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1. Introduction

A radiation field of an external or internal origin creates a non-uniform temperature gradient
in a glass specimen. In this case, there appears a heat flux in the specimen, which generates
mechanical stresses and induces an optical anisotropy in the form of birefringence. In this work,
using the optical-polarization method, the birefringence magnitude is measured as the phase
difference between the orthogonal components of the linearly polarized probing radiation. The
capability of the method is enhanced by modulating the radiation polarization, which provided
a reliable registration of stresses in the specimen at a temperature drop of about 0.1 K. The
stress kinetics with a complicated behavior and ambiguous by sign is detected at the observation
point within the temperature establishment time interval. Its modeling in terms of exponential
functions made it possible to decompose the measurement results into components associated
with the radiative, conductive, and convective heat transfer mechanisms, as well as determine
their relaxation parameters. The measurement data can be of practical use while determining
such technically important material characteristics as the thermal diffusion and heat transfer
coefficients.

Keywords: thermoelasticity, modulation polarimetry, radiative, conductive and convective
heat transfer mechanisms.

ergy [2]. This area of mechanics is based on the syn-
thesis of the classical theory of elasticity and the the-

The thermal expansion of a homogeneous solid is
known to be confined by the non-uniformity of
a temperature gradient under heat flux conditions
[1]. In this case, the non-uniform character of the
temperature-induced expansion of a substance be-
comes responsible for the thermal stresses that arise
in it. The study of those phenomena is a matter of
interest in elastostatics and elastokinetics. These two
domains of solid-state physics describe a relationship
between the deformation-induced elastic fields in the
substance and the temperature field parameters, the
latter, in turn, being related to the deformation en-
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ory of thermal conductivity. Having obtained a signif-
icant impetus within last decades, this science became
the source of a large number of publications. There-
fore, for the results of researches in this area to be
convenient for understanding, it is expedient to rep-
resent them in a structured form.

For instance, heat fluxes can be excited using a
dozen of methods [3]: contact, radiation (infrared and
corpuscular), laser (pulsed and stationary), sound,
mechanical shock, friction, and so forth. This list can
be appended by about the same number of physical
effects, as well as experimental methods of their reg-
istration. Conditionally, those methods are divided
into two related groups associated with the factors
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that are the most commonly used to study deforma-
tions in solids. This is a variety of methods for the
thermal generation of stresses and the variants of the
optical-polarization registration of the birefringence
[4-6].

In this work, we deal with the same two physi-
cal entities: the thermo-elastic effect and the optical
method of its registration, each of them possessing
its own element of a certain novelty. First of all, this
statement concerns the examined specimen that loses
its internal energy through thermal radiation. Such
a state of the researched object is associated with
a certain spatial inhomogeneity of the radiation field,
where the specimen is located, and, as a result, with a
negative radiation balance inside it. Hence, it follows
that, in the case of experiments under room condi-
tions, the decrease of the temperature at the speci-
men ends may be equal to a few degrees below the
room value. In such a case, the measurement of small
mechanical stresses requires the application of unique
methods and facilities that could reliably register all
peculiarities in the process of establishment of elas-
tokinetic and elastodynamic states.

An example of such methods is modulation po-
larimetry (MP), which is classified to spectrometry
[7]. It includes some elements of differential spec-
troscopy [8] and, therefore, is characterized by the in-
herited analytical and high detection capabilities. In
work [9], we showed that MP can be used to register
thermal stresses, even if all mechanical and optical
coeflicients that are involved in the stress generation
are almost temperature-independent. Therefore, the
aim of this work is to continue and further develop
researches started in work [9] and dealing with the
peculiarities of radiation thermoelasticity in the case
where the stresses are induced by external thermal
radiation.

However, as was marked in work [10], the radia-
tion cooling of a solid is also accompanied by the
appearance of internal stresses. A detailed study of
the latter has, first of all, an academic interest ow-
ing to the asymmetry of the conditions for external
and internal radiations. We do not know about pub-
lications in the domain of solid state physics that are
devoted to the radiation cooling, except for work [11],
in which the impulse method was applied to register
a negative radiation balance in a semiconductor crys-
tal as a result of the free electron removal from its
volume.
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Fig. 1. Schematic diagram of the experimental registration
of thermoelasticity induced by the radiation cooling and heat-
ing: He-Ne laser (1), specimen (2), electrothermal element (3),
compensating phase plate (4), photoluminescence polarization
modulator (5), polarizer (6), and Si photodetector (7)

However, more important are practical circum-
stances associated with the radiation cooling of mate-
rials that are fabricated or thermally treated at tem-
peratures up to 1000 [12] and 2000 K [13]. The real-
time registration of processes running under such con-
ditions becomes problematic, if impossible at all. In
this case, there is a ground to hope for that their
modeling at lower temperatures, due to the detection
capability of MP, which is sufficient for this purpose,
will make it possible to obtain results that can be
extrapolated to the indicated conditions.

Additionally, it is worth noting that the radiation
cooling, which is controllable in our case, can be used
to model such processes as the night cooling of the
Earth surface [14], buildings [15], and thermal energy
accumulators [16]. We would also like to dissociate
ourselves from a large number works like [17, 18], in
which the term “radiation cooling” is used to denote
the technology of cold production on the basis of ma-
terials with martensitic transformation properties.

2. Experimental Technique

The thermoelastic properties of solid specimens were
studied by measuring the spatial distributions of me-
chanical stresses induced in them at the radiation
cooling, as well as their temporal evolution. The mea-
surements were carried out on a polarimetric in-
stallation (Fig. 1), whose main component is pho-
tovoltaic polarization modulator 5. By appropriately
arranging the functional elements (the modulator and
linear polarizer 6 were arranged behind the speci-
men), the installation was configured to register the
linear birefringence, which was described in detail
in work [9]. Therefore, here, we only describe the
differences.

995



I.Ye. Matyash, I.A. Minailova, O.M. Mischuk et al.

A rectangular parallelepiped specimen 2 with the
dimensions I, X1, X1, = 2x3x2 cm® was cut out from
glass TF-1. This choice was stimulated by the optical
homogeneity of this material, as well as by the cor-
respondence between the characteristic times of heat
transfer processes and the registration equipment. All
specimen surfaces were subjected to a standard treat-
ment (grinding, polishing) to minimize structural de-
fects of them and resulting residual stresses. The
specimen was irradiated with the help of an elec-
trothermal (Peltier) element 3. Its size slightly ex-
ceeded the size of the end zz-surface of the specimen,
which provided conditions for the field uniformity in
the near-surface region.

The specimen was cooled down from 295 K
(room temperature) to 292 K. The measurements
were carried out under environmental conditions at
atmospheric pressure. Therefore, the specimen was
shielded from fluctuations of convective fluxes in or-
der to reduce the instability of a measured signal. The
Peltier element was cooled/heated at a certain dis-
tance from the specimen until it reached a stationary
regime. Its effect (cooling or heating) was “switched
on” by arranging this element above the specimen
with the help of a rotator.

From the optical diagram depicted in Fig. 1, it fol-
lows that the direction of the heat flux in the spec-
imen determines the orientation of the Fresnel ellip-
soid (the indicatrix of refractive indices) in such a
way that the axes of the latter become oriented along
the z- and y-axes of the specimen. In this case, ra-
diation (the wavelength A = 650 nm, the diameter
of the normal cross-section of the laser beam (1)
equals 0.1 mm) must be so linearly polarized that
the azimuth of the electric field vector E of the wave
with respect to the specimen axes should be equal to
45°. In this geometry, the equality condition E, = E,
for two components of the wave field is optimal from
the viewpoint of the effective transformation of radia-
tion into a circularly polarized one at its propagation
in the anisotropic specimen. This conclusion follows
from the properties of polarization optics [19].

Namely, the intensity of the circularly polarized
component is determined by the expression [y =
= E,E,sin(A¢), where A¢ is the phase difference
between the orthogonal linear components. It equals
A¢ = 2mw(d/N)An, where d is the specimen thick-
ness in the radiation propagation direction, and An =
= ng — ny. Since the wavelength A of the probing ra-

996

diation and the specimen thickness d in the direction
of radiation propagation are known, the intensity Iy
corresponds to the magnitude and sign of the optical
anisotropy An. In the case A¢ < 1, which is valid for
our measurements, and small deformations (within
the limits of Hooke’s law), the optical anisotropy is
a measure of the mechanical stress: A¢ = Co. The
stress-optical coefficient (the phase incursion per me-
chanical stress unit [20]) is determined by an addi-
tional anisotropy measurement, when the specimen is
deformed by an external controlled force. Thus, the
magnitude and sign of the circular radiation compo-
nent emitted from the specimen contain information
about the magnitude and sign of internal mechanical
stresses arising owing to thermoelasticity.

Thermal stresses as the magnitude of the circu-
lar component normalized by the stress-optical co-
efficient, Iy < A¢/C, were registered in the form of
their time dependences at fixed positions of a prob-
ing beam (the y-coordinates). The signal from pho-
todetector 7 was measured using a lock-in nanovolt-
meter at a modulation frequency of 50 kHz. The se-
lective registration of the signal and a rather high
frequency of the latter allowed us to reliably register
small mechanical stresses. At a deformation of 10? Pa,
the signal-to-noise ratio was equal to 10. When mea-
suring at a fixed coordinate, the residual mechanical
stresses were compensated by phase plate 4, which al-
lowed measurements reckoned from the zero reference
value to be carried out. The positive sign of the signal
was established using the phase of the reference signal
from a synchronous amplifier or by changing the az-
imuth of the wave electric field by 90°. The positive
sign corresponded to the squeezing of the specimen
along its y-coordinate.

3. Measurement Results
and Their Discussion

We would like to emphasize that, when studying the
radiation thermoelasticity of a glass specimen irradi-
ated with thermal radiation emitted by a black body,
we have registered the radiation cooling [9]. This
phenomenon, which accompanies the cyclic heating-
cooling process, manifests itself as the relaxation of
the specimen to an equilibrium state, when the ra-
diation heating had been terminated. In the present
work, the matter of concern is the radiation cooling
of a solid and the corresponding internal stresses and
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birefringence. The inevitability of the radiation cool-
ing is dictated, first of all, by the spectral difference
between the absorption (radiation) coefficients of the
black body and the specimen. Furthermore, it is not
ruled out that the smallest changes in the amplitude
ratio between the heat transfer components will result
in significant modifications of general characteristics.

Those speculations formed a basis of an experi-
ment, whose result is shown in Fig. 2. Here, the mag-
nitude of the mechanical stress at one of the specimen
coordinates was obtained by continuously measuring
the birefringence in four cycles under varied condi-
tions. The test point with the coordinate y = 7 mm
was chosen as producing the most informative form
of the curve. Two cycles, the first and the third one,
included the external coercive actions on the speci-
men, namely, the radiation cooling and heating, re-
spectively. In the other two cycles, the second and
fourth ones, inverse processes took place: the relax-
ation of the temperature and stress gradients in the
specimen to the equilibrium state under the natural
heating and cooling, respectively. In all four cases, the
time of the stationary state establishment was deter-
mined from the condition that the magnitude of the
corresponding influence had to be constant.

One can see that the extrema have opposite signs
in each pair of heating-cooling characteristics, which
can be associated with changes in the heat flow di-
rection and, therefore, the signs of the radiation field
gradients. The actual reason consists in that, accord-
ing to the Poisson law, the stress ¢ is not generated
by the gradient of the potential function ¢(y) (the
temperature in this case), but by its curvature at
the test point, div¢ o< £0. In a real experiment, the
sign of the birefringence An = n, — n, changes due
to the change of the optical indicatrix (Fresnel ellip-
soid) azimuth by 90° with respect to the specimen
coordinates at a fixed azimuth of the wave E-field
(Fig. 1).

Note also that the curves obtained for the direct
and inverse cooling-heating cycles are consistent with
one another, which can be verified by applying the
translational symmetry. However, a more important
fact is that each of four parts in the general character-
istic contains the same features like fast and slow re-
laxation sections separated by two extrema. Whence
it is not difficult to make a conclusion that each of
them consists of three sections that are different not
only by amplitudes, but also by trends.
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Fig. 2. Kinetics of the specimen surface temperature under
the radiation cooling and heating (a). Kinetics of the mechan-
ical stress induced in the specimen by, sequentially, the radi-
ation cooling (0-25 min), environmental heating (25-50 min),
radiation heating (50-75 min), and environmental cooling (75—
100 min) (b)

Let us analyze the first plot section. The corre-
sponding results may be appropriate to other three
sections. The analysis is based on two fundamen-
tal factors. which were discussed above. One of them
is a high detectable capability of MP with respect
to low anisotropy values and their reliable registra-
tion at insignificant temperature drops across the
specimen. The second factor follows from the first
one. Under the described conditions, the parameters
that are responsible for the thermal stress genera-
tion (Young’s modulus, heat transfer and linear ex-
pansion coeflicients) or participate in its registration
(refractive index, stress-optical coefficient, Poisson’s
ratio) are almost temperature-independent. In this
case, one may hope for that, owing to the linear char-
acter of the equations describing the emergence of
thermal stresses and their relaxation, their solutions
are exponential functions.

In what follows, we will use the evident fact that
two of three functions participating in the formation
of the first section of the characteristics in Fig. 2
reached the saturation within the time intervals ¢ ~
~ 0.65 min and ¢ ~ 6 min. Therefore, the longest
dispersion component of the complex function has
grounds to be elementary. Really, on the log scale,
this is a straight line spanning a few orders of mag-
nitude. Its slope is determined by the characteristic
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convection fluxes (dashed curve) and under forced-convection
conditions (solid curve)

61 ' 10,006
- - - experim.

4] i 10,004
g2 10,002 5
4 ] En
g ot 10,000 &
¢ 1o 5 10 15 20 25
B 29 Time, min ~ 1-0,002

1
4] 1-0,004
)
6l ! a 10,006
0 0,65 min 10,000
0 : Z
Time, min  {-0,002
g
Z; 8 - - - experim. 1 '0’004—;%
% e —— modeling 0006§
-124
1-0,008
164 10,010
b

104 10,010

. 84 —o—experim. {0,008
% 6/ ——modeling | 0,006 9
@ g
3 4 10,004 &
7]

2] 10,002

04 10,000

0 15 20 25
Time, s
c

o
[9))

Fig. 4. Mechanical stress components and their approxima-
tions by exponential functions: convective component, ocony =
5.3 exp(—t/7)+1.02, 7 = 5.75 min (a); conductive component,
Ocond = 16.3exp(—t/7), 7 = 1.01 min (b); and radiative com-
ponent, oyaq = 10.0exp(—t/7), 7 = 4.1 s (¢). The values of
mechanical stress components (left axis) were obtained by nor-
malizing a change A¢ of the phase difference between linear
orthogonal components (right axis) determined from an addi-
tional measurement
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Fig. 6. Time evolution of the total stress profle along the
y-coordinate of the specimen

relaxation time. The result of this procedure is exhib-
ited in Fig. 3, which illustrates the relaxation rate for
two variants: the shielded and forced convections in
the specimen environment. An appreciable response
of the cooling process to changes in the environmental
conditions enables us to connect this section with the
convective component of heat transfer. On this basis,
we may take a model exponential function and ascribe
such an amplitude of the steady state to it that pro-
vides the best agreement with experiment (Fig. 4, a).

The obtained model function enables the section of
the curve located within the interval 0 < ¢ < 6 min
and consisting of two components to be decomposed
further. The decomposition is possible, because those
components are characterized by substantially differ-
ent relaxation parameters. For this purpose, the ob-
tained model curve (the solid curve in Fig. 4, a) was
used as a reference, from which the ordinates of the
experimental curve corresponding to the slow compo-
nent were reckoned. The obtained function was also a
straight line on the log scale, and its slope determined
the characteristic time of the conductive component
of heat transfer. The relaxation parameter of the pro-
cess determined in such a way made it possible to ob-
tain the curve shown in Fig. 4, b (the solid line). The
same procedure applied to the difference between the
model and general experimental curves was used to
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obtain the model parameters of the fastest compo-
nent. It is located between the model and experimen-
tal curves in the interval 0 < ¢t < 0.4 min. Its inter-
pretation does not cause difficulties, if we take into
account that the absorption and radiation effects are
considered in the theory of radiation to be related
with the surface [21].

In practice, however, the spectral intervals of the
radiation and absorption spectra are determined by
the temperature of a substance and its radiation emis-
sion coefficient. The latter, in turn, is determined by
the type of a material and the properties of its surface
[22]. Therefore, taking the Bouguer-Lambert law into
account, the effective localization length of the ab-
sorbed (emitted) energy acquires finite values, which
are determined, in the first approximation, by the
product of the functional expressions for two laws. In
this case, it is important that this and conductive
components have opposite signs. The obtained result
agrees with the conclusion of work [22] that if the
absorption coefficients are large, the radiation emis-
sion effects can be observed only in a vicinity of the
radiation region and are described by the diffusion
equation for the radiation heat flux. Therefore, we
may suppose that the corresponding time parame-
ter 7raq has an effective value that is determined,
as in the size effect, not only by the thermal con-
ductivity coefficient, but also by the thickness of the
layer, in which the energy absorption and/or radia-
tion takes place. In Fig. 4, the right axes correspond
to the phase difference change A¢, and the left ones to
the mechanical stress calculated by normalizing A¢
by a value obtained from an additional measurement.

In Fig. 5, all three components of the heat trans-
fer with parameters obtained from the decomposition
of the first section of the general characteristic are
compared. When superposing the curves, their am-
plitudes were changed by the difference between the
ordinates of the initial and steady states of the model
dependences (Fig. 4). The fact that the model curves
have finite values at the initial time moment is not a
paradox, because the balance of amplitudes with dif-
ferent signs provides a zero signal at the initial time
moment. However, the balance of signed stress values
is maintained throughout the relaxation period.

Figure 6 demonstrates the coordinate dependences
of the total stress for three time values within the
interval, during which the radiation component sat-
urates. From the previous analysis, it follows that
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this component and the conductive one have differ-
ent signs. This fact brings us to the conclusion that
the radiation-induced stress is localized in the near-
surface region of the specimen. There is no doubt that
the ratio between the relaxation parameters of the
heat transfer components will be strongly different in
the coordinate representation. The determination of
those parameters for various components is a matter
of separate interest.

4. Conclusions

The kinetics of thermoelasticity induced by a radia-
tion field in a flint glass specimen is studied in two
regimes, cooling and heating. The method of modula-
tion polarimetry is applied to register the mechanical
stresses arising at a temperature difference of a few
degrees across the specimen. The mechanical stress
magnitude is found to be a linear function of the op-
tical anisotropy value. Its kinetics measured at differ-
ent points has a complicated character, which varies
along the heat flux. Small temperature drops across
the specimen, which were used in this work, enabled
the general stress kinetics to be approximated as a
sum of exponential dependences. Additional measure-
ments showed their relation to the radiative, con-
ductive, and convective components of heat trans-
fer, which participate in the temperature field for-
mations. By analyzing one of the dependences, the
characteristic parameters (the amplitude and the re-
laxation time) are calculated for all three heat trans-
fer mechanisms.

We would like to note that the combined radia-
tion and convection cooling was considered in work
[23]. The numerical solution of the corresponding
nonlinear problem was presented there in a dimen-
sionless graphical form for a wide range of parameters
of the problem. The results obtained in the cited work
are in a good qualitative agreement with ours. This
cannot be said about work [12], where the effect of
the thermal radiation cooling is very small, as a rule,
in comparison with the convective cooling.
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1.€. Mamsw, I.A. Minatinosa,
O.M. Miwyx, B.K. Cepdeaa

KOMIIOHEHTHUI AHAJII3

TEPMOIIPY>KHOCTI, IHAYKOBAHOI PAIIAIIMHUM
BUITPOMIHIOBAHHSIM, B IIPEICTABJIEHHI
MOIOYJILALINHOI TIOJISIPUMETPIT

Pesmowme

Papianiitne mosie Big 30BHINIHBOTO ab0 BHYTPIIIHBOTO BHUITPO-
MiHIOBaHHS CTBOPIOE B 3pa3Ky 3i CKJIa HEOAHOPiAHUI Ipai€eHT
TeMIepaTypu. B npboMy BHIIAJIKy BHHUKAE IIOTIK Telsa y 3pa3-
KY, KUl TeHepy€e MeXaHi4Hi Halpy>KeHHH 1, K HaCJIiJI0K, OITH-
YHY aHi30TpOIINIO y BUIVIAI HOABIHOIO IPOMEHE3aJIOMJICHHS.
Moro BenmumHa BUMIDSIHA ONTHKO-TIOJSIPUBAIIHHIM METOIOM
y Buraazni pisauni ¢as MiXK OPTOrOHAJBLHUMEI KOMIIOHEHTAMUI
JIHIAHO HOJISIPU30BAHOrO 30H/YIOYOrO BHUIIPOMIHIOBaHHs. Bu-
SIBHA 3JIaTHICTb METOY IIiBUIIEHA MOJIYJISIIEIO MMOJISTPU3aIiil
BUIIDOMIHIOBaHHs, 1110 3abe3Iedye IOCTOBIpHY peecTpaliiio Ha-
Npy>KeHb y 3pa3Ky IPHU Iepenaji TeMieparypu Ha piBHI me-
carol rpagyca. Bussnena ckmagma 3a dopmoro i meonHosHa-
9Ha 32 3HAKOM KiHETHKa HAIPYy>KEHHsI B TOYI[i CIIOCTEPEKEHHS
HPOTSTOM 9YaCy BCTAHOBJIEHHS. 1i MOJIEIOBAHHS €KCIIOHEHTHH-
MH (DYHKI[IIMA JTO3BOJIMJIO BUKOHATH PO3KJIAIaHHS PE3YIbTATY
BHMIPIOBaHHs Ha KOMIIOHEHTH, [TOB’sI3aHl 3 pa/IiamiifHmM, KOH-
OyKTUBHUM i KOHBEKTHBHHM MEXaHI3MaMHU TeIlIonepeaadi, a
TaKOXK BU3HAYUTHU ITapaMeTpH X pesiakcarii. Pesysibrarn Bumi-
PIOBaHb MOXKYTb MaTH IPAKTHIHE 3aCTOCYBAHHS y BH3HAYECHH]
TaKUX TEXHIYHO BasK/IMBUX XapaKTEPUCTHK MaTepiaiB, K KO-
edinienTn TeMIEPaTypOIPOBIAHOCTI i TemTonepesadi.
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