corrosion activity of the 
damaged surface through the formation of products with enhanced 
barrier properties. 

[47]. The thickness of such synthesized coatings do not differ 
significantly within the range of its determination uncertainty. 

The FTIR spectra of the hydrolysed sol, recorded at intervals of 1 min 
in the range of 600–2800 cm− 1, confirm the occurrence of hydrolysis 
and condensation reactions of Si/Zr hybrid sols and formation of net-
works between MAPTMS and TEOS. Furthermore, the addition of zir-
conia and/or cerium influence on the degree of condensation in the 

Fig. 2. Theoretical photoacoustic PA(f) amplitude and phase characteristics calculated for different values of thermal parameters. Solid green line (αc, λc), solid red 
line (2⋅αc, 2⋅λc), solid black line (4⋅αc, 4⋅λ⋅c), solid blue line (αc/2, λc/2) and solid pink line (αc/4, λc/4). 

Fig. 3. The SEM images (5,000 × ) of the TMZ samples.  
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siloxane network that determines their structural and related properties 
[48–50]. 

5. Experimental results 

The PA characteristics were measured on the PA set-up presented in 
Fig. 4. 

The samples were placed in a photoacoustic cell and measured in the 
front configuration. The thermal waves were excited with the beam of 
the laser light using a laser diode Roithner LaserTechnik LD-450- 
1600MG with a beam size smaller than 1 mm, the output power 300 
mW and a photon energy 2.76 eV corresponding to the operating 
wavelength λ = 450 nm. A Stanford Rese arch Systems lock-in amplifier 
SR830 was used for phase sensitive measurements and for the modula-
tion of the intensity of the laser beam. The self designed photoacoustic 
cell (Helmholtz resonator) with a G.R.A.S. microphone (type 26AK) was 
used as a detector of the photoacoustic signal. Modeling and a design 
aspects of the photoacoustic cells were described in papers [51–55]. 
Measurements were fully automated and computer controlled. The set- 
up was controlled by an original application written in the high-level 
C++ language, in which the necessary control and acquisition algo-
rithms were implemented. The frequency PA characteristics were 
measured in the wide frequency range from 10 Hz to 100 kHz. The in-
tensity of the exciting laser light was modulated by the Thorlabs 
LDC205C Benchtop LD Current Driver. 

There are advantages and disadvantages of this experimental 
method. The advantages: low cost of the experimental set-up, relatively 
simple model of the measured signal. The disadvantages: limited fre-
quency of modulation caused by the microphone response band, reso-
nances of the photoacoustic cell. 

Experimental PA amplitude and phase characteristics of investigated 
samples are presented in Figs. 5-10. Circles are experimental data, solid 
lines are theoretical characteristics. 

The experimental and theoretical amplitude and phase PA charac-
teristics presented in Figs. 5-10 for TMZ and TMZ/Ce samples show that 
they are very similar. It means that the values of thermal parameters of 
the samples do not differ considerably. The measurement results are 
reproducible. Only the fitting procedures applied for the interpretation 
of the amplitude and phase characteristics indicated small differences in 
the values of thermal parameters of the samples. 

The obtained values of the thermal parameters of investigated sam-
ples are presented in Tables 1 and 2. These values have been estimated 
using the best fits of Eqs.4 and 5 to the normalized experimental data 
with the use of the least-squares method (multi-parameter fittings). 
These values which have been obtained for investigated samples hold 
within the relative expanded uncertainties with 95.45 % (±2σ) confi-
dence level [56–57]. The values of thermal parameters of the aluminum 
substrate used for fittings were αs = 0.973 cm2/s, λs = 2.37 W/cm⋅K. 

Obtained values of the thermal diffusivities and thermal conductiv-
ities of TMZ samples are in good agreement with values obtained by 

other experimental methods i.e. PTR and BDS and presented in paper 
[58]. The obtained results clearly show that the applied PA method is 
equally attractive from the point of view of characterizing thin layers of 
the sol–gel type, such as, for example, the BDS or PTR methods. 

Values of the thermal effusivities ec (7) and volumetric heat capac-
ities cvol (8) computed from the values of thermal diffusivities and 
thermal conductivities of investigated coatings as: 

ec =
λc
̅̅̅
α

√
c

(7)  

cvol =
λc

αc
(8)  

are presented in Table 2. 
It is seen from the obtained results that the addition of Zr into the 

siloxane structure results in the decrease in thermal properties of the 
materials. Zr is built into the coating structure as the network-forming 
element enabling the occurrence of condensation reactions. On the 
other hand, its incorporation introduces additional interfaces what in-
creases the heat dissipation, thus, leading to decrease in the value of its 
thermal properties. Doping the coating with Ce changes the conditions 
of the sols gelation process and thus, makes the material more tend to 
cracks formation what leads to decrease in thermal properties 
comparing to the coating without an addition of Ce. 

It can be concluded that the different amounts of zirconium in the 
siloxane network and the addition of cerium ions into Si/Zr sol are re-
flected in the different values of thermal properties that are related to 
the changes in the structure and nano-organization of the Si/Zr material. 
It means that the properties of the examined coatings are related to the 
combined effect of a more condensed Si − O − Zr network structure and 
the inhibiting effect of cerium ions. The synergetic effect of Zr and Ce 
ions introduced into the hybrid coating structure makes Ce to act both as 
inhibiting agent and as network-forming element producing the pro-
tection layer for the underlying Al substrate. 

6. Conclusions 

In this paper the values of all thermal parameters of corrosion pro-
tective hybrid sol–gel coatings, deposited on the aluminum substrate, 
such as: thermal conductivity, thermal diffusivity, thermal effusivity and 
volumetric heat capacity have been presented. These results have been 
obtained by the photoacoustic (PA) method in the frequency domain. 
The experimental results show that different content of Zr in the siloxane 
network and the addition of Ce into Si/Zr sols are reflected in the change 
of the values of their thermal parameters. It was proved that it was 
possible to determine simultaneously both thermal diffusivity and 
thermal conductivity of the samples from the fitting of theoretical to 
experimental frequency amplitude and phase PA characteristics. For this 
purpose the multiparameter fitting procedure was applied. 

Fig. 4. Block diagram of the experimental set-up used for the measurements of the PA frequency characteristics.  
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Fig. 5. Photoacoustic frequency, amplitude and phase, characteristics of TMZ.1 samples.  

Fig. 6. Photoacoustic frequency, amplitude and phase, characteristics of TMZ.1/Ce samples.  

Fig. 7. Photoacoustic frequency, amplitude and phase, characteristics of TMZ.2 samples.  

Fig. 8. Photoacoustic frequency, amplitude and phase, characteristics of TMZ.2/Ce samples.  
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• The thermal diffusivity values obtained for the TMZ.1 - TMZ.3 
samples are in the range of (2.40–2.15) ⋅ 10-3 cm2/s.  

• The thermal conductivity values of the same samples are in the range 
of (2.59–2.20) ⋅ 10-3 W/cm⋅K.  

• The thermal effusivity values, computed from the values of thermal 
diffusivity and thermal conductivity values, are in the range (52.84 – 
47.53)⋅10-3 W

̅̅
s

√
/cm2K.  

• The volumetric heat capacity value of the coatings, also computed 
from the values of thermal diffusivity and thermal conductivity, 
equals approximately to 1 J/cm3K and is practically independent on 
the composition of the coatings. 

From the obtained experimental results one can draw a conclusion 
that the thermal diffusivity, thermal conductivity and thermal effusivity 
of the samples (from TMZ.1 – to TMZ.3) decrease with an increase of the 
content of Zr in the sol–gel coating. These changes are however small. 
Thermal diffusivity decreased by 10 % while the thermal conductivity 
decreased by 15 %.  

• Thermal diffusivity values obtained for the TMZ.1/Ce - TMZ.3/Ce 
samples are in the range of (2.13 – 1.83) ⋅ 10-3 cm2/s.  

• The thermal conductivity values of the samples are in the range of 
(2.09 – 1.71) ⋅ 10-3 W/cm⋅K.  

• The thermal effusivities of these samples are in the range 
(45.22–39.89)⋅10-3 W

̅̅
s

√
/cm2K.  

• Volumetric heat capacity equals approximately to 1 J/cm3K and is 
practically independent on the composition of the coatings. 

The above parameters also decrease with the increase of Cr content 
in the sol–gel coatings. These changes of thermal parameters are how-
ever small. Thermal diffusivity decreased by 14 % while the thermal 
conductivity decreased by 18 %. The main goal of zirconium doping of 
the coatings is obtaining the high level of the corrosion protection. 
Cerium salts are efficient corrosion inhibitors. Addition of zirconium 
and cerium determines the structural properties of the coatings. The 

Fig. 9. Photoacoustic frequency, amplitude and phase, characteristics of TMZ.3 samples.  

Fig. 10. Photoacoustic frequency, amplitude and phase, characteristics of TMZ.3/Ce samples.  

Table 1 
Values of thermal parameters of investigated coatings determined by the use of 
the PA method.  

Material/Coating Thermal Diffusivity  

αc × 10-3 
[cm2

s

]

Thermal Conductivity  

λc × 10-3 [ W
cmK

]

TMZ.1 2.40 ± 0.13 2.59 ± 0.13 
TMZ.1/Ce 2.13 ± 0.10 2.09 ± 0.11 
TMZ.2 2.31 ± 0.21 2.37 ± 0.20 
TMZ.2/Ce 2.01 ± 0.11 1.90 ± 0.12 
TMZ.3 2.15 ± 0.09 2.20 ± 0.09 
TMZ.3/Ce 1.83 ± 0.08 1.71 ± 0.10  

Table 2 
Values of the thermal effusivities and volumetric heat capacities of investigated 
coatings.  

Material/Coating Thermal Effusivity 

ec × 10-3 
[W

̅̅
s

√

cm2K

]
Volumetric Heat Capacity 

cvol 
[ J
cm3K

]

TMZ.1 52.84 ± 4.13 0.93 ± 0.10 
TMZ.1/Ce 45.22 ± 3.50 1.02 ± 0.10 
TMZ.2 49.33 ± 6.40 0.98 ± 0.17 
TMZ.2/Ce 42.28 ± 3.86 1.06 ± 0.13 
TMZ.3 47.53 ± 2.98 0.98 ± 0.08 
TMZ.3/Ce 39.89 ± 3.26 1.07 ± 0.11  
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obtained results show that increasing the content of zirconium and 
cerium can lead to the decrease of the thermal parameters of the coat-
ings what can be associated with the structural defects in the coatings. 
This decrease is however not considerable which may indirectly indicate 
good structural properties of the sol–gel coatings. 

The presented results also prove that the nondestructive PA method 
is definitely very attractive from the point of view of characterization of 
these sol–gel coatings. It is also one of the cheapest method of the 
thermal characterization of solid materials. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

References 
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