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The effect of impurities (Nat and Cl~ ions) on the viscoelastic
properties of ice is studied in the temperature interval 210-290 K.
It is established that the heating of a sample to temperatures by
15-20 K lower than the melting point results in a considerable
decrease of its shear modulus. The observed effect is ascribed to
premelting processes. It is shown that the presence of Cl™ ions
does not change the premelting temperature of ice, whereas the
stress field arising around Nat ions introduced into ice results
in its variation. The dependence of the characteristic premelting
temperature T on the concentration of Na¥ ions is obtained. The
premelting process is related to the appearance of an intermediate
structure, whose degree of disorder is lower than that of water,
but higher than that of ice. The temperature dependence of the
concentration of the intermediate structure for the objects under
study is calculated based upon the experimental data.

In our works [1, 2], we studied the temperature depen-
dence of the dynamic shear modulus G’ of ice near the
melting point and discovered an anomaly in the behavior
of G’ consisting in the abrupt decrease of its value due to
the heating of a sample starting from the temperature
T = 258 K, which is by 15 K lower than the melting
point.

The aim of this study is to investigate the effect of
impurities — Na™ and C1™ ions on the observed anomaly.

For this purpose, we employed the technique described
in detail in [1, 2] for measuring the temperature depen-
dence of the dynamic shear modulus for ice obtained
by means of freezing the water solutions of NaCl and
HCI. The latter were prepared using distilled water. The
freezing was carried out with a rate of 1 mlfn in the same
flexible cylindrical cell with the inner radius R = 2.5 mm
and the working length [ = 35 mm which served for mea-
suring the shear modulus in what follows.
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Figure 1 shows the experimental temperature depen-
dences of the dynamic modulus G’ (T") for ice with impu-
rities obtained by freezing the NaCl and HCI solutions
of various concentrations.

According to the literature data, the anomalous be-
havior of the dynamic shear modulus is observed in
the same temperature interval, in which one registers
anomalies of other thermodynamic characteristics: heat
capacity, coefficient of thermal expansion, and others.
All these anomalies are usually ascribed to the pre-
melting process [3], so it is logical to consider that the
anomaly of the dynamic shift modulus is caused by the
same process.

In [2], it was shown that the premelting process taking
place in ice is caused by the formation of some interme-
diate structure. In the same work, the concentration of
this intermediate structure was calculated as a function
of the temperature based upon experimental data.

In a similar way, we calculated the temperature depen-
dences of the concentration of the intermediate structure
for the NaCl and HCI solutions on the basis of the ex-
perimental dependences obtained in this work (Fig. 1).
The obtained temperature dependences are presented in
Fig. 2.

Since the untimely decrease of the modulus G’ under
heating is related to the premelting process, it is logical
to correlate the beginning of the premelting process with
the start of the abrupt decrease of the modulus and to
call the temperature T},, corresponding to the start of
this decrease, a premelting temperature.

The premelting temperature of ice versus the concen-
tration of NaCl and HCI impurities in it is given in Fig. 3.

As one can see from Fig. 3, the considered impurities
affect the premelting temperature 7, in different ways.
The addition of NaCl significantly shifts 7}, toward lower
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Fig. 1. Temperature dependence of the dynamic shear modulus
G'(T) of ice with impurities obtained by freezing NaCl (a) and
HC1 (b) solutions.
m = [B2le))

(The concentration is measured in units of

temperatures, whereas the introduction of HCI practi-
cally does not change its position on the temperature
scale. Let us analyze this experimental fact.

Strictly speaking, in order to solidly understand the
mechanism of the effect of impurities on the premelting
process, one needs to know the specific construction of
the intermediate structure, whose formation accompa-
nies this process. Unfortunately, there is no unanimous
opinion about it in the literature. For today, the only
thing one can state with confidence is that the degree
of order of this structure is lower than that of ice and
higher than that of water.

An increase of the disorder of a crystal is usually re-
lated to the appearance of defects in its lattice [5]. That
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Fig. 2. Temperature dependence of the volume concentration v
of the intermediate structure in ice with NaCl (a) and HCI (b)

impurities. (The concentration is measured in units of m = [“}(Ogle )

is why one can state that, at T' > T}, a lot of some de-
fects arise in ice (without so far specifying their nature).
If it is true, then one can conclude, based upon the re-
vealed experimental fact, that NaCl has an influence on
the formation of these defects and HCI practically has
not.

In [4], it was established that HCI molecules can incor-
porate into the ice lattice without significantly deforming
it. This means that, locating in ice, these molecules prac-
tically do not create fields of additional stresses around
them, as they do not induce lattice deformations. Thus,
on the one hand, HCI molecules create no fields of ad-
ditional stresses and, on the other hand, the addition of
HCI does not influence the formation of defects charac-
teristic of the intermediate structure. These two facts re-
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sult in the following conclusion: the effect of impurities
on the formation of defects inherent in the intermedi-
ate structure is realized through the stress field existing
around these impurities.

We can state now that there exists a field of additional
stresses around a Na™ ion located in ice. Using the ter-
minology of the continual defect theory [5], this ion can
be considered as a deformation center — a set of three
normal double forces (double force is two forces of equal
magnitudes and opposite signs).

As is known [6, 7], it is impossible to introduce the
considered ion into the lattice: it is located in inter-
crystalline layers of the polycrystal. Thus, after the
appearance of NaT ions, the crystallite becomes sur-
rounded with deformation centers that create fields of
local stresses. The arising field of macroscopic stresses
represents a sum of local stress fields from each defor-
mation center.

Let is denote the total macroscopic stress arising in
the crystallite due to the presence of deformation centers
(Na™ ions) by p and the minimum stress initiating the
formation of defects in the crystallite — by p.. Since a
defect actually represents a region of finite length, we
consider the formation of a defect region identifying it
with the above-mentioned intermediate structure.

In the neighborhood of the melting temperature, the
thermal expansion results in a considerable deformation
of the system as compared to its crystalline state. As
a result, there arise stresses in the system. Due to this
fact, it is logical to consider that the premelting temper-
ature is the temperature, at which these stresses result
in the formation of defect regions, i.e. the critical mag-
nitude of the indicated stresses is reached exactly at this
temperature.

We will estimate the value of this stress, by using the
obtained experimental data.

Let is introduce the notations 7}, and T}, for the pre-
melting temperatures of ice with impurities and without
them. Denoting the volume deformation of the thermal
expansion corresponding to the premelting temperature
by 6, we obtain

HZ/MHM, (1)

where « is the thermal expansion coefficient.
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Fig. 3. Premelting temperature T}, versus the NaCl and HCI con-

centrations. (The concentration is measured in units of m =

[fee])

We suppose that a decrease of the premelting temper-
ature due to the introduction of impurities is caused by
the appearance of additional stresses p. The same way
as in the absence of impurities, the deformation initiat-
ing the defect formation must be equal to 6. But, in the
presence of impurities, only a part of this deformation,
namely 6;, is provided by the thermal expansion. The
rest of it (6 — 6;) is created by the additional stress p.
So we obtain

p=K(0—6:), 3)

where K is the volume modulus of elasticity.
Substituting relations (1) and (2) into formula (3), we
get

TP 0 TP

p=K Zqﬂﬂ—!Mﬂﬂ‘. (4)

Expanding the right term of relation (4) into a series
in (T,, — T), we obtain the approximate formula

— 1) ()

The volume modulus of elasticity depends on the tem-
perature. That is why there arises the question, which
its value should be substituted into formula (5). Gener-
ally speaking, expression (3) is a result of the expansion
in (§ — 6;). Since expansion (5) is performed with the
use of the thermal expansion coefficient «(7},) for the

p = Ka(T},)(T),
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Stresses p for various concentrations m

mole ‘

Concentration, m = | Stress, 107%

kg
0.154 2.17
0.077 1.05
0.039 0.5

temperature T}, it is logical to use the volume modulus
for the same temperature K = K (T},).

Using the well-known (see for example [8]) relation
between the volume modulus and the shear modulus
2(1 4 p)

where p is the Poisson’s ratio, we obtain

2(1 4 p)

b= G(Tp)?)(l —2u)

(1) (T, — Tp)- (7)

Substituting the values of G(T},) and (T, — Tp) from
Fig. 1, the values of a(7T,) taken from the literature
[9, 10], and p = 0.34 into formula (7), we obtain the
values of the stress p presented in Table.

The ice melting is preceded by the premelting process
taking place in the temperature interval T}, < T' < T},.
In the course of this process, some intermediate structure
that represents an assembly of defect regions is formed.
Such regions arise if the deformation exceeds some crit-
ical value 6.

In the absence of impurities, this deformation is
reached due to the thermal expansion at the temper-
ature T),,. After the introduction of Na* ions into ice, a
field of additional stresses around them is formed. Due
to this fact, the critical deformation is reached at the
smaller thermal expansion and, therefore, the lower tem-
perature 7},. Since such a field of additional stresses does
not arise around Cl~ ions, their introduction does not
influence the premelting temperature 75,.
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Theory of FElasticity

BIIJINB JOMIIIIOK HA ITPY>KHI BJIACTUBOCTI JIBOAY
B OKOJII TOYKU ITJIABJIEHHS

JI.A. Byaaein, H.JI. Iletixo, FO.®P. 3abawma, T.FO. Hixoraenxo
PezowMme

B inrepBani Temmneparyp 210-290 K gociigzkeHo BIUIMB IOMINIOK
(ionis NaT i C17) Ha B’A3KONpy?KHI BIaCTHBOCTI THOLY. BeTamos-
JIEHO, IO IIiJ] Yac HarpiBaHHS 3pasKa J0 TeMmueparyp, Ha 15-20
K Hukumx BiJy TOYKU I1aBJIeHHs], TOr0 MO/LY/Ib 3CyBY 3a3HAE CYyT-
TeBOro 3MeHieHHsi. CriocrepexkeHuit eeKT OB SI3aHO 3 IIPoIeca-
MU TepejiaBients. [lokazano, mo Bwmict ionis Cl™ He 3miHIO€
TEMIIEpATYPHU IEPE/IIIABIEHHS JIOAY, TO/Al SIK II0JI€ HAIPYKEHb,
0 BHHUKAE HABKOJIO yBeJeHMX B Jjix ioniB NaT, mpuBomurs mo
1T 3mian. OTpUMaHO 3aJI€’KHICTh XapaKTEPUCTHIHOI TeMIIEPATy P
nepeaniabienns Tp Bij KoHIeHTpall ioHiB Nat. IIponec nepen-
[UTABJIEHHS IIOB’SI3YETHCS 13 BUHUKHEHHSIM IIPOMIXKHOI CTPYKTYPH,
CTyMiHb HEBIOPSIKOBAHOCTI SIKOI MEHINMI, Hi2K y BOAH, ajie OlIb-
U TOPIBHSAHO i3 JILOIOM. 3a €KCIEPUMEHTAJILHUMU JTaHUMU PO3-
PaxoBaHO TEMIIEPATYPHY 3aJI€KHICTh KiJIBKOCTI IIPOMIXKHOI CTPY-
KTypHU JUIsL JIOCTIiJI2KEHUX 00’€KTiB.
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