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The solidification kinetics is considered. A method has been proposed to determine the
solid phase concentration in the course of material solidification by measuring the shear
modulus. As an example, the solid phase variation during the solidification of an aqueous
gelatine solution has been determined which is used as the matrix of nanosystems are

optical chemical sensors has been determined.

Uccnemyercsas KuHETHKA IIpollecca 3arBepaeBaHusi. [IpeaioKeH MeTOn OIpeneeHUs KOH-
IeHTpamuu TBEPAOIl (hassl B IIpollecce 3aTBEPAEBAHUS IIyTEeM H3MEPEeHHs MOIYyJsA casura. B
KauecTBe IIpUMepa YKasaHHBIM CIOCOOOM OIpeae/ieHO H3MEeHeHHe KOHIIEHTPAIlUU TBEPHOM
dasel IpU 3aTBEPAEBAHUMN BOJHOI'O PACTBOPA JKEJIATHHA, KOTOPHIN MCIIOJL3YEeTCS B KAuecTBe
MATPUIILI HAHOCHUCTEM - OITHYECKUX XMMHUUYECKHX CEHCOPOB.

A material being solidified is a two-phase
system containing a soft phase and a solid
one, the amount of the latter increasing in
time in the course of solidification. The
purpose of this work is to study the solidi-
fication process and to develop a control
method therefor. It is the solid phase con-
centration in a solidifying material that is a
macroscopic parameter characterizing the
solidification process. Accordingly, the task
is reduced to calculation of the solid phase
concentration basing on experimental data.

A method has been proposed [1] to deter-
mine in experiment the shear modulus of a
material in the course of its solidification.
In this work being a continuation of the
preceding study, it is shown how the solid
phase concentration can be calculated using
those data.

When determining the solid phase
amount in a two-phase system, let the mate-
rial under study be considered as an inho-
mogeneous continuum being a mixture of
two isotropic phases. Thus, any charac-
teristic of the inhomogeneous continuum
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measured in experiment is an averaging re-
sult over the areas exceeding considerably
in size the area of heterogeneity. Such char-
acteristics are referred to as “effective char-
acteristics” or "mixture characteristics”.

Let the following designations be intro-
duced: G*, K*, v*, effective shear moduli,
the volume modulus and Poisson ratio of a
two-phase system, respectively; G and Gg,
the shear moduli of solid and liquid phases,
respectively; K and Kg, the volume moduli of
solid and liquid phases, respectively; vp and
vg, Poisson ratios of corresponding phases.

For calculation of effective constants of
an inhomogeneous continuum, the elasticity
theory of inhomogeneous media is used as a
rule [2, 8]. The inhomogeneous continuum
of a substance under study is a matrix with
spherical inclusions. The matrix corre-
sponds to the liquid phase, the inclusions,
to the solid one. The average value of stress
tensor (o) in a matrix is equated to the
external stress tensor ¥ applied to the sys-
tem at infinity. Inside of a spherical inclu-
sion, the fields of stresses and strains are
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homogeneous. The average stress (o) is de-
termined as

(6) = Cp(c(1)) + Cx(c(2)), a)

where Cp and Cg are solid and soft phase
concentrations, respectively.

When calculating the effective elasticity
constants for an inhomogeneous continuum,
the elasticity theory problem is at first
solved for the model being a single spherical
inclusion of the single phase within a ma-
trix having effective elastic properties. The
solution hes the form

(6(1)) = c*A(1)SY, )

where c* the tensor of effective elastic con-
stants. The formulas for the tensor A(1) are
presented in [2].

Then, the problem of the elasticity the-
ory is solved for a model representing a
spherical inclusion of another phase within
a matrix having effective elastic properties.
This solution has the form

(6(2)) = c*AR2)", 3)

where the tensor A(2) is defined by formulas
presented in [2].

Substituting expressions (2) and (3) into
(1) and taking into attention that c® = (5),
we get

(6) = CTCFAL) + CEAQKS).  (4)

Subsetting the stress tensor into the vol-
ume and deviator parts, we get from tensor

equation (4) after substituting the A(1) and
A(2) values under approximation Cq=1-Cp

Cr . Cs _4
1+(x*[—*—1j 1+0c*[——1j
Cr Cg 1, ©

+ =
1+B{%—1J 1+B{%—1j

where the following designations are taken:

R A ’ )
3(1 - v¥)

gr = 24=5v") (8)
15(1 — v’
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o+ 8K* - 2G* 9
6K* + 2G*

It is known [4] that for the solid phase,
Gr~ Ky and Kg ~ Kg. For the soft phase,
let Gg <<Kg, i.e., Gg <<Gp be taken.

In zero approximation for the small
Gg/Gyp parameter, the formula (5) takes the
form

Cp +1—CF_ (10)

G g
1+B*[—F—1j 1-P

G*

For the soft phase Poisson ratio vg, it is
possible to write a relation similar to (10):

3K¢ - 2Gg (11)
ST 6Kg + 2Gg

Therefrom, vg~0.5.

The Poisson ratio v* for the mixture var-
ies from vy to vg when the concentration Cp
changes from 1 to zero. The lower limit of
the solid phase Poisson ratio vy is about
0.33 [4]. The presented numerical estima-
tions of vg and vy allow us to consider de-
pendence of the mixture Poisson ratio on
the solid phase concentration as a linear
funection

Substituting the formula (12) into (8),
we get

. 2(4-5Cpvp+0.51-Cp)  (13)
T 15(1 — (Cpvp + 0.5(1 — Cp)))’

Then the formula (10) takes the form
Cr
. 24 - 5(Cpvp + 0.5(1 - CF)))(ﬁ 1 i
15(1 — (Cpvp + 0.5(1 — CF)))kG* J

1-Cp
2(4 - 5(Cpvy + 0.5(1 - Cp)))
- 15(1 - (Cpvp + 0.5(1 — Cy)))

The equation (14) is the Cp(vp, Gp, G%)
dependence. Thus, substituting the values
of solid phase Poisson factor vy shear
moduli of the mix and the solid phase G~ and
Gy respectively, we will get the solid phase
concentration in the two-phase system.

To check the procedure in experiment,
let the experimental G*(¢) dependence be

= 1.(14)

171



O.Yu.Aktan | Determination of the solid phase ...

043

0.40

036

0 2 4 6 8 t,min

Fig. 1. Time dependence of solid phase con-
centration during gelatin solution solidifica-
tion.

used describing the solidification process of
aqueous gelatin solution (Fig. 1) and pre-
sented in the previous work [1]. The selec-
tion of this object was caused by that cir-
cumstance that the object indicated widely
is used as the matrix of nanosystems are
optical chemical sensors, intended for the
analysis of liquid media [5]. To calculate
the amount of solid phase from the meas-
ured shear modulus value, it is necessary to
know the solid phase elastic characteristics
vy and Gp. The solid phase is a gel in this
case. According to [6], the Poisson factor of
the gel vy makes 0.47. The Gp value was
determined from the known formula of the
elasticity theory [2]

Foo 2t +vp)

The gel belongs to the class of so-called
water-like materials. For such materials,
the bulk modulus Ky is assumed to be equal
to that of water (2.25-10°9 N/m2) [7]. The
calculated Gy value has found to be
1.4-108 n/m?2.

In Fig. 1, the dependence of gel (solid
phase)concentration calculated using (14) is
presented. The zeroc time moment in Fig. 1
corresponds to the measurement onset. It is
seen from the Figure that the system con-
tained some gel at the start of the measure-
ments. This fact can be explained as fol-
lows. The gelatin was dissolved at 70°C.
Then the solution was cooled continuously
down to 25°C being the starting measure-
ment temperature. The gel formation is
known to onset at 40°C [8, 9]. Thus, the
tube was filled with gelatin solution con-
taining a certain amount of gel. In spite of
this, the measured shear modulus remains
at first zero as is seen from the G(¢) curve
in [1]. That is to say, the G(Cp) dependence
has the form shown in Fig. 2.
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Fig. 2. Qualitative dependence of the effec-
tive solid phase concentration on the effec-
tive shear modulus.

Basically, the design procedure offered
in given article, allows to define quantity of
a firm phase at any a parity of liquid and
firm phases. For this purpose it is necessary
to measure effective shift the module at any
parity of these phases. Such measurements
can be executed only I use, a technique [1].
Other techniques allow to spend such meas-
urements only for small concentration of
this or that phase.

The character of that dependence allows
us to conclude that a percolation transition
[10] related to the shear modulus occurs at
Cp=0.4. The dramatic increase of the
shear modulus in the percolation transition
point is associated to the formation of the
solid phase cluster having the diameter
equal to the tube transversal dimension. In
fact, when the solid phase aggregates are
smaller than the tube diameter, the pres-
ence thereof does not contribute essentially
to the shear modulus, since it is the soft
phase that is in contact with the tube walls.
Only when the solid phase aggregates be-
come equal to the tube diameter, the experi-
ment “reveals” the solid phase.

The percolation transition in a three-di-
mensional system is known to take place
when the concentration of the correspond-
ing phase is 0.15 of the total volume. For a
two-dimensional system, this transition
should be observed at the corresponding
concentration equal to 0.45 of the total vol-
ume. In our case, the system under investi-
gation is cylindriec [1] with the cylinder
length exceeding its radius by a factor of
20. That is why it is just the radius that is
critical dimension for percolation. Taking
into account the experimental errors, the
obtained critical concentration 0.4 is in
agreement with the theoretical one (0.45).

The testing has shown that the procedure
proposed can be used to determine the solid
phase amount in a solidifying material. The
procedure provides the solid phase amount
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deermination in the later stages of solidifi-
cation that is impossible at the existing
techniques using, e.g., viscosimetry and
light scattering [11, 12] that allows to
study the solidification process at low solid
phase concentrations only.
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BuznaueHHa KOHIIeHTpaIlili TBepaoi ¢daszu
y mpoueci TBepaiHHA Martepiaiy

O0.10. Axman

HocaigkeHo KiHeTHUKY IIpoliecy TBEPAiHHS.

3

aIIPOIIOHOBAHO METOJ BH3HAYEHHA KOH-

nenTtpaliii TBepmoi (asm y mpoiieci TBepAiHHSA MIJISAXOM BHMIiPIOBAHHS MOXLYJS 3CyBYy. 1K
NPUKJIaL, BKA3aHUM CIIOCOOOM BH3HAUEHO 3MiHYy KOHIeHTpaIllil TeBepgoi asu Impu TBepIiHHI
BOJHOI'O PO3UYHMHY KeJaTHUHY, AKUIl BUKOPUCTOBYETHCS SIK MATPULS HAHOCHUCTEM - ONTHUYHUX

XiMiuHHX ceHCOpiB.
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