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MECHANISM OF INITIATION OF ACOUSTIC
EMISSION IN CRYSTALLIZATION AND MELTING
OF A SUBSTANCE. L

M. K. Zhekamukhov and Kh. B. Shokarov UDC 534.5:532.781

A theoretical model of the acoustic effect of crystallization is suggested based on the representation of
a stepwise character of formation or disappearance of macrolayers and macroregions on a growing
(or melting) surface. According to this model, the picture of oscillations reproduces in basic features
the form of the signals observed in experiments. The oscillation frequency of the liquid is determined
by the frequency of generation of jumps at the crystallization front, while the comparatively large val-
ues of peak pressures in acoustic waves are a consequence of the resonance phenomena.

As is known, with solidification of the majority of substances their relative volume decreases, with the
exception of only a small group that includes water, cast iron, antimony, and some others, for which the crys-
tallization process is accompanied by an increase in their relative volume. Usually the relative change in the
volume with phase changes of substances is (3—10)%. Thus, practically for all substances the moving solid—
melt interface is a source of disturbance for the medium density.

In this connection, as early as 1967 Prof. S. N. Zadumkin suggested that with phase transformations of
substances the acoustic waves of compression and rarefaction must propagate in the surrounding medium. This
suggestion was completely confirmed by numerous experiments, among which are also the experiments con-
ducted at the Kabardinian-Balkar State University [1-5]). The phenomenon of propagation of acoustic waves
emerging from the zone of substance crystallization and melting was named in [2] the acoustic effect of crys-
tallization. It should be noted that the order of the high-frequency signals observed in our experiments coin-
cides with the data of [6, 7]. At present the existence of the acoustic effect of crystallization is considered to
be reliably established.

For different substances acoustic signals are characterized by a wide frequency range from 20 to 2000
kHz at characteristic heights of first emissions of (10°—~10) Pa. The repetition frequency of the signals in-
creases with the temperature gradient in a growing solid phase. Thus, in the case of water crystallization at
AT/AX ~(2-8) deg/cm the acoustic signals are mainly observed at frequencies of 20-60 kHz, although sole
signals with frequencies of up to 1000 kHz also take place; at AT/AX ~ (10-15) deg/cm signals whose frequen-
cies are within the range from 100 to 1000 kHz or more prevail. These frequencies substantially exceed the
fundamental frequency of natural oscillations of a liquid as well as the frequencies of signals (~3—15 kHz)
occurring due to side factors that accompany the crystallization process, namely, cleavage of a growing crystal,
separation of the crystal from the wall of a crystallization cell because of the difference in the temperature
coefficients of expansion. The velocities of the crystallization front, at which the high frequencies are observed,
are (1-2) mm/min.

Interest in the acoustic effect of crystallization is explained by different reasons. Thus, for instance,
investigating the structure of acoustic signals of the crystallization zone can provide new information about the
elementary processes that occur in the crystallization zone of a substance at the molecular level. In [8] it has
been established that if an ultrasound is applied to a substance under crystallization with the frequency of natu-
ral acoustic radiation of the crystallizing system, then the structural components of the solid substance formed
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Fig. 1. Schematic of a cylindrical crystallization cell.

undergo drastic reduction in size. This makes it possible to select the optimum frequency when the process of
melt crystallization is acted upon by ultrasound.

The acoustic waves emerging from the crystallization or melting zone serve to signal the onset of melt-
ing or crystallization of a substance inside closed volumes, for instance, in blast furnaces, which is of great
practical interest.

However, the nature of initiation of acoustic waves associated with crystallization and melting of a
substance is still unclear. In [2] the occurrence of acoustic signals with crystallization (melting) of a substance
is related to the stepwise character of formation or disappearance of macrolayers and macroregions on a grow-
ing (or melting) surface. Not only does this view not contradict the kinetics of phase transformations of sub-
stances but in a sense is a direct consequence of it.

As is known, latent heat of melting of substances is usually small as compared to that of evaporation;
for the majority of substances the ratio of these heats is 30—40; for water (8—9). From this it is inferred that in
the melted state only a comparatively small portion of the bonds between atoms and molecules is broken, while
the remaining ones stick together to form small groups of, approximately, 30—40 (for water 8-9) atoms and
molecules with a size of ~10”’ cm, inside which the distances between the atoms and molecules are the same
as in the solid phase.

With crystallization of liquids the broken bonds between these groups or complexes are restored, i.e.,
atomic (molecular) blocks are incorporated into the crystal lattice of the solid phase. This process of lattice
restoration proceeds via independent chains in the longitudinal direction of the crystal surface and is stochastic.

Each event of the addition of the atomic or molecular blocks (complexes) to the surface of the solid
phase is accompanied by an abrupt change in the density or relative volume; this change in the density (vol-
ume) as the medium disturbance is imparted to the neighboring layers of the liquid in the form of high-fre-
quency impulses, which initiates forced oscillations of the medium surrounding the crystallization (melting)
front of the substance. Thus, the growing crystal acts as a piston that moves into (out of) a tube in momentary
jerks. The duration of these jerks is a random quantity; therefore the process of generation of signals in the
medium around the crystallization zone is stochastic. The investigation of such processes is a rather compli-
cated problem; therefore below we restrict ourselves to the consideration of a simplified model that makes it
possible to reveal some regularities in initiation of the acoustic effect of crystallization.

At first we will investigate acoustic waves which are generated in a liquid when the crystallization
front performs stepwise motion in accordance with the above concept of crystal growth.

The crystallization cell will be considered as a tube placed horizontally (see Fig. 1). The left end of the
tube is closed tightly, while from the right end the liquid begins to crystallize and the crystailization front x =
& (1) moves from right to left. The solid phase formed during melt crystallization serves as a piston: if, with
crystallization of the liquid, the volume increases, we are concerned with the case of the piston moving into
the tube; if the volume decreases, this indicates that the piston moves out of the tube. In both cases, at the
moving interface the density and the pressure undergo disturbance; consequently, this interface is a source of
compression and rarefaction waves. These waves are described, as is known, by the equation

2 2 3
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or ax~ tox”

Assuming that liquid crystallization starts from the instant of time ¢ = O, the initial and boundary conditions
can be written in the form
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u,0=0; u(x,0=0; @

u©0n=0; u@n=-p*-9), 3)

where u, = du/ot.
A solution of problem (1)-(3) will be sought as the sum of two functions

ux,=00xn+wWkx,n,
where
X
W n=-B3 (-8,
and O(x, t) is a solution of the problem

9, = azﬁx\, +vd,, - B %& o;

B 0)=0; 9(,0=-B3EWO;
90,H)=0; 3¢, 1)=0. C))
We will seek the function 9(x, t) as the series

S =3 9,0 sin’%’x, 5)

n=1

where 9,(t) are solutions of the equations

5,, +2y, 1§n + o),z, 8,=1, (), ©)
in which
Tina vw,z, w1 2BE -
0, =—, Y=—s, =" =E@,
7] nnh

and satisfy the initial conditions
. n 2 .
8,(0)=0; 9,0)=-D ﬁi(O)-
nnh

In writing Eqgs. (5) and (6) we took into account the circumstance that usually the crystallization front
moves very slowly, therefore £(r) = h and a change in £ under the sine can be neglected.
We will re-write the solutions of Eqs. (6) in the form

2
9, (= —[g (- ™Y |[Jm O L Jon (z)]| , )
mth 1
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where



Ji, (0= J.F, (t)exp[- v, (t—T] cos w, (r~T) dt; (¥
0

T 0= £ @) exp [, (1 - D] sin o) (1 - 7) i ; ©)
0

or=Vol-v. (10)
The pressure in an acoustic wave is determined by the formula

0 2B o
p(x, z)=—i—=—B Z - 1)"|rJh, (z)—y—'ij:n (z)]|cosn—nx, (11)
Kox Kh'T | 13

n
where K is the compressibility factor.

As is seen from relation (11), any small changes in the solid—melt interface lead to initiation of acous-
tic waves in the liquid. The parameters of these waves substantially depend on the character of motion of the
interface and, consequently, on the regime of liquid crystallization (solid melting). To evaluate the parameters
of acoustic waves, we will consider, as an example, the regime of liquid crystallization at which the initial
temperature of the liquid would be equal to the temperature T, of stable equilibrium of the liquid—crystal
phases and the temperature of the growing-crystal surface would be maintained constant and equal to T < Tj.
Then, as is known [9], the velocity of the crystallization front of the liquid in the chosen coordinate system is
determined by-the formula

¢ N X
D=—o—=, 12
E@ o= (12)

1/2
TO_Ts
a=|c 51 .

Substituting (12) into (11) and using the asymptotic formulas for the Fresnel integrals, which appear
upon the expansion of the integrals (8) and (9), we will have

where

3/2

1/2 oo o
T,—T - :
p(x, ,)z_ﬁ[ﬁﬂ_s)} 2 D fl— ij exp (— Y, X
Kh o) )

al ol \/7 k n
(¥ , %, 7
x| l+j’—i sin o, + l—l:——% cos .t |exp (= ,1) - (13)
I o) o o) ]

For the absolute majority of liquids the ratio 7,/ << |; consequently, o, = W, iec., due to the liquid
viscosity the oscillation frequency of the acoustic waves changes insignificantly. The oscillation amplitude of
individual harmonics decreases according to the law p, ~exp (=y,r). For water, for example, v, = VV;’:/ 3ma”
~1071%2 sec”!, where v, is the oscillation frequency of the n-th harmonic. It is seen that oscillations with
frequencies v,, ~ 10° Hz will damp very slowly, in practice.
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Fig. 2. Typical form of the acoustic signals observed during crystallization
of substances.

The main contribution to p(x, t) is made by the amplitude of the fundamental mode

1/2
B T ¢ (T—'Ts)
pm=-@[ "iL" ] exp (- 1,0) - (14)

For water at # = 0.3 m and Tp— T = AT = 20 K the preexponential factor in (14) is ~10° Pa. With
allowance for the influence of the gate at the right end of the tube on the liquid-crystallization rate, this value
of pmux decreases by a factor of 3—4.

Figure 2 shows one of the characteristic recordings of acoustic signals that accompany the process of
water crystallization in the tube. The analysis of this representation shows that the theoretical value of py,, is
in good agreement with experimental data. However, the values of oscillation frequencies show substantial dis-
agreement between theory and experiment. The fundamental frequency of standing waves v, ~a/& formed in
the liquid in the case considered above is lower by [-2 orders of magnitude than the characteristic frequencies
of (105—106) Hz which take place in the experiment. Moveover, substantial disagreement between theory and
experiment is also observed in the oscillation picture itself.

The oscillations depicted in Fig. 2 usually occur at amplitude modulations in oscillatory systems with
resonance. For the resonance phenomena to occur it is necessary that periodic forces act on the liquid or that
the liquid boundary perform periodic motion. The latter will be observed in the case of a stepwise growth of
the solid phase. In this case, the frequency of the steps (jumps) must be of the same order as the characteristic
frequencies of the acoustic waves in crystallization and melting of the substance.

Thus, it follows from the calculations made that the high-frequency oscillations which are revealed in
crystallization (melting) of the substance, cannot arise inside the liquid in smooth motions of the interface. The
occurrence of the high-frequency oscillations is associated either with the stepwise motion of the liquid—crystal
interface or with the influence of high-frequency oscillations of the medium with which the liquid is in contact.
In both cases, large oscillation amplitudes of the order of 10°-10° Pa can occur only under resonance condi-
tions.

Here we restrict ourselves to consideration of the first possible mechanism of occurrence of the acous-
tic effect of crystallization.

We assume that the crystal-melt interface moves as is shown in Fig. 3a. The crystallization front per-
forms a number of successive jumps of the same duration AT; then it is at rest within the interval 75— T,. In
this interval a sufficient amount of heat is removed from the crystallization front; then the process is repeated,
and so on. Here, the function &(r) can be prescribed analytically in the form

.2
: Ypsin" oy at O<r<7,
Em= ° :

0 at T, <t<7,,
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Fig. 3. Form of the signals near resonance frequencies obtained theoreti-
cally: a) of the input signal; b) of the output signal without allowance for
viscosity; ¢) same with allowance for viscosity.

where wy = /At and 8 ~ §y/Tp (§p is the mean linear dimension of molecular complexes incorporated into the
crystalline structure). As for the order of magnitude, 8y ~ dVL,/L, here d is the diameter of the atoms or mole-
cules and L, is the specific heat of evaporation of the substance. In evaluative calculations, it can be assumed
that 8y~ 107 cm.

In the experiments, 9 was (107°-107%) cm/sec, to which 15~ 107°-107 sec corresponds.

The ratio T;/At gives the number of maxima (flash-ups) in a wave package. A comparison of Fig. 3a
with the picture of the flash-ups in Fig. 2 reveals that this ratio changes from 3 to 7.

To simplify further calculations, we will neglect the liquid viscosity. Then instead of Eq. (6) we will
have

S, +w. 0, =F£, (1) (6')

In (6") the function f,(r) is periodic with period To. A solution of this equation must also be periodic. As is
known [10], it can be found in the form
C,cos , (1+Ty/2)+ S, sin®, (t+15/2) .

2w, sin (w,Ty/2)

9, (0=

t
+-LJ.fn(r) sin @, (r-1)dt, (15)
@, °

where

T %
C,= I fi(Wcosa,Tdt; S, = j fu (D sinw,tdt.
0 0

The integral in the right-hand side of (15) is calculated for two time intervals, i.e., [0, T;] and [T}, T
After the corresponding calculations we arrive at
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2BEY, }—Cn cos @, (1 +Ty/2) + S, sin @, (¢ +T/2) ~
nnho, L 2 sin (W, Ty/2)

8,0 ="

a,sinw,t—b, sin2myt at 0<r<1
—sin (@, T,/2) cos @, (t —T,/2) +a, cos [, ( —T,/2) — @T,] |- (16)

—b;,cos [, (-1 /2) +@T] at T, <1<T,

where

=2 O sin” [(0,/2) — gl T, sin” [(©0,/2) + &gl T,
n =S 2(1- 20,0, 2(1+20y®,)

;1 sin (@, —2my) T, sin (W, +2m,) T

S, =7 sin ®,T; — (0, ~ 2%) Ly (@, 200) T,
2 4(1-2ayw,)  4(1+20/0,)
W/ ® 1
an=l+—2/$—2; b,= >
1 - 2wy/'w,) 2[1-Qoy'w,)’]
,_cos[(@/2)+wplty . cos [(0,/2) -yl T,

T U+ 20y0,) " 2(1-20y0,)

Thus, at ®, = 20X resonance is observed. Far from resonance the terms entering (16) are small.
At ®, = 20X, we have

9, (1) = (—1)"+1 4B5D, O cosw, (1+Af) at 0<r<T,,
w’l
BEY,
9 =" —2  _cos[o (1—1,/2)+myTy] at T, <1<T,,
n ik ((on_zw()) n 1 0T 1 (] a7
where
TO Cn
At =—+arctan —-.
2 S

n

In Fig. 3b a plot of the function 9,(r) is depicted schematically. In the interval [0, 1,] the system per-
forms weak sine oscillations with the frequency w, ~ 2wy, while in the interval [T}, To] it performs harmonic
oscillations of the same frequency but with a large resonance amplitude. These oscillations slightly resemble
trains of waves.

The functional dependence between the intervals T) and Ty can be established in the following way.
The amount of heat released at the crystallization front in one series of jumps is equal to @ = LUyT;; it must
be removed from the crystallization zone before the next series of jumps, i.e., in the interval 1y~ T;. Thus, the
relation

AT
LYyt 7»1‘ T — %>
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must be fulfilled, where A is the thermal conductivity of the crystal and Ty —T; is the duration of the signals
(flash-ups). Whence we obtain

T M

_ AT (18)
TO—TI Lﬁo

x|

In the case of water crystallization, L = 335-10° Jkg and A = 2.22 J/(m-sec-deg). At a velocity of the
crystallization front of 1 mm/min, 9y = 2-10 = cmy/sec. Then at AT/AX = 20 deg/cm, according to formula (18)
11/ (T9o— T1) = 0.7, which is quite acceptable.

The resonance value of the pressure amplitude is

B

_ _ 19
Prax =K (@0, — 2a) (19

As is known [7], due to the influence of viscosity in resonance
2 2
| a a
= 2= 22"
o, —2my 2vey 8viv

Moreover, I/K = paz. Then equality (19) acquires the form

4
_Po PO,a
Shv Oy

max

Whence for water at 9 = 107> cm/sec, h = 0.1 m, and vo = 108 sec”! we obtain Pmax = 5-10° Pa.

With allowance for a small damping the picture of oscillations in resonance will look as shown in Fig.
3¢. Thus, the considered model of motion reproduces to some extent the picture of acoustic waves of crystal-
lization photographed from the oscillogram by a movie camera: the occurrence of the high-frequency oscilla-
tions is explained, and the peak values of the oscillation amplitude are in good agreement with the
experimental data.

Furthermore, the considered model of substance crystallization makes it possible to provide a qualita-
tive picture of the effect of ultrasound on the crystallization process.

The molecular complexes (blocks) that form the melt perform oscillatory motions relative to certain
centers or axes. Under the action of ultrasonic oscillations with a frequency coincident with the natural fre-
quency of oscillations of these complexes, the latter strongly swing, thus facilitating their jump to the surface
of the growing crystal; furthermore, large molecular blocks disintegrate into smaller ones. As a result of "spill-
age," the molecular blocks on the crystal surface are packed more tightly and uniformly.

A considerable drawback of the model under consideration is the fact that it is too idealized and ex-
tremely artificial. It is difficult to imagine that the layers of a crystal with a thickness of the order of the
molecular complexes are strictly periodically added to the crystal surface, although on the average the possibity
of some periodicity in formation of flat layers on the crystal surface is not ruled out.

In the next paper we will consider the second possible mechanism of occurrence of the acoustic effect
of crystallization.

NOTATION

AT/AX, temperature gradient; x = &(r), crystal-liquid interface; u(x, #), longitudinal displacement of the
liquid particles; a, velocity of sound in the liquid; p, liquid density; v, kinematic viscosity of the liquid; ¢, time;
B, volume expansion coefficient of the liquid; &, length of the crystallization cell; p, pressure in the acoustic
wave; ¥, thermal diffusivity of the crystal; ¢, heat capacity of the crystal; L, specific heat of liquid crystal-
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lization; T, temperature of stable equilibrium of the liquid—crystal phases; T, surface temperature of the grow-
ing crystal; 9y, mean velocity of the crystallization front; v, oscillation frequency of the n-th harmonic; §(t),
velocity of the crystallization front; T,, duration of the series of successive jumps of the crystallization front; Art,
duration of one jump; T, repetition period of the jumps; ®,, oscillation frequency of the liquid particle; Wy =

/AT,

Subscripts and superscripts: m and n, numeration of the quantities; s, surface; point above a symbol, first

derivative with respect to time; two points, second derivative with respect to time, etc.

REFERENCES

L.
2.

® N oW

10.

1048

S. N. Zadumkin and Kh. B. Khokonov, Tr. VGI, Issue 7, 255-259, Leningrad (1970).

S. N. Zadumkin, Kh. B. Khokonov, and Kh. B. Shokarov, Zh. Eksp. Teor. Fiz., 68, No. 4, 1315-1320
(1975).

Kh. B. Khokonov, and Kh. B. Shokarov, in: Book of Extended Abstracts of the Vith Int. Conf. on Crys-
tal Growth [in Russian], Vol. 2, Moscow (1980), pp. 57-58.

Kh. B. Khokonov, and Kh. B. Shokarov, in: Book of Extended Abstracts of the Vith Int. Conf. on Crys-
tal Growth [in Russian], Moscow (1988), pp. 70-73.

H. M. Tensi, D. Bemnbt, and B. Kallup, Z. Merallik., 74, No. 7, 352-356 (1983).

I. I. Sakharov, Inzh.-Fiz. Zh., 67, Nos. 1-2, 20-26 (1994).

Kh. B. Shokarov, Vest. Kabardino-Balkarsk. Gos. Univ., Ser. Fiz. Nauk, No. 2, 36-40, Nal’chik (1997).
Kh. B. Khokonov, Kh. B. Shokarov, I. N. Zigalo, and Yu. V. Pavlenko, Physics and Chemistry of a
Surface [in Russian}, Nal’chik (1985), pp. 113-117.

J. Carslaw and J. Jaeger, Conduction of Heat in Solids [Russian translation], Moscow (1964).

L. G. Loitsyanskii and A. 1. Lur’e, A Course in Theoretical Mechanics [in Russian], Vol. 2, Moscow
(1955).



