
DOI: 10.1007/s10765-005-8598-z
International Journal of Thermophysics, Vol. 26, No. 6, November 2005 (© 2005)

Non-destructive Thermal Diagnostics of Porous
Materials1

E. Litovsky,2,3 S. Horodetsky,2 and J. Kleiman2

Developed mathematical models of apparent thermal conductivity of porous
materials are applied to non-destructive methods of thermal diagnostics. The
non-destructive thermal diagnostics of porous materials can be used to esti-
mate the size of pores and cracks in the range 10−9 to 10−3 m. A fractal
model of porous structure and dependences of thermal conductivity/diffusiv-
ity on (experimental) gas pressure are used as a basis for structure parameter
calculations. The measuring element (sensor) in this method is the mean free
path of gas molecules in pores and cracks (Knudsen number) that is very
sensitive to changes in gas pressure. Possible applications of the developed
methods include non-destructive thermal diagnostics (NDTD) of nano- and
micro-crack sizes; opening, closing and size changes of the cracks at high
temperatures in a wide temperature range; evaluation of interfacial and con-
tact heat barrier resistance for coatings; remote laser thermal diagnostics of
the cracks; as well as obtaining data on strength, thermal shock behavior,
failure and fatigue behavior of coatings and other structures. Examples of
several applications of the NDTD method are presented.

KEY WORDS: gas pressure; materials; micro-cracks; nano-cracks; non-
destructive; porous; thermal diagnostics.

1. INTRODUCTION

We would like to start the paper with a question: can thermal mea-
surements be used to estimate geometric sizes? The logical answer could
be: “In principle—yes, it is possible to calculate the thickness of a layer
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by measuring the thermal conductivity, dividing it by heat flux, and
multiplying by temperature change.” But the next question would be:
“What for?” Such measurement would be much more complicated and less
accurate than a measurement using a simple ruler or one of the modern
techniques for thickness evaluation.

However, there are a number of cases where classical measurement
methods give a large error, are very labor-consuming, and even impossible.
Estimation of the porous structure parameters of a material is an exam-
ple of such a case. It is related to the complicated stochastic microstruc-
ture, different shapes and sizes of pores, cracks, and different solid phases
ranging from nano- to macro-scale. Preparation of thin micro- sections for
microscopic investigations can destroy the real structure, including intro-
duction of pores and cracks. Such methods as Hg porosimetry do not
provide correct information about real pore size distribution since it mea-
sures the entry diameter of the pores, most of which have bottle-shaped
contours.

The development and possible applications of a novel method of ther-
mal diagnostics [1] of porous structures will be described in the present
paper. The method is capable of estimating the geometric parameters of
micro- and nano-cracks in a range of 0.5 nm to 100 µm, including evalua-
tion of size distribution of the cracks and contact area between particles.
The measured differences in thermal conductivity are indicative of changes
in the solid phase, such as grain boundary segregation, dislocations, lat-
tice defects in crystal materials, etc. [2–21]. Some of these issues will be
discussed below.

We investigated thoroughly the correlations between the porous struc-
ture of materials, different heat transfer mechanisms, and apparent thermal
conductivity/diffusivity [2–20]. The most recent results of our investiga-
tions have been published [10, 14, 15, 20], and the major conclusions from
the above works can be summarized as follows:

(a) To understand the variations of thermal conductivity and
diffusivity of ceramic materials that are caused by changing
of the thermodynamic conditions, a thorough knowledge and
proper characterization of material’s geometry and composition is
required. The material porosity and phase composition data only
would not be enough. One should know the size distribution of
pores and particles, the geometric parameters of contact heat
barrier resistance (HBR), and the physical and chemical processes
(segregation and diffusion, gas emission, opening and closing of
micro-cracks) that may occur within the material.
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(b) It is impossible to explain the complicated dependences of
thermal conductivity, λ, on temperature and gas pressure, as
observed in experiments by classical heat transfer mechanisms.
The processes of conduction, convection, and radiation and the
observed data are explained by several non-conventional heat
transfer mechanisms, namely:

• Surface segregation and diffusion of impurities can explain
the violation of the Eucken law in vacuum exhibited by λ of
refractory metal oxides that contain fine pores (with diameter
less than 1 µm) at the grain boundaries. The kinetics of the
diffusion and segregation of impurities can affect reproducibil-
ity of the experimental data on λ in vacuum.

• Gas emission processes occurring in pores during fast heat-
ing of refractories govern the qualitative differences between
pressure dependences of thermophysical properties measured
by stationary and non-stationary methods.

• Non-uniform thermal expansion of grains in multiphase
ceramics or in polycrystalline materials having anisotropic
thermal expansion coefficient causes a change in geometric
parameters of micro-cracks and, accordingly, affects the
thermal conductivity.

The described models have several technological and metrological
applications including selection of the reference data on thermophysical
properties of porous ceramics; development of materials with predominant
properties; understanding the reasons for poor reproducibility of experi-
mental data and their scatter; and choosing standard specimens and mea-
surement methods.

Developed theoretical models and adequate experimental thermophys-
ical methods for characterization of porous structure and HBR of porous
materials can be used in the method of thermal diagnostics. The method
described in Ref. 1 found its first implementation in the estimation of
average sizes of micro-cracks in plasma deposited alumina coatings [4]. A
number of other possible applications of the NDTD method are discussed
below, including measurement of distributions of geometric parameters of
the cracks based on the fractal model of thermal conductivity.

We do not consider thermal diagnostics as a possible substitute for the
direct methods, such as optical and electron microscopy, or some indirect
classical measurement methods. An example of a classical indirect method
for pore size distribution analysis is Hg porosimetry that is based on the
model of Hg impregnation into cylindrical canals [22]. Evaluation of a spe-
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cific surface is based on the model of mono- and multi-layer gas adsorption.
A variety of models of particles sedimentation or models based on light/X-
ray scattering are applied for analysis of particle sizes [22].

Our method also relates to the indirect measurement methods and
requires application of some mathematical models that correlate material
structure parameters and gas pressure in pores with thermal conductiv-
ity of materials. The method has a number of unique applications. How-
ever, it can be best used in combination with the classical methods. For
example, microscopic methods are good for measurement of the distance
between micro-cracks, sometimes for measurements of micro-crack thick-
ness. Our method can additionally measure average sizes of the crack and
contact area. The main benefit and unique feature of the NDTD method
is the possibility of non-destructive measurements of structure parame-
ters at high temperatures, including opening-closing of the cracks during
heating-cooling of the materials, under thermal shocks, fatigue test, etc.

2. PHYSICAL BASIS AND MATHEMATICAL MODELS
OF THE NDTD METHOD

For simplicity of the analysis, we will limit the number of the materi-
als to those where influence of mass transfer mechanisms, including free
gas convection, gas emission, and grain boundary segregation–diffusion
are negligible [5, 6, 8, 20]. Examples of such materials include some sin-
tered ceramics, refractories, composite materials, porous metals, ceramic
coatings, etc. Models described below are more accurate when the porosity
of the materials is less than 30–35%.

2.1. Measuring Micro-Element/Sensor

Gas pressure and apparent thermal conductivity measurements along
with a mathematical model correlating the thermophysical properties and
crack sizes provide sufficient information for evaluation of the geomet-
ric sizes of micro-cracks. The sensor used in our method is the same as
in classical gas chromatographic chemical analysis [24] or in vacuum gas
pressure sensors [24]—the thermal conductivity of the gas λg. Actually, λg
is governed by the composition and the mean free path l of a gas molecule
in the cracks/pores having a thickness, δ. In most cases the gas pressure
inside pores is assumed to be equal to the pressure in a vacuum chamber
where the apparent thermal conductivity is measured.

At pressures above atmospheric, the pore size normally greatly exceeds
the molecular mean free path l, Knudsen number Kn= l/δ �1, and pore
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thermal conductivity, λ�,g is equal to the gas thermal conductivity, λg(T ).
If the characteristic Knudsen number, as defined above, approaches or
exceeds unity, one can define λ�,g as a quantity dependent on the pore
size. This is obtained using the expression for the heat flux through the
layer of thickness δ filled with a gas at a pressure p [4, 5, 8, 10],

λ�,g =λg

(
1+B

patm

p
Kn

)−1

(1)

where B is given by

B = 4γ

γ +1
2−A

A

1
Pr

. (2)

Here γ is the specific heat ratio, Pr is the gas Prandtl number, and A is the
accommodation coefficient. The accommodation coefficient A is defined
as the ratio between the energy actually transferred by the gas molecules
impinging onto a surface and the energy which could be transferred if
these molecules reach thermal equilibrium at the surface. Bearing in mind
that generally (i) the surfaces of polycrystalline solid materials in pores are
rough and (ii) physical–chemical adsorption processes occur on the sur-
faces, one can take A=1.

An example of a calculation of the relative thermal conductivity of
a gap filled with air/nitrogen λ�,g/λg,∞ is presented in Fig. 1 (as above
λ�,g = λg, and other heat transfer mechanisms [14–16] are negligible).
One can see that for sufficiently high pressures, or large pores (for which
Kn�1) heat transfer occurs in the continuum regime and λ�,g ∼ λg,∞,
where λg,∞ is the thermal conductivity of an “indefinite” gas layer.

λ�,g decreases with decreasing p, especially in the transition and free-
molecular regimes (where Kn may be comparable to 1). Estimates show
that for a gap size δ of about 1 µm, λ�,g decreases markedly with p,
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Fig. 1. Calculated plots of relative thermal conductivity of an air gap
λ�,g/λg,∞ versus the gas pressure, Pa, and thickness of the gap at 300 K.
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decreasing below atmospheric pressure (105 Pa). For a 100 µm gap size
λ�,g starts to decrease significantly with gas pressure below ∼103 Pa.

Fine-grained pure oxide materials are normally characterized by
very small nanometer size pores, in which Kn reaches unity already
at atmospheric pressure. For these materials Eq. (1) predicts a strong
p-dependence of the effective thermal conductivity of the material λeff
for higher pressures. This behavior might be important in super-insulating
nano-materials.

The physical limitations of NDTD method applications depend on
the effective diameter of the gas molecules. Nitrogen can be used in stud-
ies of pores/cracks with sizes larger than 5–10 nm. Helium allows studies
of pores with sizes down to 0.7–1 nm. There are no physical limitations in
evaluation of large sized pores/cracks when using the NDTD method. As
can be seen from Fig. 1, by changing the gas pressure range, different pore
thicknesses can be evaluated and measured.

Thus, at pressures of 106–107 Pa, nano-cracks; 103–105 Pa, micro-
cracks; and 1–102 Pa, macro-cracks can be measured. A simple vacuum
chamber with a roughing pump is sufficient for measurements of micro-
cracks. A high-pressure chamber is needed for investigation of nano-
cracks.

2.2. Correlations Between Structure Parameters and Apparent Thermal
Conductivity

The effect of contact heat barrier resistances HBR on λeff is basically
modeled [3–4, 10] by calculating the temperature field within two adjacent
particles or grains, viewed as solid slabs with cross-sectional area πr2 and
contact area πa2 (see Fig. 2). The external edge surfaces of the slabs are
isothermal and the lateral faces are adiabatic. This model is aimed at cal-
culating the effective thermal conductivity of a material composed of such
contacting slabs, when a coarse-scale heat flux is applied in the x-direction
(which is perpendicular to the cross-sectional area πr2). The x-component,
qx , of this heat flux through this system may be expressed via the effective
thermal conductivity, i.e., qx =−λeff �T/L, with the effective thermal con-
ductivity of material λeff given by

λeff =λsM(1−�)3/2, (3)

where the HBR coefficient M may be calculated from the expression,

M =
R�

1−a2 + Rb

a2 + �2

�−1(
R�

1−a2 + �
�−1

)(
Rb

a2 +�
) , (4)
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Fig. 2. Geometric model of heat barrier resistance together with
the heat barrier resistance coefficient.

where

�a2 = 1− 16
π2

∑̇
n=1,3,5,...

I1(nπb/L)

n2I1(nπr/L)

× [I1(nπr/L)K1(nπb/L)−K1(nπr/L)I1(nπb/L)].

In the above,
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δ

L
and Rb = δ/λb

L/λs

= λs

λb

δ

L
(5)

are the dimensionless thermal resistances of the crack and the contact
layer of inter-grain material, respectively, where δ is the micro-crack thick-
ness, L is the distance between the micro-cracks, b and r are the effec-
tive radii of the contact area and of the micro-crack (or grain boundary),
a=b/r, λb is the thermal conductivity of the inter-grain material, I1 is the
modified Bessel function of the first kind of order 1, and K1 is the modi-
fied Bessel function of the second kind of order 1.

Usually Rb does not exceed 0.01, since L/δ>100 and λs and λb are of
the same order of magnitude. For these values of Rb the HBR coefficient
M does not depend upon the relative resistance of the contact spot and
becomes a function of a2 and R� only. This function is plotted in Fig. 2.
One can see that for R� > 100 (thick crack), M depends on the relative
contact area only, and for R� < 0.01 (thin crack), M = 1. If a tends to 1,
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M approaches 1 regardless of R� (here, pore thermal conductivity λ� =
λ�,g =λg also, and pore heat resistance R� =Rg).

If Kn � 1, the pore phase conductivity λ� is given by λg and is
almost independent of gas pressure (see Fig. 1). In this case the gas ther-
mal conductivity Rg =R� is a function of δ/L and temperature. If Kn�1
(low pressures, thin cracks), the heat flux across the crack is proportional
to p.

2.3. Fractal Model of Microstructure of Porous Cracked Materials

The HBR phenomenon in ceramics and other materials arises from
different technological and physico-chemical reasons in the course of
material manufacturing and use. HBR normally is associated with dis-
continuities of different sizes, i.e., grain boundaries, cracks arising from
pressing or kilning processes, practical use of materials, etc. Frequently the
basic geometric structure of the discontinuities repeats itself on different
length scales. Smaller scales describe structural elements of higher orders
(or generations), for which elements are effectively included within the
larger scale elements (of lower generations). Accordingly, a generalized
geometric fractal model [4, 5] of the material microstructure has been pro-
posed (see Fig. 3).

Consider a length scale (pertaining to a given generation) characteriz-
ing the average distance between the cracks, or a particle size. The length
scales h1, h2 of 1 to 2 orders lie in the range of 1–10 mm. The length
scale of third generation characterizes relatively large, sintered particles
(grains) of the size 0.05–0.2 mm, separated by pores. The material grain
boundary structure is governed by the binder character and the technolog-
ical production process. The grain boundary may be composed of porous
glass phase, chains of smaller pores, micro-cracks formed as a result of
the material recrystallization and anisotropic thermal expansion of grains,
etc. Structures of fourth (and higher-order) generations are characterized
by low angle or, more frequently, large angle boundaries, and may also
include networks of pores or submicro-cracks. The sizes of such bound-
aries are usually of the order 0.1–1 µm, and the corresponding pore sizes
range from several Angstroms to 0.1 µm. Each i-th generation (length
scale hi) is characterized by its own grain contact area a2

i and other per-
tinent parameters presented in Eqs. (3)–(5).

An expression for λeff of the above fractal, multi-generation porous
medium may be obtained by repeatedly applying (at different length
scales) the model of two slabs with HBR, described in the previous sec-
tion. This is done by replacing the real structure by a model medium
divided by grids of perpendicular planes—each having gap size
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Fig. 3. Fractal model of porous materials.

hi—corresponding to the size of a given generation in the real structure.
The expression for λeff is [4]

λeff =λs(1−�)3/2
∏
j

Mj (6)

where Mj is the HBR parameter of the j th-order structure.

3. POSSIBLE APPLICATIONS OF THE METHOD

It should be remembered that thermal diagnostics has been known
for a long time, especially in solid-state physics. Development of the the-
ory of phonon-mediated thermal conductivity and thermal capacity, eval-
uation of Debye temperature and lattice defects are connected with the
names of A. Einstein, P. Debye, R. Peierls, A. Eucken, H. Casimir,
P. Klemens, C. Kittel, etc., [21, 22, and references therein]. Our development
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of thermal diagnostic methods deals mainly with the investigation of the
porous structure and grain boundaries. The NDTD method is based on
the measurement of thermal conductivity and diffusivity at different gas
pressure/composition. This method can be best implemented for the mea-
surement of geometric size distribution and average sizes of the micro- and
nano-cracks.

Any methods for the measurement of thermal conductivity and diffu-
sivity can be used in the NDTD method as a first stage of measurements.
However, the number of the evaluated parameters and their accuracy will
depend on the following experimental conditions:

• Maximum information and high accuracy can be attained when
measuring the apparent/effective thermal conductivity at different
gas pressures. Any additional information about porous structure
should be useful, e.g., distance between cracks.

• Estimation measurements to assess and control the quality of
products in industrial conditions can be conducted under the same
gas pressure directly on the samples themselves or their parts, e.g.,
walls of buildings, turbine blades, electron chips, etc. Remote ther-
mal diagnostics is most appropriate in this case.

Examples of different applications of the NDTD method are described
below.

3.1. Structure of Cracks and Grain Boundaries

It is a tough experimental problem to measure the geometric
parameters of thin cracks and grain boundaries, especially with sizes of
nanoscale order. The optical and electron microscopic methods for charac-
terization of micro-cracks and grain boundaries require the use of specially
prepared cross-sectional samples. False porosity and micro cracks that can
be introduced during the specimen preparation can misrepresent the real
features of the porous structure. Evaluation of the average sizes of the
cracks requires labor consuming statistical investigations.

The suggested method enables measurement of the average sizes of
structural geometric elements that are needed for analyses of many techno-
logical and scientific problems . This is both the advantage of the method
and sometimes its limitation.

Figures 4 and 5 present examples of calculations of the thermal con-
ductivity of ceramic materials depending on gas pressure and the struc-
tural parameters using the fractal model. The ranges of the structure
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parameters summarized in Table I comply with the thermal conductivity
data presented in Fig. 4.

The results of microstructure estimation for MgO, as shown in Fig. 5
by the NDTD method, are in accordance with the results of an analysis of
the porous structure by optical microscopy and electron microscopy meth-
ods [23, 24]. Because it is very difficult to evaluate average parameters of
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Table I. Possible Non-destructive Measurement Methods for Thermophysical Properties

Heat effect on Thermal Thermal Thermal Thermal Thermal
# the surface conductivity diffusivity capacity activity radiation

1 Flash (heat pulse) No No No Possible No
2 Constant heat flux May be No No Possible Possible
3 Temperature waves, a change No No No Possible No

of temperature amplitude
4 Temperature waves, a change Possible Possible Possible Possible Possible

of temperature frequency (phase
shift) and a change of
temperature amplitude

contact area and thickness of the micro-cracks by microscopic methods,
the comparison of results is only qualitative.

3.2. High Temperature Thermal Diagnostics

The suggested NDTD method has unique possibilities for analysis of
porous structures at high temperatures. Micro-cracks exist between sin-
tered grains in many refractories and ceramic materials. Some of these
micro-cracks arise during the cooling stage after sintering of the material
as a result of a mismatch in thermal expansion.

We developed a number of models aimed at investigation of the influ-
ence of opening and closing of micro-cracks on λ [10–12]. The models are
based on the concept of thermal contact between the grains. This thermal
contact may or may not exist in the absence of the mechanical contact.
That is, even if a gap, ε, exists between the grains, they may be in ther-
mal contact due to oscillations of the crystal lattice atoms. We assume that
the bodies are in thermal contact, if ε·5 Å, which is evaluated on the basis
of solid-state physics [22, 23]. The micro-cracks can open and close dur-
ing cooling–heating. The area and width of the micro-cracks depend on
the temperature. The micro-cracks are open at temperatures T <Tcl ·Tsin t,
where Tsin t is the sintering temperature (about 1400–1600◦C for many
ceramics). At Tcl (temperature of closing), these micro-cracks are assumed
to be closed [11, 12].

We described two possible modes of changes of geometric parameters
of the micro-cracks with temperature [10–12]: (i) opening and closing of
micro-cracks appearing around large grains, or (ii) opening and closing of
micro-cracks within the bulk region.

In case of micro-cracks within the bulk region, the bulk region is
viewed as consisting of small particles with small cracks between them
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that arise due to thermal expansion mismatch. The average HBR parame-
ters are calculated by integration over all particle sizes and their expansion
coefficients. Using the above statistics of particle distribution, we obtain
the contact area ratio and the average reciprocal crack thickness.

The calculated parameters a2 and δ−1 are used in Eqs. (4)–(7) to
calculate the HBR parameter M and the effective thermal conductivity.
In materials with coarse-grain structure, such as Al2O3 ceramics, chrome-
magnesite refractories Radex E, Radex BC and fireclay refractories, HBR
are formed by macro- and micro-cracks. Increase of λ with temperature in
these materials can be attributed to the concomitant increase of the HBR
parameter M, stemming from the increase of a and/or decrease of δ. In
corundum this occurs as a result of the anisotropic thermal expansion of
Al2O3 crystals [12]. The above mechanism explains the thermal conduc-
tivity data for several refractory materials for vacuum steel production,
including Radex E, Radex BC, MCV, and MCVP [10–12].

The calculated values of the thermal conductivity along with the
experimental data for the chrome–magnesite ceramics MCV are presented
in Fig. 6. One can see that the model of reversible opening and closing
of micro-cracks correlates well with the experimental data. The high clos-
ing temperature of micro-cracks explains the decreasing effect of the gas
pressure on thermal conductivity with temperature. These investigations
confirmed the applicability of high-temperature thermal diagnostics to the
analysis of crack geometry at high temperatures.
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3.3. Thermal Diagnostics of Mechanical Properties and Fatigue Failure

We found that good correlations between the mechanical and ther-
mophysical properties exist for many dense and highly porous ceramic
materials [2–3, 5, 13]. An example of thermal conductivity dependence on
compressive strength of a porous MgO material is demonstrated in Fig. 7.
The observed correlation can be explained by the fact that the same geo-
metric structural elements like micro-cracks and grain boundaries govern
both mechanical and thermophysical properties [2, 5]. As can be seen from
this example, the method of nondestructive thermal diagnostics can be
applied for control of mechanical properties.

We have applied the method of thermal diagnostics to control the
fatigue behavior of metallic specimens that have been exposed to a com-
plex loading that included a constant tension force along with a cyclic low
frequency tension (5 Hz). The thermal diagnostics have been carried out by
measuring the temperature difference dT at two points on the specimen
(see Fig. 8), which was inversely proportional to the thermal conductiv-
ity of the specimen. The tensile stress has been monitored by a tensiome-
ter (signal TNM in Fig. 8). One can see that the failure of the specimen
has been registered by two methods simultaneously. A constant increase
of the temperature difference (or decrease of thermal conductivity) during
the initiation of the fatigue has been observed in the specimens. This effect
can result from formation and accumulation of the lattice defects and pro-
cesses of grain boundary segregation during mechanical treatment [21, 22].
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ity of 0.68 [13]. Squares represent the scatter of the experi-
mental data. Solid line is the linear approximation.
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3.4. Remote Thermal Diagnostics and Other Applications

Modern methods of laser and electron heating along with high-speed
optical measurements enable development of remote measurement meth-
ods of thermophysical properties. The thermal-wave method provides more
information than other known methods (see Table I) since it can utilize
dependences between amplitude, phase, and frequency of the temperatures
wave on the specimen surface [18, 19]. The change in thermal-wave fre-
quency enables control of the wave’s penetration/extinction depth and, as
a result, estimates of the measurement depth of the cracks or other struc-
tural changes.

The method of temperature waves can be applied to characterize com-
position and structure of the underground layers in geological formations.
Daily and seasonal temperature changes can be used for this purpose.
Temperature wave distinction analysis has shown that seasonal temper-
ature changes allow evaluation of the underground structure up to the
depth of 10–20 m.

In the past decade, laser-induced thermal and acoustic transient meth-
ods attracted considerable attention in the context of the non-destructive
characterization of properties of thin solid films and surface layers [25,
26]. Photothermal investigations are based on infrared photothermal radi-
ometry. IR emissions are registered from the surface of the opaque mate-
rial or even from the bulk, if the IR absorption coefficient is relatively
low. The application of photothermal methods for investigation of thermal
shock behavior of alumina ceramics has been demonstrated by Li et al.
[26].

The transient grating technique which probes both acoustic and ther-
mal responses of thin-film structures is suitable for mesuring mechanical
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properies such as speed of sound, density, and elastic constants, as well
as thermal properties. Examples of these applications can be found in the
Proceedings of the Fifteenth Symposium on Thermophysical
Properties [25].

4. CONCLUSIONS

1. A new non-destructive thermal diagnostic method has been
developed.

2. The sensor in the method is the mean free path of gas mole-
cules/gas pressure in pores and micro-cracks.

3. The method allows evaluation of average thickness and contact
area of cracks and grain boundaries in the range of 10−9 to
10−3 m.

4. The fractal model of porous structure and measurement of the
apparent thermal conductivity/diffusivity at different gas pressure
enable to estimate the pore/cracks size distribution in the above
range.

5. Different applications of the method have been demonstrated:

• high-temperature structure diagnostics, including opening
and closing of cracks;

• analyses of the mechanical properties and fatigue;

• remote control of the structure and mechanical properties.

6. Photothermal and acoustic transient methods are applied for non-
destructive characterization of properties of thin solid films, sur-
face layers, and bulk properties.
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