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Abstract. Temperature fluctuations are the most common and significant factor in the en-
vironmental impact on the properties of plastic and biocomposite materials. Therefore, the de-
velopment of a fundamental concept of the conformation mechanisms of long molecules under
conditions of stable temperature gradient is one of the urgent problems of modern technologies
in the field of creating materials with given properties. The purpose of the research was substan-
tiation of basic relation for conducting a computational experiment to determine the parameters
of the kinetics process for thermally stimulated cellulose polarization within the framework of
classical thermodynamics. The objects of the experimental study were microsections of cylin-
drical birch wood with a thickness of about several hundred microns. During the measurement,
the specimens were placed between two massive cylindrical measuring electrodes. Heating was
carried out at a constant rate, ensuring the constancy of the temperature gradient along the
cut thickness. A potential difference was formed in the wood under experimental conditions
due to pyroelectric and piezoelectric effects in cellulose crystallites. The emerging electric field
contributes to polarization of the side groups of macromolecules in the amorphous part of
the cellulose. In this work, a basic model relation for calculating the potential difference was
obtained. The difference occurs in a thin wood specimen. Model efficiency was determined by
the method of estimating the dimensionless Nash-Sutcliffe criterion. The proposed model can
be applied for data systematization on the thermally stimulated biocomposite polarization (with
crystalline and amorphous components). Systematization is made by means of computational
experiment to determine the parameters characterizing their unique features.
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Annoranua. Dnykryanum TemriiepaTtyphl SIBISIOTCS HauboJiee paclpoCTpaHEHHBIM U
CYLIECTBEHHBIM (haKTOPOM BO3ACUCTBUSI OKpYyKawlleil cpeabl Ha CBOMCTBA IJIACTUKOB
u Ouokommo3utoB. I[loaTomy paspaboTka (yHIaMEHTaJIbHONW KOHLEMUUU MEXaHU3MOB
KOH(MOPMALINK IJTMHHBIX MOJICKYJT B YCIIOBUSX YCTOMYMBOTO TpaflieHTa TeMIIePaTyPhI SIBJISIETCST
OIHOI M3 aKTyaJbHBIX ITPOOJIEM COBPEMEHHBIX TEXHOJOTUI B 00JIACTU CO3TAaHUS MaTepuajioB
CO CBOMCTBaMM, HEOOXOOIMMBIMM ISl pelleHus omnpeaeseHHbIX 3amad. Lleabp pabdotbl —
000oCcHOBaHME 0a30BOTO COOTHOWIEHUST IJId MNPOBEASCHUS BBIYMCIWUTEILHOIO 3KCIEepUMEHTA
Mo ompeaesieHUI0 MmapaMeTpoB Ipoliecca KMHETUKU TePMOCTUMYJIMPOBAHHON MOJSIpU3alUuU
LEJUTI0N03bI B IPUPOJHON JApEeBECHMHE B paMKax KJacCUYecKoi TepMoauHaMuKu. OO0beKTaMu
SKCITEpUMEHTAJIBHOTO NCCIECAOBAHUS OBUIM MUKPOCPE3BI IPEBECUHBI Oepe3bl IMIMHIPUIECKOM
(GopMBI TOMIIMHON TTOpsiAKa HECKOJIBKUX COTEH MHUKPOH. B Tipolecce m3mepeHUST 0OpasiIbl
IMOMEIIAJINCh MEXIY IBYMS MAaCCHUBHBIMM M3MEPUTCIBHBIMU 3JICKTPOAAMU IIMJIMHIPUICCKON
¢opmbl. HarpeBaHue mpoBOAMIOCH C MOCTOSSHHOM CKOPOCTBIO, UTO ITO3BOJIMJIO OOECHEYUTH
MMOCTOSIHCTBO TpaJMeHTa TeMMepaTypbl BIOJIb TOJIIMHBI cpe3a. B ycaoBuUsSIX sKcnepuMeHTa
B IpeBecuHe (OPMUPYETCS Pa3HOCThb TMOTEHLMAJNOB, OOYCJIOBJIEHHAsT MUPOIJEKTPUUECKUM
M TbE303JIeKTpUUecKUM dddekTaMu B  KpUCTAJIMTax  LEJUI0J03bl.  Bo3HuKalollee
3JIEKTPUYECKOE T10JIe CITOCOOCTBYET MOJSIpU3allMU OOKOBBIX TPYIIT MAaKpOMOJIEKya aMopdHOIi
YacTU COCTABJISIIONIMX LEII003bl. B paboTe mojiyueHO 0a30BO€ MOJIEJIBLHOE COOTHOILIEHUE
IIJIST  pacyeTa pasHOCTM TOTEHIIMAJOB, BO3HUKAIOIIEH B TOHKOM oO0pa3lie ApEeBECHHBI.
DG GEKTUBHOCTL MOJECIU OIpeaeasiach METOJOM OLEHKM Oe3pazMepHoro kpurepust Haiia-
Carknudda. INpeanaraemass Moaeab MOXET ObITh MCITOJIb30BaHA JJISI CUCTEMATU3aLlMU JaHHBIX
0 TEPMOCTUMYITUPOBAHHON MOJISIPU30BAHHOCTH OMOKOMITIO3UTOB, MMEIOIINX KPUCTAJITTIECKYIO
1 aMOp(PHYIO COCTaBSIOIIME, TMYTEM BBIYUCIUTEIBHOTO SKCIEPUMEHTA MO OIpPeacIeHUIO
ImapaMeTpoB, XapaKTePU3YIOIINX UX YHUKATbHBIE OCOOCHHOCTH.
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Introduction

The optimum of the solutions in the field of designing materials with given properties based
on natural composites largely determines understanding of the dynamics of changes in their
microstructure under the influence of external factors [1]. Therefore, the characteristics of
macromolecules [2—4], physical and chemical properties of cellulose [5—6], and properties of other
biocomposite constituents of natural origin [7—8] have been actively studied recently. However,
unique supramolecular structure of the polymer composite is mainly destructurized in the process
of research [9—11], making it difficult to form ideas about the effect of biocomposite complexity
on its properties. Development of methods for non-destructive testing of wood microstructure
makes it possible not only to preserve the uniqueness of supramolecular structure during the
research, but also to expand existing ideas about thermopolarization mechanisms in complex
biocomposites. Temperature influence is the most common environmental factor. Therefore,
fundamental concept development of the conformation mechanisms of long molecules under
conditions of stable temperature gradient is one of the urgent problems of modern technologies
in the field of creating materials with the properties necessary to solve certain tasks.

A formalized model is currently being developed based on long-term studies of polymer
polarization processes [12—16]. It would become the basis for a comparative analysis and
prediction of the effect of inhomogeneous temperature field on the microstructure of a complex
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biocomposite (wood). The purpose of the research was to substantiate the axiomatic relation
for conducting a computational experiment. The aim of the experiment is to determine the
parameters of the kinetics process of thermally stimulated cellulose polarization in natural wood.
The process is based on the analysis of the entropy change in the system under study.

Theoretical part

Temperature gradients induce piezoelectric and pyroelectric effects in wood cellulose crystallites.
As a result, a potential difference is formed, contributing to the polarization of macromolecule
side groups. It takes place in the amorphous part of cellulose, having natural heterostructure.
Thus, the description of a response of a high-molecular-weight biocomposite (wood) to a constant
temperature difference is a complex task. Specimen polarization P,_is determined as the sum of
four terms comparable in magnitude order [16]:

Ty+AT Ty+AT
P,=— | dycgm,0,dT+ [ yhdT+AP,+P, (D
Ty Ty

where T is initial temperature, AT is temperature change, dijk is tensor of piezoelectric module,
¢, is modulus of elastic stiffness, p , is ratio of Young's modulus of lignin to Young's modulus
of cellulose, a, is coefficient of lignin thermal dilatation, v, is cellulose pyroelectric coefficient,
h is microsection thickness, AP, is change of orientational polarization in the macromolecule
side polar groups of the amorphous parts of cellulose and hemicelluloses in the emerging electric
field [1, 12—16], P_ is dipole orientational polarization of water molecules in wood pores. With
a stationary heat flux in a thin microsection of wood biocomposite, we can assume that d_, Chimp
u,, o, and y, coefficients practically do not depend on the temperature. Then the equation (1)
takes the form:

P

ic

= _dijkclg'mlumlaTAT + YthAT + APin + PO" (2)

The change in the orientation polarization AP, at a constant temperature gradient along
its thickness is mainly determined by the increase in AN number of the ordered side groups
(noncrystalline part of cellulose). In the framework of classical electrodynamics, it is determined
by the relation AP, = p.AN (p, is the average dipole moment of the side group of the cellulose
macromolecule, which can be determined from its conformation) [16]. The number of side
groups of macromolecules is limited in a microsection by a certain value N*. The process of
orientation of individual side polar groups is a random one. Therefore, we can write the equation
for the logarithm of the thermodynamic probability change W in the orientational polarization
AP, of the side polar groups of a macrosystem of long molecules in the following form:

*__
an:G(IHAN—lnN ANJ, 3)
N* N*

where 0 is all possible orientations of side groups of cellulose macromolecules in a microsection.
Transforming the equation (3) for dW/W, we obtain:
aw « d(AN
=0N - ( ) .
w (N"—AN)AN

4

The well-known Boltzmann relation determines entropy in the considered system through the
logarithm of thermodynamic probability:

S=knW, (5)

where k is Boltzmann's constant. In the process under study, the decrease in the entropy dS
occurs due to the side group orientations. Therefore, it is largely formed by the amount of heat
30 flowing in the microsection under experimental conditions. Then, within the framework of
classical thermodynamics we have a relation.
kW _as =8—Q=X£cdt, (6)
w T hT
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where 7 is ambient temperature. The above-mentioned relation was formed taking into account
that, 3Q = MAT/h)odt flows (A is thermal conductivity of wood) in the approximation of flow
stationarity through the microsection area (o) for an elementary period of time (dr). The following
equation can be derived from the relations (4) and (6):

aw _ o\ d(AN)  \oAT gt 7
/4 (N'=AN)AN ~ khT

Let us introduce the notation, meaning the ratio of the stationary heat flux power (through
the microsection) to the energy of chaotic motion of all side groups in all possible states in the
amorphous part of cellulose. Then (7) is transformed into the following equation:

d(AN)
(1-BAN)AN
where B = 1/N*. Taking into account the initial conditions (7, = 0, AN = AN,), it has an

analytical solution. Let us denote P, = pAN,. Then the equation for the change in the orientational
polarization is obtained:

= oudt, ®)

_ F, exp(a)
" 1+BB(exp(at) - 1)/ p,

From (2), taking into account (9), an expression follows for determining the potential difference
that forms in a dry microsection of wood over time (in the approximation of a flat capacitor):

U, exp(at)

1+n(exp(at)—1)°
where U] is initial value of potential difference, U is potentlal difference formed by piezoelectric
yroelectrlc response of the crystalline cellulose part n = P,/(N*p) is the proportion of oriented
side groups at the initial moment of time.
Relatively recently, the influence of wood moisture on polarization processes in a non-uniform
temperature field has been studied. The results showed that potential difference in a specimen
with moisture content ¢ can be modeled by the relation [1]:

U=U,[1+ox/(z(1-0)) ], (11)

where « characterizes polarization properties of bound water in the pores of wood, and g, is
its dielectric constant. As a result, in the computational experiment, it is expedient to use the
following relation:

)

U =U

dpy

(10)

U, =U,, +— 000 (12)
‘ 7 T+ m(exp(ar) —1)

where Uy =U,, |:1+(|)K/(gi(l—¢)):|, U,, =U, [1+@K/(ggi(1—(p));|,,Relation (12) is the base
for a formahzed model of a computational experiment to determine s U,,, o and n parameters.
The model is based on the data of the experiment on the formation dynamics of a potential

difference in wood microsections in a non-uniform temperature field.

Experimental part

Microsections of birch wood of a cylindrical shape with a thickness of about several hundred
microns were studied in this research. During the measurement, the specimens were placed between
two massive cylindrical measuring electrodes, the thickness of which significantly exceeded the
thickness of the microsection. The upper electrode was equipped with a heat sink, and the side
surface of the wood was thermally insulated with a specially made gasket. An inhomogeneous
temperature field with a gradient along its thickness was formed in the specimen [16], determined
by the following relation:

2B
T="T(cm +cm,), 13
7\,0S(e e 0 0) ( )
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where ¢, is specific heat capacity of the electrode material, m, is mass of the upper electrode, A,
¢,» m, are thermal conductivity, specific heat capacity, and mass of natural wood microsection,
respectively, B, is bottom electrode heating rate, and § is area of bottom electrode. Thus, in a
microsection, the magnitude of the temperature gradient along its thickness was determined by the
properties of wood substance and parameters of the measuring cell of flat capacitor. Heating was
carried out at a practically constant rate (Fig. 1). Straight line in the figure was constructed using
the least squares method, and the relative deviation of the temperature measurement data from it
did not exceed 2%. As a result, the temperature gradient under the measurement conditions can
be considered a constant according to the relation (13).

In the experiment, biocomposite response to the presence of a constant temperature gradient
along the thickness of the microsection was realized in the formation of a potential difference,
which was measured with controlled accuracy. Determination of the model parameters in the
computational experiment was carried out by the method of soft computations [17]. Optimization
was made on the basis of the Nash-Sutcliffe efficiency criterion (ME), which is traditionally
used in the problems of checking the adequacy of process models in partially self-organizing
systems [18]. According to general ideas, the value of the criterion is calculated by the ratio:

Z (szp _ U]iheory )2
ME =1--& o =
Z (Uk - Umean )
k
where U are data of the experiment on measuring the potential difference in the microsection,
U " are results of computational experiment (according to the relation (12)), U is mean value
of U#*. The value of the ME criterion cannot be more than a unit. The closer it is to one, the
more the model matches the ideal data description.

(14)
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Fig. 1. Dynamics of temperature Fig. 2. Dynamics of the potential difference
changes of the heated electrode formed in a birch wood specimen with a

moisture content of 40% when the lower
electrode is heated at 1.43 K-min™!

Results and Discussion

The analysis of the experimental data showed that the nature of changes in the potential

difference magnitude over time is non-linear one (Fig. 2). Potential difference stabilizes from
a certain time point, which indirectly indicates the formation of maximum polarization of
macromolecule side groups in the microsection.
The results of the computational experiment for birch microsections with a moisture content of
40% showed that the maximum value of the Nash- Sutcliff criterion was 0.993 with the following
model parameters: U, = 0.28 mV, a = 1.04 min’, = 44.5 mV and n = 0.98%. At the same
time, the average dev1at10n of the experimental data from the data, calculated according to the
basw ratio of the proposed model (Fig. 2), did not exceed 4%.

It should be noted that the research demonstrates successful application of computational
experiment to the analysis of measurement data on the wood response to the influence of
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inhomogeneous temperature field. Thus, it is necessary to combine laboratory tests with the
methods of physical and mathematical modeling of the studied processes to identify the kinetic
parameters of complex biocomposite microstructure

Conclusion

The conducted studies proved the following:

1) The kinetics of the potential difference formation in inhomogeneous temperature field can
be modeled within the framework of classical thermodynamics.

2) The measurement data of the potential difference in inhomogeneous temperature field (in
combination with a computational experiment) makes it possible to determine the parameters of
kinetic processes in natural heterostructures with sufficiently high accuracy.

3) The parameters of formalized model formed in the framework of thermodynamic approach
have clear physical meaning. They can be used in the analysis of the states of supramolecular
structure of complex semi crystalline composites.

4) The paper theoretically shows the role of various wood components in the formation of
thermally stimulated potential difference in the presence of a constant potential difference in its
microsections at room temperature.

5) The proposed method of formalized modeling can become the basis for the methods of
comparative evaluation of natural heterostructures, if their microsections can be used in converters
of thermal energy into electrical one.

Thus, in this research, a formalized model of the formation processes of potential difference
in a non-uniform temperature field was proposed for the first time. Complex wood biocomposite
was taken as a material under study. The model was based on the existing representation of the
composition and supramolecular composite structure. The main relations were obtained in the
framework of classical thermodynamics. In this case, the model can be used to systematize data on
thermally stimulated polarization of biocomposites with crystalline and amorphous components.
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