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INTRODUCTION

When the irradiation of intensive ultrasonics into a polymer solution is
continued, the viscosity of the solution first decreases rapidly, then gradu-
ally, and at last it reaches a constant value. For example, the result of
Akiya, Nomoto, and Okui! is shown in Figure 1. According to the ex-
periments of Sata et al.? and Schimid et al.,® the molecular weight distribu-
tion becomes very sharp in the last step. This fact that a monodisperse
solution can be obtained easily is a noteworthy characteristic of the ultra-
sonic degradation.

The final value of the degree of polymerization g is not or only slightly
dependent, on the initial degree of polymerization, the concentration and
volume of solution, and the shape of the vessel, it is dependent primarily on
temperature and the kind of solvent. It seems most important to us that
the g values in Figure 1 practically coincide with each other, irrespective
of the ultrasonic intensity applied. From this fact, we know that the force
of degradation on a polymer molecule is very insensitive to ultrasonic
intensities J.

On the other hand, Prudhomme and Grabar* and Weissler® verified ex-
perimentally that ultrasonic degradation is ascribed to the mechanical
reaction of ultrasonic cavitation. Therefore the result of Figure 1 shows
that the cavitation force or cavitation intensity does not increase so much
with increasing ultrasonic intemsity. Both intensities should be distin-
guished from each other. We can utilize the g value as a measure of cavita-
tion intensity.

As was proved previously®7? from reaction kinetics, the reaction rate B
is a function of the degree of polymerization and ultrasonic intensity J.

Therefore two characteristic constants of chemical reaction (¢ and B)
can be used respectively as measures of physical intensities. Speaking
geometrically about the meaning of ¢ and B in Figure 1, ¢ is an asymptotic
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value of the ordinate at £ = « and B corresponds to slope of the curve at
t=0.

Sata and Okuyama discussed previously® the mechanism of ultrasonic
degradation. Later, Okuyama and Hirose® expressed mathematically the
proposed mechanism with special consideration of g. The present paper
deals with essentially the same material as the previous discussion.?

The phenomenon of cavitation has received considerable attention from
throughout the field of engineering, but the cavitation intensity can not
yet be measured accurately by any physical technique, and so the mechan-
ical theory of cavitation has little conclusive basis. Therefore one of the
present aims is to contribute to the mechanical theory of cavitation with the
help of g values obtained from chemical substances.
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Fig. 1. Effect of ultrasonic intensity on the degradation of methyleellulose. —OQCH,
content: 229%,; solvent: water; concentration: 0.2%; 470 keycles/sec.

We will here describe briefly ultrasonic cavitation. During continuous
ultrasound irradiation of medium intensity, bubbles are formed which
become larger and larger from the following causes. (I) Bubbles coalesce
with each other. (2) During expansion of the bubble, dissolved air mole-
cules are sucked out from liquid to bubble, while during the contration
phase those air molecules do not always dissolve back into the liquid, owing
to the extremely rapid speed of collapse and to the decrease of bubble sur-
face. Then during one cycle of vibration causes air molecules accumulate
little by little in the bubble, and the bubble increases gradually in size.
This is Harvey's rectified diffusion.?

Once the bubble has grown to some extent (say, to a radius of 102
em.) the quantiy of air in the bubble before and after each cycle should be-
come the same. This type of vibration we call stationary cavitation.®

On intensitive ultrasonic irradiation, a very small bubble (say, of radius
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10—% cm.) in liquid vibrates violently before reaching stationary cavita-
tion. This vibration we call nascent cavitation.!!-1?

2. Mechanism of Ultrasonic Degradation

Both the magnitude » and the direction of velocity in cavitating liquid
depend on both time ¢ and distance r from the cavitating bubble. The
velocity of solvent molecules increases with decreasing distance from bub-
ble. The maximum velocity gradient dv/dr is found at the bubble surface
during contraction of the bubble.
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Fig. 2. During the contracting step of bubble-vibration, a polymer molecule is torn off
at atom C,, the middle atom of partial chain j.

Since, during contration of a vibrating bubble, solvent molecules stream
toward the bubble, so a polymer molecule in the solvent streams also with
them. As Figure 2 shows, j repeating units in the polymer molecule
(partial chain ) stream along a straight line through the center of bubble,
and are subject to the tension as follows.

The carbon atom Co at the center of gravity of the partial chain j should
stream in the same motion as its neighboring solvent molecule. That is
to say, there occurs no shear between atom Co and its neighboring solvent
molecule. In the straight part of a polymer there occurs inevitably the
slipping (shear) between C atoms and their neighboring solvent molecules
with the velocities vanishing at Co and increasing toward both ends C;
or C_;. Accordingly, the friction forces, caused by the slipping, also in-
crease toward both ends. Since the tension acting on each C—C bond is
the sum of these frictional forces, the maximum tension should occur at
Co, in spite of its frictionless condition. The longer the effective length
J, the larger is the tension.

If the tensile force is greater than the ultimate strength of the C—C
bond, the bond is broken; in this case j; > ¢g. 1f it is smaller than the bond
strength, the bond is not broken; then 7, < g.

The tension F,;, which is a function of §, increases the interatomic distance
between C, and Cy, i.e., it performs work on Co. If the work surpasses
the dissociation energy D between the carbon-carbon atoms which is in-
dependent of 7, then the C—C bond cannot completely absorb the work,
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and so the bond is broken. Here, g is the degree of polymerization 7 on
the condition that the work approaches D.

During long-term irradiation, all polymer molecules impartially receive
frequent blows of cavitation, and at last, they are torn off to the degrees
of polymerization from g to 2g-mers. Thus we obtain practically a mono-
disperse solution. This was explained previously® in another way.

3. Motion of Partial Chain ;

As time origin, we take the moment when a part of polymer chain begins
to be stretched into a straight line. The distance of atom Co from the cen-
ter of bubble, O is designated as ro. Under the assumption that the motion
of solvent is not disturbed by the presence of polymer molecules, the veloc-
ity of solvent at time ¢ and at the distance r from the bubble center O is
expressed as v(r,{) in Eulerian expression. The velocity of Co at zero time
¢ = 0 should be just the same as that of its neighboring solvent molecule:

Up [CO;O] = (7‘0, 0) = v, (1)

and the acceleration of Cyis

oy o) o v
wioe = (03435 L ==GL+ G @

where the subscript zero means the value at r = 7, and ¢ = 0. Since the
time necessary to tear off a C—C bond by cavitation is very short, the ac-
teleration could be treated as constant through this mechanical action.
Thus, at time ¢ = {, the position, yel&city, and acceleration of C; can be
written respectively,

7[Co, t] = 70 + vot (3)

0p[Co, t] = o + ot (%:)o + t(%)o @
e} bel}

ar[Cot] = o (5;) + (a> *)

Next, we will consider the motion of atom C;, which is atom 2 apart
from Coatt = Q.

r[C,tl=ro+ vt +z4 ¢ (6)
w ov oq
= e i 07
elCo 8] = 20 ot <br)o + (at>o Y @
(@) 4 () 420 .
@olCo tl = 10 <ar>o + (bt)o + ®)

where g (z, ) is the displacement of C, with respect to Co.
On the other hand, the motion of the solvent molecules in contact with
C, at time tis
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In order to establish the equation of motion of the infinitesimal part
dz at C,, we will consider the forces acting on it.

Since hydraulic pressures on both sides of part dz are equal to those on
the adjacent solvent molecules, the pressure difference between both sides
can be calculated from the acceleration «s[C,, t] caused in the adjacent
solvent.

Then

v,[C,,,t]/= v(r[C,, t1t) = vo + (ot + = + ¢q) (;—v)o + ¢ (bv)o 9)

pressure difference = mqdx {vo (99) + (Q)> { (11)
orfe " \ot/of

where m. = p A, p being the density of solvent and A the cross-sectional
area of chain.

From. the velocity difference (i.e., shear velocity) between C. and its
neighboring solvent molecule a frictional force is generated which is as-
sumed to be proportional to this shear velocity:

Frictional force = g‘dx{vs[C,L t] —vp [Cy, t]}

= {dz {(x + q) (gi;)o - %qt} (12)

where { is the microscopic friction coefficient between a polymer molecule
and its neighbors, namely the frictional force per unit length of polymer
molecule and per unit shear velocity.

Since the acceleration of C, in its solvent drugs with it the adjacent
solvent molecules, there is an apparent increase in mass. The force from
acceleration difference (i.e., shear acceleration) is assumed to be propor-
tional to this difference.

Force from shear acceleration = Am, dx { as[Cy, 1] —ap[Cy, 1] }
= Am, (0%g/0t?) dx (13)

where Am,, is the apparent increase of linear density m; of polymer.
The difference between the interatomic forces at bond C; — C;41 and
bond C,_; — C.bond is

—dF = —(0F/0z) dz (14)
The force of inertia of C; is then given by
Inertia force = —mypdra,[C,,t] (15)

As the inertia force, eq. (15), is balanced against the sum of the various
forces defined in egs. (11), (12), (13), and (14), the equation of motion is
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(mp + Amy) g;;q_ = (mes —.my) {vo (%)0 * (951;)0}

fe be] oF
oo (@) -2 -2 o

Now putting m, = m, and for an apparent linear density of polymer m,’
given by

mp'l = mp + Am,
we get for motion of partial chain § eq. (17):

, 9% _ { <5_”>_@}_QE
mhse =S\ C TIN5, T oz an

4. Estimation of the g Value

When the maximum tension, which acts on the middle atom C, of a par-
tial chain, exceeds the critical value Fy, the interatomic distance between
Cp and C; (or C_;) increases to infinity, that is to say, the bond to C, is
torn off. But the tensions on the other C atoms never exceed Fr. There-
fore in comparison with the stretch of the C, bond, the stretch of the other
bonds in the partial chain is negligibly small. At the moment when a
polymer molecule is torn off, no bond of the partial chain ; stretches sig-
nificantly except the Cy bond. Thus, all the bonds other than the Cy bond
can be considered rigid; accordingly two quantities ¢ (= | — I, where
1. is the interatomic distance at zero slippage) and dz(=I,) are common to
these C atoms. Therefore integrating eq. {17) with respect to z from zero
to jl,, we get

A (@) -2
oot = B -0 () - g

— F[C;, t]1 + F[Co, 2] (18)

Equation (18) can be simplified as follows. Firstly, I — I, < (1/5)jl.
Secondly, because (1/s)jle(dv/dr)o—dl/dt is the velocity difference between
the middle point £ = (Y/2)jl. of the right-hand half of the partial chain j
and its adjacent molecule, (}/3)jle (Qv/0r)y > dl/dt. Thirdly, there is
no tension acting on the free end C, of the partial chain; then F[C,, t] = 0.
Therefore eq. (18) becomes

a2l , s
[y = 427 — — 19
m'y flo 72 = %% — 5, U O (19)
where
Z = 1/l ¢ (Qv/0r)e (20)

is independent of 7, and U (I) = — /S Fdlis the interatomic potential energy.
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Multiplying both sides of eq. (19) by dl/dt and integrating with respect
to ¢ from zero to ¢ under the initial conditions: I = I, and dl/dt = 0 at
t = 0, we obtain

Yam'p gl (dY/dt)* = j°Z(1—l) — [D+ U(D] (1)

where the dissociation energy D is given by D = —U(l).

The left-hand side of eq. (21) does not become negative. If there is no
! value which makes the right-hand side equal to zero, the value of [ in-
creases infinitely, i.e., polymer is torn off. If the right-hand side of eq.
(21) becomes negative at any value of [ (which is larger than ., of course),
the polymer can not be stretched up to this [ value. In short, the polymer
molecule can be broken only under the following condition:

72Z(1 — 1) —D > U() (22)

Figure 3 shows the right-hand side of eq. (22) as curve U and the left-
hand side as the straight line which passes through the minimum point
E of curve U and has a slope of 2Z. According to eq. (22), if this straight
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Fig. 3. The relation between potential energy U and the work done by frictional force.

line lies above the U curve, the polymer molecule is broken; if this line
crosses the U curve, the polymer molecule is not broken. Therefore, the
condition of eq. (22) can be modified to

o
72Z>tany = Fy = — (—) , (23)
ol/s
where tan ¥ is the slope of the tangent to the U curve and passing through its

minimum point £. In short, the cavitation can tear off a chain longer
than (Fy/Z)",

j> (F/2)™" (24)

The polymer molecule is torn off shortest when and where Z becomes maxi-
mum. Therefore we get from eq. (24),

g = (Ft/Zmwx)"” (25)
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where
Zmnx = 1/2 le2 i‘ (bv/br)mx. (2@)

In order to express (Jr/0r)max by the surface velocity (— R) of the rapidly
contracting bubble of radius B, we use the condition of continuity in the
noncompressible fluid :

% = R2R @7
Then,
(00/0r)max = (—2R2R/rs)max = 2(_R/R)mﬂ (28)

where (—R/R)max is the maximum of the shear velocity, not of the velocity
gradient. The equations available to the estimation of g—value are
eqs. (25), (26), and (28).

As F in eq. (25) is (QU/0l),, its value can be calculated from the Morse
function

UQ) = D [exp{—2x(~1)} — 2 exp{ —«(l~1)}], (29)

where 2 «2D is the curvature at the bottom of curve U, and D = 11 X
10-%erg, « = 1.025 X 108 cm., l. = 1.55 X 10~% cm.

Then,:
F;, = 46 X 10~4dyne (30)
At last we obtain g from eqgs. (25), (26), (28), and (30):
g = 14 X 10° [{(—R/R)mex] ™" (31)

Now in order to estimate {, we use Debye’s formula!? of intrinsic viscosity

o = () ) 2) &

where 7 is the viscosity coeflicient of the solvent, m is the mass of a repeat-
ing unit, ¢, denotes the cosine of the bond angle, a is the distance between
neighboring repeating units, and » is the degree of polymerization. Then
taking n = 0.01 poise, [7] = 100 ecm.3/g., m = 1.7 X 1072 g, ¢; = /s,
a=21l=2X155X 108 cm., and n = 10% we obtain { = 0.01 (dyne/-
em.)/(cm./sec.). ,

In case of the stationary cavitation, the value of (—R/R)max is 1-3 X
10% sec.™, from the results of our numerical calculation. Then from eq.
(31) we obtain gy, = 0.8-1.2 X 10¢, which is too large in comparison with
Joxp = 250, the experimental ¢ value of polystyrene in toluene. Therefore
the stationary cavitation proves not to contribute to ultrasonic degrada-
tion.

There is at present no satisfactory mechanical theory on the nascent cavi-
tation. According to Giith’s theory,!? if the voluminal change of gas in
bubble is assumed to be adiabatic, the maximum velocity of bubble con-
traction is
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1/ — v/[2(y—1)] 1/{2(v—- 11
(= R)ma = (2_@_) (Z__}&i‘l) (P_) 33)
3p Y Pa I

and the bubble radius at this moment is given by

y P 1/13(v—1)]
vy —1pa+ po)

Rw = R‘max ( (34)
where Ru.x is the maximum radius of the vibrating bubble, P is the gas
pressure inside the bubble at Ruma.x, pa is the atmospheric pressure, Bo
is the effective pressure of ultrasonic waves, and v the ratio of two specific
heats of air in. bubble. According to the present authors,!®1 Ry, is ex-

pressed by
1/3 _ 1/5
@ \Po+ Pa P

where w is the circular frequency of ultrasonic waves. If the maximum
shear velocity in eq. (31) is appoximated by

(_R/R)max = (—'R)mnx/Rw; (36)

this value can be estimated as 1.8 X 10 sec—! by the use of egs. (33)—(35),
where pa = 10° (c.g.s. unit), Pp = 4 X 108, 0w = # X 10%, p = 1, vy = 14,
and P = 0.01 X 10° (which is the saturated vapor pressure of water).
From (—R/R)max = 1.8 X 10 and ¢ = 0.01, the g value in case of nascent
cavitation can be estimated as gn.s = 100 by eq. (31). This value for guas
(= 100) is nearer to the value for gexp, (=250) than that for gaa. (=0.8-1.2
X 10%). This shows clearly that the final value of the degree of polymeriza-
tion is exclusively determined by the nascent cavitation.

Even if the bubble bursts before perfect collapse as photographed by Wil-
lard,'¢ or further even if the cause of ultrasonic degradation is not in nas-
cent, cavitation but in the shock wave, the present theory is still adaptable
in a similar manner.!+17

5. Further Discussions

The present theory explains further the experimental facts that cavitation
intensity is insensitive to ultrasonic intensity and that ultrasonic degrada-
tion occurs even in solutions of infinite dilution. -

a. Cavitation Intensity Insensitive to Ultrasonic Imtensity. We will
show theoretically from the data of Figure 1 that g values are almost same,
irrespective of different J values. The ultrasonic intensity J, the energy
flow [erg/(em.%-sec.) = 10—7 watt/cm.2] passing in unit time through a unit
section perpendicular to the direction of sound is in the following relation
to the mean density of energy E (erg/cm.?) = radiation pressure S (dyne/
cm.2):

J = Ec = po®/2pc (37
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where ¢ is the ultrasonic velocity (=1500 X 102 em./sec.), p is the mean
density of medium (=1g./cm.3), and p, is ultrasonic pressure amplitude.

Numerical values of m, ¢,, @, and # used in the previous section are very
different from those of methylcellulose, but the value of ¢ for polystyrene in
toluene will be used also, as that for the water-methylcellulose, system
probably does not differ appreciably in order. The results of the numerical
calculations are summarized in Table I. Because of the roughness of the
approximation, the absolute values of g4, 133 and 117, do not agree with
those of g.,,, 37 and 31. But the relative value g./g;: agrees well between
theoretical (133/117 = 1.1) and experimental (37/31 = 1.2). Therefore
it has been shown theoretically that the g value, and consequently cavita-
tion intensity, is very insensitive to ultrasonic intensity.

TABLE 1
Relation between p, Values and g Values

Case 1 Case 2
S, g. wt./1.8 em.2 i 3
E, erg/cm.3 166 277
Po, dyne/em.2 2.73 X 108 3.53 X 108
Rmax, cm. 1.26 x 103 1.56 X 103
(=R )max, cm./sec. 2.84 X 10 4.05 X 108
Rv/Rumax 0.0204 0.0174
(—R/Rumax) 1.1 X 10% 1.5 X 109
GJeale 133 117
gcnlc,/ Jealey 1.1
Jexp 37 31
Jexps/Jexp, 1.2

When contracting velocity of bubble increases over a certain limit, the
liquid layer near the bubble has some rigidity;'*7 as a result of this, the
cavitation intensity is even more insensitive to ultrasonic intensity than
the results of the calculations above mentioned.

b. Ultrasonic Degradation occurs even in Solutions of Infinite Dilution.
This was indicated previously® by one of the authors based on the viewpoint
that the cause of ultrasonic degradation exists in the frictional force be-
tween polymer molecule and its adjacent solvent molecule, not in the eolli-
sion between polymer molecules. Later on, this was ascertained experi-
mentallyby Thomas and ‘Alexander,'8 and further became clearer by math-
ematical expression of ultrasonic degradation in our paper.

The authors wish to express their thanks to Prof. N. Sata for his interest and encourage-
ment in the course of the work.
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Synopsis

A mechanism for ultrasonic degradation is proposed as follows. At the contracting
step of a violently vibrating bubble in liquid, 7 structural units of a polymer molecule
(partial chain j) take a linearly extended configuration owing to the suction force of
bubble, which occurs as a result of slipping and friction between solvent molecules and
the extended part of polymer. This partial chain is subject to a tensile force arising
from the friction which is maximum at the middle carbon bond of the partial chain. If
it is greater than the critical tensile strength of a carbon—carbon bond, the bond at the
middle is unable to absorb the work done by it, so the bond is torn off, i.e., the polymer
degrades. Under such considerations a formula for the final value of the degree of poly-
merization after infinite irradiation is deduced, from which the following results are
obtained. (1) Cavitation which can degradate polymer molecules effectively is not
stationary but nascent. (2) The cavitation intensity is very insensitive to ultrasonic
intensity. Moreover, from the proposed mechanism, several experimental facts can be
explained: practically monodisperse solution is obtained after long-term irradiation;
and ultrasonic degradation occurs even in solutions of infinite dilution.

Résumé

On propose le mécanisme suivant de dégradation par ultrasons. Dans I'étape de
contraction d’une bulle vibrant violement dans un liquide, des unités structurelles j
d’une chaine partielle j d'une molécule de polymére prennent une configuration linéaire-
ment étendue 3 cause de la force de succion de la bulle, qui se produit par glissement et
friction entre des molécules de solvant et la partie étendue du polymeére. Cette chaine
partielle subit la force de tension découlant de la friction qui est maximum au lieu du
carbone occupant le milieu de la chaine partielle. Si elle est plus grande ue la résistance
critique 4 la tension d’un lien carbone-carbone, le lieu du milieu est incapable d’absorber
le travail effectué; de cette facon le lien est cassé, c.d.d. que le polymere est dégradé.
Etant donné ces considérations, on déduit une formule pour la valeur finale du degré
de polymérisation apreés irradiation infinie, d’o0 'on obtient les résultats suivalts:
(1) la cavitation qui peut effectivement dégrader des molécules de polymere n’est pas
“stationnaire’”’ mais ‘‘naissante,” (2) l'intensité de cavitation est fort insensible &
Pintensité ultrasonique. De plus, a partir du mécanisme proposé, on peut expliquer
plusieurs faits expérimentaux: une solution pratique ment monidispersée est obtenue
aprés de longues heures d’irradiation, et la dégradation ultrasonique a lieu méme dans
une solution de dilution infinie.



602 M. OKUYAMA AND T. HIROSE

Zusammenfassung

Fiur den Ultraschallabbau wird folgender Mechanismus vorgeschlagen. Bei der
Kontraktionsphase einer heftig vibrierenden Blase in einer Fliissigkeit nehmen j Struk-
tureinheiten eines Polymermolekiils (Partialkette j) durch die Saugkraft der Blase
eine lineare gestreckte Konfiguration ein, was unter Gleitung und Reibung zwischen den
Loésungsmittelmolekiilen und dem gedehnten Polymerteil verlduft. Diese Partialkette
wird infolge der Reibung durch eine Zugkraft beansprucht, die an der mittleren Kohlen-
stoffbindung der Partialkette ein Maximum erreicht. Ist sie grosser als die kritische
Zugfestigkeit einer Kohlenstoffi-Kohlenstoff-Bindung, so kann die mittlere Bindung die
erzeugte Arbeit nicht aufnehmen und die Bindung wird gesprengt, d.h. das Polymere
wird abgebaut. Aus diesen Uberlegungen wird eine Beziehung fiir den Endwert des
Polymerisationsgrades. nach unendlich langer Bestrahlung abgeleitet, aus der folgend
Ergebnisse erhalten werden. (1) Zum Abbau von Polymermolekiilen geeignete Kavita~-
tion ist nicht ‘‘stationiir’’ sondern ‘‘naszierend.” (2) Die Kavitationsintensitiit ist von
der Ultraschallintensitit weitgehend unabhingig. Weiters kann der vorgeschlagene
Mechanismus einige experimentelle Tatsachen erklaren: nach langstiindiger Bestrahlung
werden praktisch monodisperse Lésungen erhalten, und Ultraschallabbau findet auch
in unendlich verdiinnter Losung statt.
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