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CHAPTER I,

i

CRITICAL SURVEY,




CRITICAL SURVEY:

Tarly experiments on the degradation of high polymer
solutions showed that violent mechanicel shaking of the sol-
:ution for a period of a few hours resulted in a decrease in
its molecuiar weight. The fact that this degraded polymer
showed no tendency to revert to its original molecular weight,
on precipitation and redissolution without shaking, provided
strong evidence that true chain scission was involved.

Barly experiments in 1934 by Staudinger and Heuer(l)
on so0lid polymers showed that grinding polystyrene in a ball
mill for a period of 40 hours resulted #a a fall in molecular
weight from an initial vslue of about 450,000 to ablimiting
value of about 10,000, It is almost beyond doubt that the
considerabie amount .of heat developed during that process
was'tﬁe main factor causing this degraaationQ although mech-
canical degradation is not completely'éxcludedOf

Their experiuments on a solution of the same polystjrene
sample in tetréline, on the other hand3 showed that by creat-
ting a turbulent flow by forcing the sqlution‘through fine
nozzles where cavitation undoubtedly ocdi:lrss the pqumer was
degraded, The fall in molecular weight was not so marked
and the 1imiting valﬁe of the molecular Wéight was found tb

be 380,000
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Although these workers concluded that the breakdown
was caused by the sheagring forces produced by the ﬁurbulenﬁ
flow) yet one can infer from their experiments that:

1. Thermal degradation plays a less important role; and

2. Cavitation produced by the furbulent flow is likely to
be playing the main role in causing degradation. liever-
:theless mechanical degradation cannot be ruled out,

Almost at the same time in 1933, Szalay'?) on the one
hand and Flosdorf and Chambers(s) on the other, reported that
1t is possible to break down large molecules into smaller
molecules by the use of ultrasonics or intense sound waves,
They had observed that the viscosity of different solutions of
starch, gelatin1 rubber, agar-agar, formaldehyde polymerisatesj
‘eﬁco, decreased gradually during strong sound treatment
(10-15 Xe/sec. ). They explained this decrease of viscosity
as depolymerisation.

These observations have been confirmed several times
in the following years and have also been extended. In
1937 Freundlich end Gilling(4) showed, by detailed experiments,
that the simple explanation of the decrease of viscosity as
a depolymerisation effect is doubtful and that it cannot be
applied in some cases. It became evidentﬁ by that time?
that the decrease of viscosity in some solutions (mostly in

gelatines) was entirely recovered after having been lefi
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alone for several hours at the end of the scnic treatment,
“Furthermore3 since it had become known from earlier experi-
sments that thixotropic gels could be liguified by ultrasonics,
apart from depolymerisation, Freundlich énd Gilling got the
impression that the decrease in viscosity could not be inter-
:préted wholly as depolymerisation buticouid be either a change
in the structure of ihe solution or aﬁﬁributedlﬁo the thixo-
:tropic characteristics of the sdlutiono |

On the other hand3 there were cases whéré th¢ tearing
of macromolecules by,ultraéonics could be proved beyond doubt,
Brohult(s) for instance, usihg a frequéncy of 250 Kc/sec.,
proVed by measurements with thevultracentrifuge that the hée=
:mo¢yénin molecules were split by ultrasonics into fractions
of 1/2 to 1/8 of their original size. No tendency to recom-
:bine was observed in this case, It was concluded that an
»actual break down of the molecule had taken place. Whether
this breakdown was duec to the ultrasonic waves directly or
could be attributed to the cavitation mechanism camnot be
stated from the data availasble. In fact, Freundlich and
Gilling found that by applying a pressure of 10 atmospheres
above the_solution = presumably to inhibit cavitation the
decrease 1ln viscosity failed completely to appear in four ocut
of six solutions while they observed a slight reduction in

the viscosity of the remaining two which were gelatine and
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agar-28ar, The question whether you can tear blg molecules
into smsller ones, purely by the ultrasonic vibrations alone,
remained ungnswered, | _

In 1938, Thieme(8) obtained a similar fall in viscosity
with solutions of gelatine, agar-agar and gum arabic. Thieme s
work was based on measuring the change in the relative viscosity
'1;’ of the polymer solution. Thieme also tried to discover
an empirical relation to fit his degradation results, His
interpretation of the resultis were not altogether correct and
it was shown later by Schmid that this was due to Thieme's
graphlcal representation of his resulis,

The polymers used by the majority of the above workers
were all natural products of i1ll-defined chemical composition.
Schmid and Rommel(v) realising this fact, used solutions of
various synthetic polymers., These synthetic polymers which,
according to Staudinger are chain thresds held tozether by
primary bonds3 have the sdvantage that only one main nond has
to be dissolved in order to split the molecule into two parts,
while in natural polymer molecules (vranched), more than one
bond would have to be dissolved, Another advantage is the
accepted relétion found by Staudinger between viseosity‘and
chain length of the molecule which helps to follow with a
higher degree of certainty the process of degradation of these

synthetic polymers;
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Sehmid and his co-workers carried out extensive tests
on synthetic polymers such as polystyrene, polymethylacrylate,
polyéthylacrylate and polyvinylacetate. The results of these

experiments are given below in a classified form:

i ;.Pblymers do not degrade to the monomer but only to an
intermediate chain length,; independent of the initial chain
length but dependent on the power output of the ultrasqnic
source, the solvent, and the déncentration of the polymer
solutions, Fig.l, which is taken from Schmid's results,
illustrates the above statement and represents the degrada-
:fioﬁ curves of‘three samples of polystyrene in toluene of

different initial molecular weight.

2, _Schmid(s) assumed that the rate of breakdown is propor-
:tional to the difference P-Pe and gave his initial express-
tion in the form:

ax

i = K(P—Pe)

where at is the average number of broken molecules per

litre per'mino, i.e., the rate of d egradation;
is the average chain length at time t;

Pe is the average chain length at the end of
degradation;

K is a constant usually known as the rate constant.
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He then proceeded to develop a theory to account for the ultra-
{sonic degradation of long-chain mnlecules, which is repre-

:sented by:

Me Me Ne
=== o log(l-i=) = ( ==) ot - g - 1og(l
- Mg ( My m M o My

ﬁhere Me is the molecular weight'corrGSponding to the average
chain length at the end of degradationg

Mt is the average moleculcr weight at time t3

Cm is the concentration in base moles per litre,
and‘ Mo is the initial average molecular weight, i.€.e
at t =

Schmid did not take account of the size distributions

dbtained‘during the degradation process nor did he make clear
distinctions between number and weight average molecular weights.,

Although by inspecting his derived formula Mo should be, cate-

igorically, a nuiaber average molecular Weight, yet in verify-

He

t 88 the weight average molecular weight obtained from vie-

:ing his equation he plotted #= + log(l- Me) against t, taking
M
:cosity measurements. NMevertheless he obtained straight lines
as required by the abwve equation and as shown in Pig.2 for

a sample of polystyrene in toluene, Schmid's theory will be

discussed in more detail in Chapter V.,

8o Schmid(s) investigated theoretically the possibility-

that the macromolecules are broken bv frictional forecess. A
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frictional force can exist if there is a relative motion
between the solvent molecules and the macromolecules. The
relative motlion can be set up as the result of the propagation
of the ultfasonic waves, He assumed that a polymer molecule
can be represented by a frictionless thread to which are
attached, at regular intervals along its axis, spheres of
radius equal to the radius of the benzene ring 'S A,U.' (case
of polystyrene). Schmid, then applied Stokes formula 3

: ,fo' = P,6 R V, to estimate the frictional force that mey
be developed if VP is the relative velocity. He found that
the frictional force is of the same order of magnitude as

the force required to dissolve a C-C bond, The relative
motion developed between solvent molecules and polymer mole=-
scules can be due to either the inertia or the rigidity of
the macromolecules. Schmid therefore, conducted a series of
experiments with a view to throw more light on the effect of
these two factors, Unfortunately his interpretation of the
results of these experiments did not take into account the
effect of mixing solvents on producing nuclei for the inception
of cavitation, Of all of Schmid's experiments those contem-
:plated to show the effect of inertia failed to pror-ide con-
:clusive evidence, flevertheless Schmid attributed the exis-
:tence of relative motion to the ri:idity of macromolecules

in solution, and explained most of his results on the basis of

that conception,
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4, Schmid's(g) experiment on the dependence of degradation
of polymers on the frequency of ultrasonic waves showed that
within the range 10-300 Ke/sec., the degradation is independ-~
tent of frequency. Adcording t0 his mechanism for degrada~
‘tion, the rate of degradation is anticipated to decrease
"with the decrease in frequency as the rigidity of the macro-
tmolecules becomes less, Again since all his experiments on
that aspect were carried out in air under atmospheric condit-
:ions cavitation taking place is more than likely to play a
major role in the degradation process, Since frequency
dependence of cavitation is likely to exist in such a way as
to offset the effect of the rigidity of macromolecules, this
series of experiments failed again to add any conclusive
evidence to support his hypothesis° A copy of his results
is given in Fig.3. which showéthe degradation curves for a

0,3% solution of polymethyl methacrylate in benzene.

6. Schmial0)

carried out another series of experiments on
ﬁhe degradation by ultrasonics of nitrocellulose in n-butylac-
tetate and of polystyrene in toluene at temperatures of 400,
60°, 80°, 100° and 120°C. At the same time he examined their
- pure thermal degradation at the same temperatures, In inter-

:preting his results, he considered the two types of degre-

:dation, i.e., thermal and ultrasonic to be gdditive and by



subtracting the thermal effect from the combined degradation
he obtained the degradation due to ultrasonic waves along.
This was shown to decrease quickly at higher temperatures and
to stop completely at a remarkably higher molecular weight.

In trying to explain his observations according to the con-
iception of rigidity of macromolecules he atrriovuted the
decrease in degradation to a decreass in viscosity of the
solution at higher temperatures, but he admitted the difficulty
of giving a correct explanation of the main reason for the
decrease of degradation at increasing temperatures, Once
again, it seems feasible to assume that cavitation is the

~ reason, The severity of cavitation is known to decrease with
inereasing temperature, This fact is a consequence of the
effect of temperature on the vapour pressure of the solvents.
Vapour pressure increases as the temperature increases and the
collapse of the cavitation bubbles will be less violent. This
results in a great reduction in the severity of cavitation if

not a complete change fromdé@structive to non-destructive

cavitation.

6. In order to suppress cavitation, Schmid(v) conducted
several experiments under high external pressure in a Berthelot
steel Bomb at a temperature of 65°C, The external pressure

above the free surface of the solution was applied from
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compressed oxygen cylinders in some experiments and oxygen-
free nitrogen cylinders in others,

In one of his experiments on nitrocellulose the degre-
:dation was linhibited completely by applying a pressure  of
8 atmospheres while in the other two experiments on polystyrene
the application of 15 atmospheres resulted only in reducing
the degradation as shown in Figures 4 and &,

Weissler(ll) questioned the findings of Schmid and his
claim of suppressing cavitation by applying a pressure of 16
étmospheres on the free surface of the solution. He indicated,
ﬁbweverq that under the experimental conditions used by Schmid
the pressurized oxygen will be forced into solution according
to Henry’s Law, Therefore, when the-instantaneous pressure
ia reduced by a few atmospheres during the negative part of
the sound wave cycle, oxygen will come out of solution and
bubbles will be formed in the liquid. Weissler's statement
is most likely to be true, although there is no reason to

expect this degassing to be true cavitation,

In a later contribution by Schmid(lg) he examined the
products of degradétion of two similar unfractionated samples
one under thermal and the other under ultrasonic conditions.
By fractionating the resulting polymer at the end of degra-

:dation in the two cases and plottingz their distribution
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curves which showed a marked difference, as shown in Fig.8,

he concluded that the degradation produced by ultrasonic waves

could not possibly be considered to be due tp thermal effects.,
' So far, it would appear that degradation of macromole-

:cules by ultrasonic waves is mainly a result of cavitation

inception in the solution. although frictional forcés may be

playing a minor role. This view point is confirmed by

Prudhomme(ls)

who has been convinced that together with the
strong action of cavitation there also exists a weaker effect
of the so-called 'frictional forces',

Another interesting contribution is the work of H. W,

Melville and A.J.R. Murray(l4)

which proved that, apart from

the strong action of cavitation, a strong degradation of long
chain polystyrene molecules was detected by irradiating the
solutions in an evacuated reaction vessel, after suppressing
cavitation, Furthermore, it is quite possible that cavitation
can lead to oxidation processes, even in the presence of
nitrogen or an inert gas, after eliminating any traces of oxygen,
R.0. Prudhomme and P. Grabar(ls) in France and P, Gunther(16)
in Germany have found that the oxidation effect is not due to
activated oxygen, but probably to the liberation of O.H.
radicals as an effect 6f cavitation, The chemical action was

always closely related to a weak luminescence resulting from



the collepse of bubbles, probably either due to the adiauatic
compression of the gas inside the bubble or due to some
electrical phenomenon. Flectrical discharges 4o occur as

a result of the electrical potential built up between oppos-
:ite walls of the cavity. Purthermore, the addition of a
few drops of liguilds of high vapour pressure such as ether

or acetone usually inhibits luninescence or reduces it to a
great extent with a consequently similar effect on the chem=
:ical action. Under these circumstances it becomes doubtful
again whether degradation of macromqlecules i8 basically due
to mechanidal friction or simply due to cavitation and its
associated effects.

Wiessler(lv)

added a little more to the perplexity of
the problem by reporting that no degradation took place when
he irradiated a 1% solution of polystyrene in toluene which
was given a preliminary treatment of degassing by boiling
under vacuum, He concluded, emphatically, that cavitation
is the only cause of degradation, and that the opposite con-
:clusion arrived at by earlier investigators is attributed
to their inadequate methods for - eliminating cavitation.

He also inferred that oxidants, known to be broduced by ultra-
:sonic waves in solutions containing dissolved oiygen or

nitrogen, cannot be responsible for the degradation because

substantially the same amount of depolymerisation occurs
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even when helium is the only gas present,

Based on the findings of Schmid, Jellinek and his co=
:workers(ls) developed a theory of the degradation process
of long-chain molecules by ultrasonic waves, His theory
applies only to a homogeneous polymer. It gives the size
distributions at various stages of the degradation from which
the average chain lengths and molecular weights at definite
stages of the degradation can be calculated. He found
satisfactory agreement between experiment and theory for the
main featurasof degradation.

Furthermore,“Jellinek(lg) pointed out the fact that
neither the frictional forces as suggested by Schmid, nor
the impact forces as an alternative mechanism for breaking
the maéromolecules,'can explain his results, An adequate
theory of the mechanism of breakdown ought really to. take
into account the many entanglements which must occur in the
solution and closely affect the viscosity of the solution
which depends, besides other factors, on the concentration of
the sample,

Je11inek(®9) aiscussea the possibility of the ultra-
:sonle degradation being thermal in origin. Knapp and

Hollander(zl)

showed experimentally with the aid of a high
speed camera that the collapse of -a-bubble is very rapid

indeed, of the order of a microsecond, This experimental
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observation was confirmed later by Noltingk and Neppiras(zz)

in their theoretical analysis of cavitation produced by
ultrasonics, The collapse of a cavity was considered as an
adiabatic compression and the gas temperatures inside the
collapsing cavity can reach very high values (10,000°K)
depending on the compression ratio of the collapsing cavity
and on the nature of the gas, Consideration of this aspect
1ndicates that, if ultrasonic degradation is thermal in
origin, the rate of degradation of a solution saturated
with monatomic gas should differ egppreciably from a solution
saturgted with a diatomic gas provided that both gases have
similar solubilities in the solvent.

The experiments conducted by Jellinek(go) on 1% sol-
:utions of fractionated polystyrene in benzene, after bubbling
different gases in solutions for 20 minutes, and those con-

- sducted by Melville and Murray(l4)

~on two samples of copolymer
qf polymethyl methacrylate-acrylonitrile, proved that ultra-
:sonlec degradation is not thermal in its origin.

Jdellinek, following Noltingk and Neppiras theoretical
treatment, worked out the velocity developed in the solution
in the neighbourhood of a collapsing cavity and then applied
Stokes' law to calculate the frictional forces acting on a

chain molecule touching the wall of the collapsing cavity.

He found that this frictional force is sufficient to rupture
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a C=C bond. The observed rates of degradation for solutions
saturagted with monatomic-and diatomic gases were in agreement
with the conception that degradatioh is effected by cavitation,

It can be concluded from Jellinek’s work thét although
he was in favour of accepting cavitation to be the cause of
degradation, yet he was not entirely convinced that pure
ultrasonic waves do not produce degradation in the absence of
éavitation° Furthermore, he secmed to agree that‘mechanical
forces and not the heat assoclated with cavitation, are the
origin of ultrasonic degradation.

It is worth mentioning at this stage that the role of
pure ultrasonic waves in the degradation o: long chain mole-
tcules is far from being clearly defined,

It even becomes more ill-defined when the results of

the experiments of Alexander and‘Fox(ga)

on polymethacrylic
acid are considered. HNo degradation under vacuum wae& Observed,
indicating that ultrasonic waves alone are incapable of rup-
:turing the polymer éhain and that cavitation is essentiali

for any process of dégradation° Their experiments on solu-
:tions of molecules 6f different shapes showed that the more
coiled the molecules the less is the resulting degradation,

This seems to indicate that the degradation is of a mechan-
tlcal origin as the frictional forces are dependent on the

shape of the molecule,
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Swraing up, it is generally agreed that chain sciss-
tion is a consequence of the strain placed on the polymer
molecules either by frictional or impact forces, These
forces can be a direct effect o the ultrasonic waves or due
to cavitation which is initiated by intense ultrasonic waves.
As the external pressure is increased, the rate of degradation
gradually decreases as a result of the smaller tendency to
cavity formation, Even at pressures as high as 15 atmos-
:pheres, however, a residual rate of degradation remgins,

Many earlier workers (Schmid and co-workers, Melville and
Murray), seem to have accepted this result as sufficient evid-
tence of degradation in‘the absence of cavitation, most pro-
tbably as a result of frictional forces between solvent and
solute molecules, But, if Schmid's results are considered
from a different angle and the rate of degradation is plotted
as a function of the applied external pressure it can be
noticed from Fig.7A that the rate of degradation of gun
cotton at the beginning of degradation (i.e., at t = 0)

. decreases linearly as the pressure increases, Furthermore,
the degradation ceases completely at a pressure of 8 atmos-
:pheres, The same linear relation appears, from Fig,7B, to
exist in the degradation of polystyrene. The value of exter-
tnal pressure at which the degradation ceases is found by

extrapolation to be somewhat higher and, in fact, it is
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almost three times (24 atmospheres) its value in the case of
gun cotton, This result indicates>that there seems to exist
a critical external pressure beyond which no degradation takes
place, This can be interpreted in two ways. On one hand,
it can be said that cavitation is completely suppressed and
from this it follows that cavitation is the principal and only
factor causing the degradation. On the other hand, since
cavitation can be suppressed, at least theoretically, by the
application of much smaller pressures than those applied
during the experiments, 1t may be inferred that the excess
pressure is, presumably, needed to increase the rigidity of
the solvent molecules and thus the relative motion between
solvent and solute will decrease resulting in reducing the
frictional forces velow the minimum value required for effect-
:ting degradation, This implies that degradation produced
purely by ultrasonic vibragtions cannot be completely excluded.
As mentioned before attempts have been made by kelville
and Murray to eliminate cavitation in a polymethyl methacryl-
:ate solution in benzene by evacuating the system of permanent
gases on the principle that the cavities once formed, would
not collapse, Their results, shown in Fig.8, indicate that
the rate of degradation is only reduced but degradation still
continues, On the other hand, Weissler carried out experi-

:ments under similar conditions of vacuum with polystyrene
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in toluene and found no d egradation, as shown in Fig.9.
Similarly, Alexander and Fox could detect no degradation on
irradiating evacuated agueous polymethacrylic acid solutions,
Hence, it can be stated that despite the various claims, there
is no real evidence that degrasfation can talke place in the
absence of cavitation,

Furthermore, the only detailed theoretical treatment
expressing the degradation of polymers by ultrasonic waves is
that given by Jellinek and it is only limited to homogeneous
polymer samples, Obviously this limitation is a serious
drawvack in the study of ultrasonic degradation of polymers.
This is mainly due to the fact that proper fractionation is
a very complex process, which inspite of all precautions
results in a heterodisperse fractions,

Up to the time this work had been undertaken, no
general solution expressing the kinetics of random degradation
of heterogeneous polymer samples had been developed. However,
in view of the fact that the most commonly used polymers are
heterogeneous usually prepared thermally, this work has been
contemplated mainly to develop a complete theoretical solution
of the problem of degradation of heterogenecus polymers, The
general solution can be applied to express any type of random
degradation, In the course of this wor!: thie reneral soluticn

will only ve applied to the case or addition poljmers (prepared
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thermally) and their degradation by ultrasonic waves,

Factors Controlling Cavitstion.

In 1917, Rayleigh(zé) examined theoretically the
behaviour of an incompressible fluid in which he imégined a
spherical vold to be suddenly formed, Later, in 1942,

Beeching(gs)

extended Rayleigh's analysis by taking into
account surface tension effects, and the pressure of the
liquid vapour in the bubble, At the same time, Silver(zs)
introduced thermodynamic considerations, but several question-
table assumptions in his itreatment render his results doubt-
tful, The experimental results of Knapp and Hollander(1948),
using high speed cinematography, confirmed the existence of
very large radial velocities and accelerations during the
collapse period of a cavity, and consequently agreed closely
with Rayleigh's predictions. Further, in 1949, Plesset(®7)
developed an equation for the motion of a vapour=filled
bubble in a changing pressure field,

An gttempt, to define theoretically the conditions for
the appearance of cavitation in liquids subjected to alter-
:nating pressure changes, was made by Noltingk and I-Ieppiras(zaz
They found that the occurrence of cavitation is restricted to

a definite range of variations of the following parameters:
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1., The alternating pressure a.plitude of

ultrasonic waves, ' Po
2. The frequency of ultrasonic wave, w
3, The radius of the bubble nucleus, Ro

4, The hydrcstatic pressure applied to
the liquid, PA

Furthermore, they predicted that under certain condit-
tions, the change from non-cavitating to cavitating conditions
is found to be exceedingly sharp. This en&bled them to
express accurately and in simple terms the threshold for
cavitation inéeption° . o
| In order to get a clecarer picture of theaeffect of
eech of these factors on the inception of cavitation and the
role played by each in suppressing cavitation, a discuésion |

of each factor separately seems justifiable.

Thresholds for Ro°

Assuming that all the other factors are kept constant,
it is predicted that as Ro is increased from indefinitely
small values, the changes in radius are at first small and
the bubble motion is truly sinusoidal but 180° out of phase
with the impressed alternating pressure, From the energy
equation given by Noltingk and Neppiras, for which a number

of solutions were found using a differential analyser, the
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radius-time curves (Fig.10) show that as the lower threshold
of Ro is approached the curves become distorted. Furthermors
at the critical value of Ro (depending on the frequency,
hydrostaﬁic pressure and pressure amplitude COnsidered), a
‘sudden expansion occurs resulting in s sharp rise in the value
of the bubbles maximum radius Rm indicating the inception of |
true cavitation. Cavitation conditioﬁs continue, presumably
'with increased intensity, as Ro increases, On further
increase in Roc the intensity of cavitation reaches a peak

and then starts to decrease until.Ro reaches'and'passes its
resonant value corresponding to the freguency of the ultbasonic
waves, This critical frequency ’5%—“ has been expressed by
the following equation:

ng = (py + %§) - 28/310
0

where ¥ = pratio of sp. heats of gas
ineide the bubble;
and S = surface tension of liquid;
After passing through this threshold, no true cavit-
tation takes place. The bubble motion again beéompa sinusoidal

and can ve represcnted by the equation:

Ropo sin th

R = Ro =

3(p, + S2- )
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Threshold of w.

From the analysis of the effect of varying Ro, and

considering the equation of bubble motion at the upper threshold

of R o? it is apparent that any increase in frequency results
in a lowering of this upper threshold. Naturally, if the
frequency continues to increase, a value will be reached where
rthe upper threshold of R coincides with the lower limit.
Beyond that frequency true eav1tat10n can never occur, theor-
tetically, whatever the distribution of nucle:x,o .

However, cavitatlon effects are expected to fall off
‘With increasing frequency, and to disappear completely in the
region of frequency given by: .

W = §%§; ey (p, + %%) i

Noltingk and Neppiras® theory indicates no lower
threshold for w, implying that the caviiation intensity would
increase as w is decreasedo However, since'at low frequencies
the liquid will have time to follow the impressed pressure
variations, no sufficient tensions in the liquid will develop
and no cavitation will occur,

This frequency dependence of cavitation was later illus-
.trated by Gaertner W‘(gg) after introducing some simplifying
assumptione which seem justifigble, He emphasised the fact

that the effects of ultrasonic cavitation will cease above
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a certain freguency range as a consequence of the limitations
on the exparsion of the nucleus, . His discussion'gives a
strong indicétion»that the optiﬁum frequency for applications
of ultrasonics utilising cavitation effects lies below 2 Me
and most likely below 1 HMe at the intensities reached with
ordinary transducers. |
Although Schmid and his»cciwbrkers found that depoly-
tmerisation of long chain moleculéé is independent of frequency
in the range 10-300 Kc/sec,, yet, in viéw of the practical
importance of finding én optimum frequency for cavitation
effects, an experimental investigation of the problem seems

highly desirable in the range of freguencies 0.5 = 2 MC./sec .

Thresholds of pA And poo

Changes in the hydrostatic pressure Pp affects the
rapidity of the collapse of a cavitation bubble, It Py is
decresased the bubble will grow larger., If the bubbles become
very large the time required for their collapse may be so
great that the preésure begins to go negative before the
completion of the collapse. The collepse will tend to be less
violent, Obvidusly a‘lbwer threshold must exist below which
no destructive cavitation will occur, as the bubbles will not
have time to collapse completely, Any further reduction in

Py below this threshold will result in slower changes in the
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bubblé radius, A typical illustration of the effect of
varyiﬁg PA ie shown in Fig.ll given by Noltingk and Weppiras
in which the broken line shows the lower limit of Py below
which the collapse will not be completed before the end of
the positive half-cycle of the pressure wave, In addition
the figure shows that with increasing P, an upper limit will
be reached beyond which cavitation never occurs, Furthepr-
:hore, on considering the maximum fluid pressure P produced
by the bubble's éollapse, the steep front of its curve implies
a rapid change from cavitating to non-cavitating conditions.

The effect of varying the amplitude of the impressed
pressure waves D is best illustrated by Fig.1l2, which shows
a sudden expansion of the bubble when the value of Ps is
nearly equal to pA.

Although the graphs illustrate specific cases for
selected values of parameters, and cannot be braodly inter-
:preted, yet it can be safely concluded within the limitations
of the theory that cavitation can be suppressed either by
reducing P, to be less than Pys OF by increasing Py to be
greater than Pys even in ordinary 'gassy' liquids containing
comparatively large bubbles,

It is worth mentioning in this respect that for the
above conclusion to prove valid the pressure should be applied

directly to the liquid in the absence of any air or gas above
the free surface of the liquid.
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Object of Investigation,

' From the critical survey of past work on degradation
of long chain molecules by ultrgsonic waves, it.is quite
clear that in many of the published work the type of polymer
samples used in the investigatibhs was not clearly defined,
i.e., whether fractionated or unfractionated polymers were
used; Obviously, fractionation of a polymer samplé is 8
troublesome task, and it‘would be much better if unfraction-
:ated samples could be used, provided fheir degradation
characteristics can be predicted at the different stages of
degradation, | ‘

Furthermore the ultrasonic inteﬁéities in the polymer
solutions proper were more or less a matter of conjecture
‘than truly measured values,

The role played by cavitation in the process of degra-
tdation by ultrasonic waves is still, however, as it was
before, subject to controversy., In this respect it seems
possible'to conclude that more experimental work under more
cohtrolled conditions than had been hitherto the case is
needed on this aspect. -An investigation which can throw
more light on the'problem is; beyond doubt, relevant to the
cémplete underétanding Qf the mechanism of degradation of

long chain molecules by ultrasonic waves.
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Finally, from a practical point of view, it seems
desirable to investigate the existence of an optimum frequency
for the procesé of degradation as suggested by Gaertner.

With an aim to contribute to the clarification of the
abové mentioned points é programme for this work was contem=

‘splated to include the following:

1. To design, castruct and put into use an ultrasonic
generator of 1 KW, output covering a frequency range 0.5

to 2 MC/sec,

2o To construct, calibrate and put into use a simple and
rellable device for measuring ultfasonic inteﬁsity and

viscosity.

3o To develop a general solution forlfhe random degradation
of long chain molecules and to apply the theory to express

the degradation of addition polymers by ultrasonic waves,

4, To carry out experiments'on the degradation'of addition
polymers with the purpose of verifying the theory and check-
:ing the limitations of its validity.

- 5, To investigate the possibility of using D.P.P.H. to
detect any free radicals that may have been produced in the
solution during the process of degradation and also to supply

further evidence on the validity of the theory developed.
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6. To investigate the effects of intensity and initiel

chain length on the degradation process.

7. To investigate the frequency dependence of the ultra-
:sonic degradation of addition polymers in the 0.5 - 2 Mc/sec.

frequency range.

8. To suppress cavitation at least by one method in order
to determine the role of cavitation in the degradation of

polymers by ultrasonic waves,
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1, ULTRASONIC GENERATOR,

A, Introduction,

‘It was neceeéary, for carrying out thie in&estigation,
to build a powerful ultrasonic generator. The power rating
of the ultrasonic generator was estimated to be about 1 KW,
Many types of oscillétors were studied among which are the
following: . a .

(a) resonant drive type (Hartley);

- (b) self-maintaining type (Pierce);

(c) push-pull type.

From the above mentioned three types, the push-pull
osciliator ericuit was accepted as the most convenient type
of ultrasonic generator. Some of the salient features of a
push-pull operation, which favoured 1ts selection, are summar-
:ised below:

l. The effective plate resistance is twice that of a single
valve, | » ' |

2 The powervoutput is twice that of a single valve oper-
:ating under the same conditions as either of the push=
:pull pair.

3, The'fupdamental component'of plate~current is that of

a single valve; the corresponding tank-voltage is twice
that for a single valve,
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4, The correct load impedance (plate to plate) is twice

that of a single valve, |

5. The total drive voltage (grid to grid) is twice that of

a single valve; drive power is also ddubledo
These features provide certain advantages of the push-
pull'tjpe of oscillator over other types of oscillators.

Some of these advantages are:

1. Increased power and frequency stability.

2, A1l oscillatory voltages and currents, with the exception
. of even harmonics, are symmetrical with respect to earth
~and to the D.C. supply. There are no A,C. components

in the D.C. supply, other than even harmonics, With
- exactly similar valvés there are no even-harmonic
~ components in the tank-circuit.
3, Valve inter—electrode capacities (grid to cathode,‘and
plate to cathode) are effectively halved, since they
are in series, This is a useful property when working
at very high frequencies, since valve capacities set

e limit to the frequency at which satisfactory oper-

- tation is obtained.

B, Circuit Diggram,
The circuit diagram of the push-pull ultrasonic gener-

tator is shown in Fig.13. The design, construction, mounting,
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connections, earthing and screening are all in accordance with
the conventional methods recommendéd in building such high
frequency oscillators(l’z)e

The impossibility of obtaining eiactly similar character-
:isties for two valves, and the difficulty of determining the
exact electrical centre of the tank-coil both make it desir-
:eble to include a H.F., choke(iZ) in the plate supply lead.

This choke allows the H.F, potential of the feed-point to

vary somewhat, according to the degree of asymmetry of the

valves and circuilt.

C. Protection Systems and Relays.

i. Protection against sﬁdden loading at switching on.

It is essential for tﬁe long life operation of the
oscillator that thevfiiaments currents should be allowed at
least a minute to heat up the filaments before the ancde volt-
tage is switched on. A thermal bimetallic relay, a mercury
switch and a group of post office relays were connected, as
shown in Figure 13 (5), to cause a delay of approximately two

minutes before the anode voltage could be switched on.

ii, Automatic no-load proteétione

A reduction in loading of an oscillator delivering its

rated power output is usually accompanied by:
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8. a rise in tank circuit Q, voltage, current, and XVA.

b. an increased H.F. drive-voltage between grid and
cathode, since it is obtained from the tank.

Co a decreasé in peak and gverage values of plate-current,

d. an increase in grid current.

e an increése in grid-bias voltage consequent upon the
increase iﬁ grid-current.

With thé drive correctly adjusted for full load con~
:ditions, the accidental removal of load might result in
excessive grid-current., This in turn might lead to blocking
of the oscillator, and perhaps even melting of the grid wires.
As shown in the circuit diagram a post office relay was used
in conjunction with a high vacuum double diode (11) giving
protection against serious over-driving. The diode is
blased so that it passes no current unless the drive voltage
exceeds a predetermined value; . above this value the diode
load damps the drive circuit and minimises the increase in
grid-current, The relay operates and interrupts the H.T.

supply if the diode current exceeds a certain smount,

D. Interference Suppression.
To suppress interference, which may be caused by the

H.F. power being fed into the supply mains from the oscill:

cator and transmitted through the mains to other apparatus



in the neighbourhood, an electric filter was built and piaced
in the supply mains, at the nearest point to the oscillator.
This arrangement is shown in the circuit diagram under

symbol P,

E. Voltage Stabiliser. (ASR).

An ASR=1150 asutomatic voltage regulator was connected
on the input side of ﬁhe ultrasonic generator to maintain
the voltage from the supply mains‘conStant within 4 2.5% .
Thia was found essential due to the fluctuating character
of the supply voltage available. The stabiliser consists
of an autotransformer, which is provided with one input tapping
and three output tappings. Relative to the input voltage,
the output tappings'ﬁfOVide voltages which‘are respectively
7,56 above the inpuﬁ, '2,6¢)' above, and 2.5% below, The
tap changes are pefformed by means of microsﬁitches, operated
by quick-acting relay movements, which are controlled by an
electronic 'sensor' unit.

The actual time lag of switching is of the order of
only two milliseconds, so that the voltage stabiliser is
ideally suited to the existing conditions where sudden voltage
surges or drops are quite frequent.

Purthermore, during the brief period of: tap changing,

& resistance~condenser network, which is bridged across the
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micro-switch contacts, is employed to eliminate surges and

contact arcing,

F. Power Control. A

The R.F. output from an ultrasonic generator is usually
controlled by either of the following meth&de:

(1) variations in grid drive;

or (11) variation in load matching;
or (1ii) variation in filament emission;
or (iv) variation in H.T. voltage.

The first of these methods, as & means of varying the
output from en R.F. generator, is beset with severe limita-
stions. Load matching on the other hand relies upon reson-
tance effects in tuned circuits and consequently depends on
critical adjustment. Furthermore, it can easily permit over-
tload conditions to prevail.

It is not an uncommon method to control the power
output by varying the voltage applied to the filaments. This
method, however attractive it may look, is not altoiether
satisfactory, since it is inclined to overload the generator
with a bigger proportion of the power input dissipated at the
anodes,

In the ultrasonic generator bullt as part of this work,
the fourth method of power control was adopted. From an

electrical point of view variations in the H.T. voltage
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offeg the most ideal method of power control, From an
acoustic point of view since the power input to the quartz
transducer to a first approximation is proportional to the
square of the H.T. voitage, this method provides a rough
estimateof the‘power input to the quartz transducer,

A variac (1) in thé circuit diagram was used for that

purpose,

G, Metering.
In a push-pull circuit, where it is required that the

two similar valves'should be equally loaded, it is necessary
“to introduce two meters either to measure the grid currents
or the anode currents. Two ammeters were used to measure
the grid currents of the two valves thus providing a contin-
tuous check on the performance of the R.F. generator, An
electrostatic voltmeter and a D.C. ammeter which measures the
total anode current, were also connected. This provides a
rough estimation of the power input to the generator. Further-
more, the ammeter helps to indicate whether the generator
is tuned to the required frequency.

A hot wire ammeter was used in the load circuit which

assists in the proper tuning of the generator,
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H, Efficiency.

A loaded piezoelectric quartz crystal can be repre-

:sented by its eqnivalent_electrical circuit shown in Fig,

14, where
Rd represents the load imposed by dielectric
losses in the crystal and its holder;
Co is the simple capacitance between the two

electrodes;

represents the mechanical frictional resistance
in the crystal and holder;

RL is the acoustic load to which the crystal
is coupléd;

Cm and Lm represent with Rm the motional properties
of the transducer, |

Provided the transverse dimensions of a crystal plate
are larger than one wave length, the effective motional imped-

tance at resonance

RL ( = ZL) is given by
D 2,2
Ry, = at po»v°/4 8% s
where a 1is the compressibility of the crystal,
.t is the thickness of the plate,
Py is the density of the medium irradiated,

Yo is the velocity of sound waves in the medium
irradiated,
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& is the piezoelectric constant of the crystal,
5 is the radiating area,

Since the resonance frequency for a quartz plate is
given by t = g%§9 KC/sec, where t is measured in millimeters,
therefore, the iotional resistance falls off rapidly as the
frequency is raised. Consequently the same power can be
obtained from crystals with lower applied voltages.

For X-cut quartz plates in thickness vibration the

radiation resistance, at resonance, is given by

i7
RL = gﬁgg—z—%g—~ ohms,
, S. fR

where S is the effective area of the radiating surface

of the quartz crystals,
and ﬁR is the resonant frequency of the crystal.
This radiation resistance will be shunted by the reactance
of the condenser Co which will be considerably lower in
valué. This reactance is given by

i7
1 1.12 x 10
X = c—t— L
¢ 2% fR Co S fh

- Hence the radiation resistance of the crystal is about 8.65
times as large as the reactance of the crystal, and if the
crystal alone is connected to the oscillator it is impossible

to get all of the electrical energy into acoustic energy.
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Murthermore, the efficiency drops off rapidly for a & per
cent change in frequency away from the resonant frequency.

By using a coill to neutralise the static capacitance
of the crystal, the*region of high efficiency can be extended
over a wider frequency range, and the absolute efficiency of
conversion can be made considerably higher, Thisﬁcan be
done by using either a series coil or a shunt coil (3)0 The
series coil gives a low impedance circuit while the shunt
coil gives a high impedance cricuit,

It was found more convenient for matching purposes to
use a series coil in the crystal circuit. The introduction
of this coil showed a marked difference in the acoustic oute
:put of the cfystal.» The crystal, after inserting the series
. coll became a much more.efficient radiator transferring at
legst least 70 per cent of the electrical energy into acousiic
energy over a wider frequency band centred around the resonent
frequency of the crystal, compared to 10% energy transferred
without the use of the coil., Outsidé:this frequency band
the amount radiated falls off more rapidly than for the crystal

alone, |
I. Design Data and Operating Conditions.
Valves used < 2 Muilard V.H.F. power triodes
o type TY3 - 250,
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Valve ratings - limiting values -

With a eircuit transfer
efficiency of 80%.

Operating Conditions,

Va 1.5
Vé -120
Ié‘«d.c° 400
Igd.c, 80
Vin(pk) 298
Pdrive _ 22
Py | 176
Péﬁtpu‘b 426
ra 71
P 340

m. A,

Ve
waﬁts.
ﬁaﬁts;
wattsp.

%

watts,

A sample of the calculations for designing the push-

:pul; osciliator, shown in Fig.13, is summarised below:

Ddration4of anode current =

From valve characteristics

26a =
i

8pk.
8nax.

v =

&min.

<
n

140°

50 93’.400 = 1560 mvo

175 V.

250 V.

i = 400 m. A,

&ok

I =
d.C.

80 m, A,
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¢ = ﬁEf—m“»- = 1.9

B = 8.0

Vg = =120 V,

R, = 2,0KSR
Bopr Tank Circuit Components,

QoL = 879X2  _ 4040 ohms,

678
For a frequency 0.5 MC/sec. and Q = 12, tank coil inductance

is given by L = yhomc- = 107 u.H.

Required tank circuit capacitance at resonance = 9356 p.F.
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2. CRYSTAL TRANSDUCERS,

A, Introduction.

Quartz was used for producing the high intensity ultra-
:sonic waves required for this investigation. Quartz was
selected because it is physically robust, non-hygroscopic
and capable of withstanding reasonably high temperatures.
Although it has a relatively small piezoelectric constant,
it can be effectively employed as a powerful generator at
resonant frequenciles,

Crystals of 1' diameter were obtained from the quartz
crystal company. Both faces of the crystals were silver
plated, leaving an annular ring 1/16" wide at the circum-~
:ference unsilvered, The crystals were X-cut for thickness
vibration having resonant frequencies of 0,75, 1, 1l.2b,

1.5 and 2 Mc/sec.

The crystal was usually mounted in such a way that it
could be irmersed in a liquid medium which represents the
acoustic load. It was usually excited to vibrate at its
mechanical resonant frequency in order to secure the maximum
acoustic output. The generated acoustic intensity is pro-
:portional to the square of the product of appiied voltage
and operating frequency. High intensities are usually limited
by angupper frequency limit of about 2 Mc/sec. Above that

] .
1imit the quartz plate is lisble to0 mechanical fracture due
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to its decreased thickness., At the same time the tendency
for a voltage break down increases imposing an upper limit on
the maximum voltage which can be applled safely to the crystal
immersed in the medium without a break down taking place.

In view of these limitations the highest possible
efficiency must be obtained from the crystal transducer. This
implies that the mounting of the crystal must secure the min-
:imum damping of the crystal at its support. Furthermore, |
the acousting 1oading on the radiator should be concentrated
on one face only. In other words, the other face of the
crystal hes to be coupled to a medium of very high or very low
acoustic impedance. This was accomplished by immersing the
crystal so that its upper surfacé is in direct contact with
the liquid medium while the bottom surface is backed with

air.

B, Matching of Transducer,

In order to ultimately obtain large intensitieg~such
a8 required for the process of degradation of high polymer
solutions, the matching of acoustic impedances is a. necessity.
The specific acoustical resistance 'pe! for quartz is 146x10%
while that for a polymer solution in benzene is about llo6x104
giving an acoustical resistance ratio of 12.5. For such a

ratio only 29% of the mechanical acoustical energy will be
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transmitted through thehpolymer solution if it is directly
irradiated by the quartz transducer.

A medium having a specific acoustical resistance equal
to the geometric mean of the above mentioned specific acoust-
tical resistances is ideal as a matching medium. Magnesium
is the nearest substance to suit this requirement. Using
magnesium as an intermediate medium between quartz and polymer
solution in benzene, 40% of acoustical energy will be trans-
:mitted through the polymer solution provided that the thick=
iness of the megnesium plate is a multiple of a halfwave
length.

An arrangement using magnesium as an intermediate medium
is shown in Fig.15. Since magnesium cannot be soldered, it
was first fixed to the quarté using silver cement IGR,72.

This method resulted in a discontinuous monomolecular layer

of air at the magnesium~-quartz interface which expanded by the
heat developed during irradiation, and caused a marked reduct-
:ion in the acoustical output on increasing the applied voltage.
Magnesium was then fixed to quartz using cold setting Araldite
type 101° No diminution in acoustical output occurred but
arcing across the quartz crystal took place when high voltage
was applied to the crystal. Furthermore, when the transducer
flange was clamped in position so as to enable its use under

applied hydrostatic pressure the acoustical output from the
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transducer decreased markedly. After many trials it proved
exceedingly difficult to locate the nodal plane in the magnes-
:ium wave plate. It was also found difficult to machine the
nodal flange thin enough in order not to affect output when
it is clamped. However, it appeared from many trials with
different kinds of mounting that the main difficulty would be
th~ suppression of arcing across the crystal on applying the
high freguency A.C. voltage to its faces. lMethods suggested

vy Noltingk'?), Gutmeann'®) and crawroral®’

were tried, but
these all failed to give satisfactory resulis., These results
left no option but to use transformer oil as a matching medium,
and to serve as an insulator for the crystal due to its good

dielectric properties,

C. Crystal Holders,

A holder recommended by Melville and Murray to provide
the maximum circulation of oil at the edges of the crystal
was tried out, The crystal, as éhown in Fig.16, is held by
lugs projecting from the main holder, Thé lugs, A, B, and C,
are those on the upper half of the perspex holder, the lugs
D, E, and ¥, shown by dotted lines are those protruding from
the lower half of the holder. The lugs in each half of the
holder are placed 120° to each other, and the two halves are

assembled to give a 60° spacing hetween any two lugs, This




47,

arrangement provides a secure support to the crystal and at
no point are both faces of the crystal in contact with the
holder, Two grooveé are cut, the first to locate the
electrode and the second to locate the crystal. The depth
of the electrode groove is arranged to ensure that the crystal
would rest on the ring electrode and not on the base of the
crystal groove. A

In use the crystal holder was surported by a bakelite
rod, = The holder was immersed to a depth of a few inches in
a bath of transformer oil, When the crystal was oscillating
cavitétion took place at both faces of/the crystal, Only
thosezbubbles liberated at the lower face were trapped below
it, within the lower.ring. This is due to the fact that the
lower ring electrode fits tightly against the crystal face and
prevents the bubbleéﬁforméd from escapfhga The output from
the crystal was noticed to increase coﬁtinuously as a conse=
:quence of the accumulation of air under the crystal. The
continuous increase in output reachef a steady maximum as the
air layer covers the whole effective area of the bottom face
of the crystal. The air layer would be reflecting the down-
:ward radiation and almost doubling the intensity in the upward
direction,

This holder proved quite satisfactory at lower aspplied

voltages but it failed at higher voltages. Arcing started



T

Q
H
L
B
w
A
S

QUARTZ CRYSTAL
HOLDER

LEADS

BREATHING TUBE
WOODS METAL SEAL.
ARALDITE 101 SEAL
SILVER PLATED
SURFACES.

FIG.I7.

SIMPLIFIED CRYSTAL

HOLDER.




48,

between the brass ring (upper electrode) and the silvered face
of the crystal in contact. Once the arcing started at any
point it spread all round the annular area of contact; thus
stripping and destroying the silver coating on the face of

the crystal, if not chipping or damaging the crystal.
Obvidusly this holder had the inherent disadvantage that the
maximﬁm acoustic output cannot be immediately obtained on
applying the voltage to the crystal.

Finally a simple crystal mounting was used. This type
of crystal holder is a simplified version of the holder devel-
:oped‘by Stumf‘(s)° Its simple desisn made it possible to
use the crystal under different experimental conditions. The
holder in its simplest form is illustrated in Fig.1l7. The
circumference of the silvered bottom face of the crystal was
soldered to an air compartment with wood's metal and then
covered by a layer of araldite type 101 to improve the
strength of the joint and to avoid air__l_eakage° For experi-
:menté conducted under atmospheric conditions, fhe air com-
:partment is simply connected to a breathing tube open to the
atmosphere. The purpose of this breathing tube is to provia®
direct communication with the atmospheﬁe, thus avoiding any
pressure rise in the air compartment which may cause a break

in the seal at the cfystal-compartment interface. Such a
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break will allow hot air to leak outside the compartment when
the crystal is vibrating. When the crystal is switched off
air in the compartment will c reate partial vacuum g8 it cools
down and thus forces the transformer oil to leak inslde the
compartment, This leakage, after a few runs, will affect

the acoustical output of the crystal due to incomplete reflect-
:ion from its bottom surface. A thin copper wire is soldered
on the upper face of the crystal near the periphery, using

iow melting point solder, provides the H.T. lead while the
earth lead is connected to the breathing tube,

During the experiments the holder was fixed to the base
of & travelling microscope while the reaction vessel was mounted
on a platform fitted to its moving arm. This arrangement
proved very satisfactory in repegting tests whenever required,
since the relative positions of crystal and reaction vessel
were completely under control. Furthermore, with such an
arrangement there was no need to worry about the position of
the reaction vessel with respect to the surface of the trans-
:former o0ll in which the crystal holder and base were immersed.

This simple type of crysital holder with the above men=-
:tioned arrangement was used in all the experiments which were
carried out either at atmospheric pressure or under vacuum,

It should be pointed out at this stage that the pro-

:gramme originally set for this work included some degradation
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experiments under applied external pressure. The main purpose
of these experiments was to determine whether ultrasonic waves
are by themselves sufficient to cause degradation of long
chain molecules or that cavitation is essentisal in order to
effect any d egradation. As mentioned in Chapter I, such
experiments were carried out by previous workerss each conduct-
ting his experiments with a different type of apparatus,

The apparatus built up for conducting the experiments
contemplated in the course of this work was designed to secure
flexlbility of operation under conditions which would not raise
any doubt sbout the significancelof the results obtained, as
was the oase with previous investigations. After completing
the apparatus preliminary expcecriments were condcuted to ensure
that each part wes functioning properly, The incorporated
rolling sphere viscometer was calibrated as reported in Chapter
III, By that time the experiments on the verification of the
theory reported in Chapter IV had reached a stage where it was
decided, for the time being, to dispense with these experiments
contemplated to investigate the role of cavitation in the
degradation of long chain polymeré, as mentloned above,

The new apprpach to the problem was to investigate the
frequency dependance of the degrédation of addition polymers,
It was thought that this gpproach would ultimately lead to the

estimation of the role of cavitation in the process of degra-
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:dation of long chain molecules by ultrasonic waves, and that
the results obtained from these experiments would be more
signiricant since they were not dependent on the effectiveness
of suppressing cavitation; a condition which cannot be fully
guaranteed due to the incomplete theoretiecal treatment of
cavitation, Furthermore, it was hoped that this approach
would throw more light on all aspects of ultrasonic degrada-
:tion of long chain molecules, including the mechanism of
degradation. However, since much time was devoted to the
building and testing of the apparatus a brief description

(see Appendix V), of it does not seem to be irrelevant, if
only because it includes some features which may be of general

interest to any person working aslong similar lines,




62,

BISLIOGRAPHY,

Langton, L.L. 'Radio-Frequency Heating Equipment®
Pitman and Sons Ltd., London 1948,

May, E. 'Industrial High Frequency Electric Power’®
Chapman and Hall Ltd,, London 1949,

Mason, P, 'Electromechanical Transducers and Wave Filters'
P.235. D. Van Nostrand, New York, 1942,

Noltingk, B.E. J. Brit., Inst.Radio Engrs. 11, 1 (1951),
Gu%mann, F. J. Sci. Instrum. 24, 276 (1947).

Crawford, A.E. 'Ultrasonic Enginééring' Chapter 3.
Butterworths Scientific Publications, London 1956,

Melville, H.W.fénd Murray, A.J.Rob
Trans,Farad.Soc., 46, 996 (1950).

Smith, F,W. and Stumpf, P.K,
Electronics, 19, 116 (1946),




R R SR

CHAPTER IIT,

MEASUREMENTS TECINIQUES AND APPARATUS, -

I & G S |
o AT 3 Zis



53,

1, INTENSITY MEASURELENT,

A, Inergy Measurement.

The measurement of ultrasonic ehergy is an essential
factor in assessing quantitatively the results obtalned when
applying ultrasonics to a SpGClIic process° Fundamentselly
it is possible to esyimate the power outpun of a crystal
transducer Irom the éiéctrical ehefgy input and the electro-
:mechanical conversion factor° 'W1th‘€‘known conversion

efflciency the 1nten81uy of ultrasonlc radiatlon at the rad-

tlating face of nhe transducer can be calculated This value,A

diveraence can. appreciablywhcrease the power intensity at the
point of applicatiqnﬁof the wave energypf In most. of the
previous work done”éﬂ the degradation éfjhigh polymers by
ultrasonic wavea,ﬂafcalorimetric methdé”@as;ﬁapally applied.
The method measures #ha overall power dissipated, since theo-
tretically all sonic.energy propagatedginto a liquld system
must be converted into heat as a result of the total reflect-
:ion occurring at the liquid/air interface, This method,
frequently used in pfeviOus>works was, therefore, employed
for absolute measureﬁents, and was accépted by most investi-
:gators as a rough estimation of the radiated power.

The sound 1ntensity I (either in'erga/cmg or in

2 .
mW/cm®) for progressive plane sound waves can be represented
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by either of the following relatjons:-

‘ 2
= Lea)® -8 2 R -8
I S B(wA) =4 2 u mgpca 2 aoao-ooao.co(l)

where A is the amplitude of particle vibration in cms,
p is the density of medium in gm. per cm.5°

w is the angﬁiar velocity'bf the particle and
= 2%f. » o

C is the4veloéity,of sound waveé in the medium
in cm. per sec,

p 1s the pressure amplitude of the sound waves
in d;yn.‘es/cmg°

.1  1s the particle velocity in cm, per sec.
Obviously sound intensities can be measured by measur-
ting any of the involved quentitiesy; A, u, or p.
The mechanical elongation produged in thickness vibra=
:tion when a potential difference V eoé;u, is appliéd to an
X-cut quartz plate having a thickness ﬁ cms, parallel to the
X axis is glven by Voigt(l) t0 Dhe:

i1
where e 1s the elongation produced,

e = d,, V for the longitudinal effect.

V 1s the applied potential across the faces
of the crystel in e.s.u.

and dii is the piezoelectric modulus for this mode
ofAvibration°
For an X;cut, thickness vibration, . crystal

. =8
=8 6.9 x 10
dyqy = +6.9 X 107" e.8.u = 300 em/volt.
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as recommended by Cady(z). For a quartz crystal vibrating
in a liquid medium the particles of the medium at the liquid
quartz interfece have the same amplitude as that of quartsz,
i.e.s A =&, Thus the equation for intensity can be
rewritten as:

I = %g w® a§1,v2/9x104 ergs,./'cmz°
The density of transformer 0il used is Poo = 0. 86
Velocity of sound in transformer oil is C = 1420 metres/sec,
Substituting in the sbove equation for intensity we get the
relation; |

I = 126 x £°E°, x 107°°

orgs. /80e/cC:  oeoaeseo(2)
which gives the acoustic intensity as a function of the
applied voltage and frequency.

An approximate value of the maxirmm output voltage of
the oscillator can be obtained using a valve-voltmeter con-
inected to a known non-inductive resistance which is connected
in series with a known highrnonfinductive resistance across
the terminals of the oscillator. The maximum output voltage
measured by this method was found to be 30 KV across the
crystal at a frequency of 1 Me/sec,

Substituting the appropriate values in equation (2),
the sound output was Tfound to be:

I=11,34 watts/bmzo at a frequency of 1.0 Me/sec,

Since the crystal is mounted with one face coupled to air,




GLYCERINE

TRANSFORMER
OoiL -

N L

TERYLENE MEMBRANE

—

CRYSTAL HOLDER.

FIG.IB.V CALORIMETRIC METHOD OF
FOR MEASURING SONIC INTENSITY.




86,

8ll the energy from this face will be reflected and the total
intensity from the rediating face will be doubled, i.eé,
scoustic intensity in transformer oil =2 x 11.54 = 22,68
watts/cm>,

The effective area of the crystal (i.e., the area of
the silvered faces) is 3,88 cmg. per face, so that the maximum
acoustic power radiatéd from the crystél into the liquid
should be about 88.3 watts,

This calculation is based on the assumption that the
emplitude of the liquid particles is the same as that of the
quartz at the 1iquide§nartz interfaée.v In addition, it is
assumed that Voigt's formula e = ali.v can be applied to s
vibrating quartz. This assumption, hoﬁever, is Justified in
the case pf a piezo-electric erystal vibrating at its resonant
frequency. At resonant frequency the mechanical strain is
in phgse with the applied electric Stfésso

p _However, this,méfhod provides ohly an approximate esti=
tmate of the acoustic energy output from the crystal. A
calorimetric method was used to measure the output acoustic
intensity from the crystal as a gulding estimate. The arrange-
tment used is shqwn schematically in Fig.18, The glass tube
is £1lled with glycerine which practically sbsorbs all the
ultrasonic energy radiated, The output power from the crystal,

as a function of the heat developed due to absorption, was
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measured calorimetrically from the equation:

PepVed (%%)t.-.o watts. (3)
where p = density of the glycering;
V = volume of the glycerine;.
ppecific heat of glycerine;

J = Joule's equivalent§

(%%%;' = Temperature time gradient at time t=o.
=0

B. Radigtion Pressure,

It 1s known that the propagation of plane sound waves
is always accompanied by a.direet, unidirectional pressure
component due to.radiation. This sound radiation pressure is,
theoretiqally, a consequence of the quadratic terms in the wave
equation. There is aleo a hydrodynamic streeming, associated
with the propagation of sound waves in liquida,_which causes g
movement of the liquid away from the transducer,

The radiation pressure, thérefore, provides a steady

force against a body immersed in the liguid and is given by
the relation:
8=3(r+1) §=30+1)E=x8 (4)
where ¥ 1s the ratio of specific heats;
E 1is the sound energy density;
K 18 a constant. ‘
From equation (4) the radiatipn preesuré 's' is proportional

to the sound energy density E. The value of the constant



58.

'K? is equal to 1 for liquids under normal operating econ-
:ditiomns, | |

However, in the course of this work five methods for
the direct measurement of intensities wereAtried. The dev-
tices used in these attempts which will be discussed in
detall below are:

(1) A ‘point source! probe.

(ii) A radiation balance.

(111) An inverited funnel, |

(iv) A condenser microphone (capacity geuge).
| (v) A thermo-element.

(1) The 'point source! probe.

The probe built was almost similar to the 'point source'
probe devised by Fein(a)o In agreement with Fein the perfor-
smance of the probe proved that:

a. It offered minimum distortion of the acoustic field.

b. It has good non-directional characteristics accompan-
tied by a minimum integrating effect of the acoustical
signal intercepted by the probe.

¢c. It has a low electrical impedance, which was a desir-
:able characteristic when the probe was connected
to the measuring electrical circuit,

d. The smmonium dihydrogen phosphate (ADP) temperature
tcharacteristics in the temperature range of the exper-
:iments was less erratic than other types of sensitive
plezoelectric materials, namely barium titanate,
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This probe was built from a piece of AIP crystal. As
shown in Fig.1l9 it is in the form of a trunceted right cir-
tcular cone with its apex intercepting the sound field. The
axis of the cone is parallel to the 45° line between the X
and Y axes of the crystal.

The probe was calibrated by the reciprocity method.

The calibration was carried out in transformer oil at one
frequency only. The length of the axlis of the cone was such
that the resonant frequency of the probe was about 1 Me, The
speaker and transducer were two 1 Mc/sec. X-cut quartz crystals
suitably mounted to suit the specific purpose of calibrating
the probe. A gensitive valve voltmeter was used to measure
the microphone output voltage and a thermojunction R.F., emmeter
was used to measure the input current to the transducer when
used as a speaker.

Great troubles were encountered in gscreenlng the elect=
:rical components of the receiver circuit to eliminste the
electromagnetic rick-up from the oscillator and the high tenslon
lead to the speaker, - ¥very instrument and every component was
externally earthed. Earthed brass gauge séreen, with a hole
in it to permit a free undiffracted passage of the acoustlc
beam, served as an efficient under-liqﬁid screen. An esrthed
aluminium sheet across the top of the fank produced effective

screening of the receiver's side from the H.T, lead to the
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crystal. This screening when carried out was found to cut
almost 90% of the signal criginally received by the probe
before the screening was undertaken, ‘

Results of theAcalibration of tﬁe probe gave a value
of the sensitivity of 4,19 x 1078 volts/ﬂyne/cm?oat a fre-
:quency of 1 Mc/sec. This probe was used in some experiments

on cavitation nuclei Which are not included in this work,

(ii) The radiation balance.

Owiné to thé great difficulties in screening the piezo-
celectric probe and the receiver circﬁit it was thought
advisable to try some other device which provides less
complications and énables direct meaéurement of the intensity,
independént of the frequency of the ultrasonic waves, By
this method screening troubles WOuld be avoided,

The radiation balance method was employed for the
measurement of energy at any given area within the beam. The
radiation pressure prOVides a steady force agginst a body
_1mmersed in the liquid and its value is a measure of the
intensity as mentioned before.

Fig.zo shows the general arrangement of the systémo
The intercepting body acts as & perfect reflector for the
ultrasonic waves, One factor must not be bverlooked; the

intercepting body must be completely immersed in the liquid,
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otherwise the surface tension forces round its cylindrical
surface - which are compareble in magnitude with the radiation
pressure - may render any results obtalned highly erratic.

The terylene membrane just below the reflector écts as a

shield preventing the hydrodynamic forces, set up by the stream-
ting of the liquid, from affecting'the deflection of the rad-
:iation balance [Cady and Gittings(4)].

A typicel sample of the values of ultrasonic intensities
as obtained by the rediation palance method are shown in ®ig.21
as a function of the D.C. power input to the push-pull oscill-
tator and also as a function of the square of the D.C. anode
voltage,

Theoretically, the radiation pressure is proportional
to the intensity of'u1trasonic waves, i.e.s proportional to
the sgware of the D.C. anode voltage. This seems to be rea-
tsonably the case, up to the highest values of intensitles needed
for thisvwork° For higher intensities, however, the linear
relation between radiation pressure aﬁé'the square of anode
voltage‘will not be maintained due to the occurrence of cavi-

station.

(11i) The inverted funnel.

This method wasoriginally suggested by Richards(5).

Its operation depends on the ear trumpet pfinciple, il.e.,
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concentrated sound energy provides a more sensitive means of
estimating the radiation pressure measured as hydrostatic pre-
:ssure, The possibility of using this method as a means of
measuring intensities was investigated by Murray(s)° A small
funnel was blown on the end of a fine capillary tube and immer-
ssed in the liguid irradiated. Murray encountered some troubles
due to cavitation taking place in the liquid column in the
capillary. 4As indicated by Richards, enormous differences in
the height of the liquid column in the capillary tube were due
to small changes in the position of the funnel in the sound
field, The mouth of the funnel should always be placed in the
standing wave field in a position Which would produce maximum
height of the ligquid column, in order to secure comparable
results for different intensities,

Richards pointed out that with fine capillaries used,
the liquid should be wholly air free, In general the capill-
taries should be perfectly clean and completely free from grease,
Capillaries used must have a bore not less than 0.5 n?hu to
avoid increasing the resistance to the flow of liquid, thus
decreasing the sensitivity of the instrument.

‘This device, as it stands, however, can give only e
relative and not an absolute measure of sound intensity unless
reflections from funnel walls are perfect, and no interference

takes place during the concentration of sonic waves,
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In the course of this work the design of the funnel
was modified, to secure (1) no loss of acouétic energy from
the walls of the funnel; (2) minimum interference during the
propagation of sound waves in the fumnel. The different
configurations shown in Fig.22 were tried, which gave incon-
:sistent results. The results obtained were not reproducible,
It is worth mentioning in this respect that there is an inher-
ient defect in this method. Awareness of this defect from
the beginning urged the configurations in the shape of the
funnel to be consideredo Since the amount of upward displace-
stment for a given intensity is roughly in inverse proportion
to the square of the radius of the capillary tube it became
apparent that there is an upper limit of the intensities which
could be reliably measured, This 1limit is controlled by two
factors:- (1) the ratio between the area of the mouth to that
of the throat of the fumnel; (2) the threshold of cavitation
inception in the irradiated liguid.

However, high intensities of ultrasonic waves, of the
order of magnitude usually used in dgradation processes, are
very difficult to measure due to the occurrence of cavitation,
ahd this method was tried with the hope that it would prove
emenable to absoluté calibration. Due to unreliable perfor-

imance 1t was rejected as a method for measuring the intensity

in the course of this work,
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(iv) The condenser microphone.

Since degradation experiments can be carried out under
different operational conditions, a type of condenser micro-
:phone was developed which is suitable for operation under
varied conditions, Although, fundamentally its calibration
is straightforward, yet due to the implications'of the very
high sensitivity réqnired for the successful operation of such
a microphone it involved meny unforseen difficulties,

Many types of microphones, serving different purposes,
have been described in literature(y). At the time when this
condenser microphone wgs designed in 1953 none of these micro-
iphones was opersted to messure the radistion pressure assoc-—
:lated with propagated sound waves. Neveriheless in 1953, a
condenser microphone was developéd by McNamara and Beyer(a),
to measure the modulated pressure amplitude in liquids, which
was produced by a modulated input voltage applied to the crysital,
The condenser microphone, descriped below, operates in a slightly
different way. The radiation pressure itself intercepted by
the microphone causes a change in its cgpacitance, This
change in capacity offsets the balance of a very sensitive
capacity bridge. The out-of-balance signel having a frequency
of 3000 cycles per second is then moduléted by a carrier wave

of ~~B00 KC/sec, The resultant modulsted signal is there-
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rafter amplified, then demodulated and then fed to a sensitive
galvanometer, the reading of which is directly proportional to
the change in c apacity.

The gauge, byiits design, can be used to measure the
radiation pressure and consequently the intensity of ultra-
:sonic waves in a liguid. The liquid may be under normal
atmospheric pressure, any applied pressure, or any malintained
negative pressure (vacuum), |

Fig.25 shows the details of construction of the gauge.
Its dimensions are governed by the small size of the crystal
transducer and the lafge size of the gauge required for a high
degree of sensitivity.

The capacity bridge of the proximity metre used in con-
tjunction with the gauge is extremely sensitive, In that
respect the gauge, by its design, provides an earthed 'shell’
which shields the live electrode of the gauge effectively from
any external lnterference, The adjusteble live (immer) elect-
:rode provides one way of controlling the sensitivity of the
measuring circuit by adjusting the initial capacity of the
gauge head. The sensitivity is further controlled by ccarse
and fine sensitivity controls of the proximity metre.

Alr is aliowed to reach the interior of the gauge head
at the back of the dlaphragm, As this air is automatically
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kept at the seme pressure applied to the liquid, it follows
that the net différential static pressure acting on the dia-
sphragm 1ls very nearly equal to zero, Consequently, the gauge
can be rendered sensitive only to the radiation pressure, irr-
:espeetive of whether the applied external pressure is positive
or negative.

At maximum sensitivity the measuring circuit gives a
full scale deflection of the meter for a pressure of less than
1 cm. of water, Meny difficulties arose due to such high
sensitivity. It was found for instance that the successful
performance of the gauge depends upon thg dielectric properties
of the material used to insulate:the live (inner) electrode
from the outer earthed casing, Poor insulators caused a creep
in the meter to take place which was interpreted as a polar-
tization effect in the dielectric. The continuously increasing
deflection of the meter due to this creep can reach values far
in execess to those produced by the rédigtion pressure,

However, it is sﬁrprising to notice that McNamara and
Beyer in describing their capacity gauge forgbt to mention any
of the limitations of its use in measuring large acoustic in-
ttensities, |

In developing this gauge, diaphragms made of different
materials were triedo These diaphragms could be clgssified

in two groups,
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(a) Non-metallic diaphragms.

(v) Metallic diesphragms.

(a) Non-metallic disphragms,

Mica diaphragms O0,.0015" thick,

Terylene " 0.0005'! thick,

In both cases a thin £ilm of chromium (50 A.U.) was
evaporated on the diaphragm as g first coating, This coating
served as & backing for a thin £ilm of silver ( ~100 A.U.)
evaporated on top of the éhromium° Farthermore, this pro-
tcedure is known to improve the adhesion of the metallic f£ilm
t0 the non-metallic diaphragm,

This arrangément gave satisfactory results at acoustie
intensities less than 1 watt/bmgc However, at higher inten-
tsities the pointer of thé mééer started creeping, This was
found to be due to the destructive efféct of cavitation.
Cavitation occurred in the vicinity of the diaphragm. Either
the bubbles collapsing directly on the membrane or the shock
waves associated with cavitation causéd a continuous disinte-
:gration of the evapérated film, This effect caused a contin-
:uous‘decrease in capacity which was noticed as a creep on the
metre, ‘ -
: Another possible reason for this creep is8 the acoustic
energy absorbed by the membrane, This absorbed energy will

effect a continuous increase in the temperature of the conduct-
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ing membrane, This rise in temperatﬁre will ceuse a contin-
:uous expansion of the membrane which results in a continuously
changing capacity indicated by the cresep observed,

Under these conditions it was difficult to say if the

creep was a result‘af}one'factor or the other, or both,

(b) Metallic disphragms.
0.0015' Brass diaphragms,

0.002%" Berillium Copper dlaphragms

Since evaporated £ilms on non-metellic diaphragms showed
signs of diszntegration with the inception of cavitation, |
metallic dlaphragms were tried since any erosion resulting
from cavitation will not affect the capacity of the gauge.

Although calibraﬁzor of the gauﬂb with a static pressure
proved to be successful, yet when the gauge was used to measure
the acoustic intehsity an snomalous behaviour of the metre was
observed, 'hese metal diephragms showed to be temperature
dependent and deflections several times thatb correspénding ‘o
the true intensity were produced, This fact was further
confirmed by the gauge showing 81m1 Lar behaviour when exposed
to a slow stream of hot air in a closed compartment. Temper-
tature compensation devices including a water jacket were tried
without any positive result, It was concluded that capacity

gauges could not e used to measure high ultrasonic intensities
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unless the diaphragm is mede of a metal which has.almost>zero
coefficient of expansion. It Was, therefore, decided to use
& diaphregm made of a nickel alloy known eommercially as

'Wilo 36' which has a coefficient of pr&nsion,1°8110~6 per 2.
The diaphragm used was 0.003" thick.

Using the 0.003" Nilo 36 diaphragm, the capacity pressure
geuge aid not show any creep provided that the temperature of
the surrounding medium (transformer oil or polymer selution)
was thermostatically comtrolled and kept constant within #0.2°C,

A typicalset of calibration curves of the gauge is shown
in Pig.24 in Which the sensitivity is given by the setting of
the sensitivity coarée control followed by the setting cf the
fine control, It can be noticed from the curves that the
metre readlng of the P,M;4 is directlylproportional to the
applied pressure below 2 cms, of-watsr;_ For pressure exceed-
:ing this 1limlt the linear relstion isfho longer maintained.
This is attributed to the non-linear chahge in c apaseity due

to the curvature of the diaphragm.

v. The Thermoelement,

Two pairs of thermojunctions were made of 40 s.w.g.
Copper and constantan wire and were supported in two silicon
tubes so that the junctions were protruding from the end of

each -silicon tube. The silicon tubes were supported 10 cms.
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apart in a perspex block which could be mounted on a probing
rack, Leads from the thermocouples were brought to tenmiﬁals
on the perspex block which could be connected to‘a sensitive
galvanmeter and seriles resistance, |

One pair of thépmocouples'were ieft bare, while the other
was coated by a coldfsetting resin Araidite D as an absorbing
substance, When this device - shewnvfn Fig,25 = was used
for comparing intensities, the coated';unction was situated
along the line of propagation of the uitrasonic beam, This
device proved quite usefpl and was used as a check on the
radiation balance method. |

The size and sensitivity of this thermoelement can be
easily controlled; yet with the number of pairs mentioned above
1t proved to be working satisfactorily, The instrument can
be calibrated to a standard if it is required for absolute
measurements, In both cases it is important, however, to
remove all air films and bubb;es adhering to the absorbing
sphere before taking readings. |
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2. VISCOSITY ME43ZUREMENTS,

A, Referee Viscosity.

The degradstion process ©of high polymeric solutions is
better followed by observing changes in the molecular weight
of polymer or changes in intrinsic viscosities, without aspply-
ting the Staudinger equation, than sbsolute viscosities,
Obviously both methods involve measuring the viscosity of the
solution at different concentrations, a process which necessi-
states diétufbing the conditlions inside the irradiated chamber
of the viscometer. To avoid sltering the conditions inside
the chamber a single measurement of specific viscosity was
sought from which the intrinsic viscosity could be deduced.

Martin(g) suggested a technique for measuring viscosities
of cellulose under conditions such that a constant viscosity
was obtalned and the velocity gradient was held at a selected
value, An automatic compensation for chain length of cell-
:ulose was made by changing the concentration of the solutior.
However, it was extremely important to choose a solvent with
uniforn viscosity and with uniform solvent power at the constant
[ 7] ¢ value chosen in his equation:

-[71ce®?lC ...
Lindsley<lo) pointed out that this method was not sultable
for calcula%ing the intrinsic viscosity [ 7] from a single

viscosity measurement. Lindsley modified the following two
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equations given by Huggins and Baker respectively:

ap/C «5[7] (1“*?”'5;;) f.,,o,..f,.;?(s)
[(71= 2(7,-1) PPN (¢!

By rearranging and .expanding in power series, and discarding
higher powers of the product [? ] C;, which is legitimate at
sufficiently low concentrations, the equations can be put in

the following respective forms:

' . C e e e e
log(lg'g) = log[?] '§' [7]cooooeooooocoooo(8)
1 ' -
and 1og(-g£) = log['?]+al[7]C....g.o.“..up(g)
where ‘Ka' in the modified form of Huggins equation == 0055
end 'a' in the modified form of Baker's equation == 8

Substituting these values in the above two equations

givea the following relatlons:
103(132) = log [ 7] +0.256 [7]c Buggins....(10)
and 1og(l§9) = log [7] + 0. 19 (71 Baker“o.w(ll)

The value [ 7] C must be kept sufficiently low so that the
abpve two equations could be valid. At low concentrations
(0.22-0.1%) both Baker and Huggine equations were found to be
in good agreement with the values of [ 7] obtained using
viscosity measurements at several concentrations, At high
concentrations, Baker's equation only is valid. However,‘

both modified forms mentioned above are similar to the
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representation proposed by Martin, l.e.,

132= (11 %710 )

or 205 O8N = 10al 1]k (700 3 e

where 1§p = 7L =1 = specific viscosity

C = concentration of solution in gms/100 c.c., of
solvent;

and X

]

a constant which depends on the polymer solvent
combination and on temperature,

Roseveare and Poore(ll)

suggested a simpler mathematical
interpretation of Martin's equation, This method was adopted
in this work as any error ln estimating the intrinsic viscosity
would be the same for all polymer solutions regardless of chain
length and concentration,

. Considering lartin’s equation {12) which holds good for
high concentrations, it can be rewritten in the parametric
form: - o

(71 X/%C sesccsascssaancos (13)
xe* = k Tgp cecoccscccocossss(14)

-l

where X is a varisble parameter, To carry out any referce
viscosity measurement the value of the constant °‘k® must he
detérmined in advance; for the polymer-solvent combinatlion at
the specified temperature required; and for the specific vis-

tcometer used, in the conventionel way.
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The first step in'dbtainihg the intrinsic viscosity
is to determine the value of Xe™ by substituting k end
in equation (14), then the value of X for this value of‘Xex
ie read from a graph plotted for Xe* against X (Fig.26). This
value of X divided by kC is the intrinsic viscosity, as
indicated by equation (183). | S

This method of determining the intrinsic viscosity
should not be used at too high a concentration because of
possible uncertainty of the value.of thevconstant '¥? or at
too low a concentration because of incréased errors in specific
viscosity determination° However, it was fouhd guite satis=
:factory for most of the range of concentrations enviseged in

this work, viz., 0.8 = 2% wt./vol,

B. Viscometers,

Since it is always preferable to measure the viscosity
of the irradiated polymer solution without removing it from
the irradiation chamber, to secure that the conditions during
the degradation process do not alter and to avoid any change
in the concentration of the pol&mer solution, it was decided
to use the following two types of viscometers for viscosity
measurements,

(a) A rolling sphere viscometer which may be incorporated

with a high pressure chamber for experiments conducted
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under non-atmospheric conditions,
(v) A modified Ostwald viscometer, for experiments on the

degradation of high polymer solutions conduected under

vacuum as well as under normal atmospheric pressure,

(2) The Rolling Sphere Vigscometer.

i. General. It was apparent from a brief survey of
the literature that the most suitable type of viscometer for
measuring viscosities of liquids under varled operating con-
tditions is the rolling sphere viscometer, It was first con-

(12)

:structed by Flowers and he calculated the viscosity from

the expression: v

Mv = C(€ - p) oo.,eo.ope.o..o..oo(ISJ
in which v is the veloclity and & the density of the sphere;
the 'constant® C of the instrument was found by calibration
with 11qﬁids of kno&n viscosity. His calibration showec
that the value of 'C' varied slightly with the viscosity.

Hersey<15)

s on the other hand,’preferred in calibrating
the viscometer to plot the function S.T against Y /S obtainéd
from a dimensional analysis of the probelm; where

T is the roll time;

) = jL is the kinematic viscosity;
and S is a function of the density = (~m - 1}%

The relation between these two functions was found to be linear

except at high velocities when flow became turbulent, as will
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be discussed in more detail later.

tlany such viscometers were constructed, mostly for
tests on oils at high pressures and boﬁh methads of calibra=-
:tion were adopted. j'Sage(14) for example, described an
apparatus for studying the effect of,diésolved gas on the
viscosity of crude oils at pressures up to 200 atms.

A theoretical and practical investigation of the system

has been made by Hubbard and Brown(ls)

who deduced a general
equation for the motion of the sphere, valid only for the
streamline region of fluid flow,

’7 22 243 Sine Kd"(D"'d)-_‘——L oefoono@n(la)

where 7 = fluid viscosity in gm/cm/sec°

§

D,d tube and sphere diameters in ecms,

il

6,0 = densities of metal of the sphere and fluid.
V = Ball velocity in cms/sec.
X = Constant.

® = The angle of inclination of the tube to the
horizontal.

This equation can be simplified for any one instrument used

under constant conditions to:
%= C 3%;.2

ODOOGOOO.000.0000000099(17)

Calibration data ean be substituted directly in Equation (17)
to obtain the value of the coefficient C,
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In the streamline region the factor "K' should be a
constent. It was found to decrease slightly as the fluid
viscosity increased., The coefficient 'C' of eguation (17)
was found to be affected by changes in the temperature of the
instrument.

" A viscometer having the same dimensions ss those adopted

(18) was used by Dow(lv) for pressures as

by Hersey and Shore
high as 4,000 atms., Dow followed Hersey's method of calibra-
:tion against liquids with known viécositiesa
If ) = kinematic viscosity i
S = a function of density (~—f= 1)
T = roll time in secsg

6 = density of the steel of the ball in gm.
' per cu. Ch.
p = density of the liquid in gm. yer cu. enm.

e o ST: f(%) : ooooboooooooo'o"cooao--ooo-voo(la)

By plotting function ST against § 7

for the known liquids to
determine the function (£) a straight line relation, as shown
in Pig.27, was obtained fyom which the constant of proportion-
.ality between ST and %} could be determined:

e 8= B () eireiiiiieecnraceneocenea(19)

for long roll times,
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Solving equation (18) for the viscosity 7% = p)

2
< 4 . 8Z
’“‘ p - k . o ) Y . N RN P .
Y/ = p[jg.-l] T (7056 - p}T "0.."!0.00.00(20)

X - k .
where 7.36 is the demsity of steel.

. PFor a»viscosityfof‘lgpoiSe the time of roll was given

by: : :
| 1= TaEeTp Secs S
) = A= | ' (21)
1= E

Thus the computation of viscosities could be dene in one of two
ways: .

lst. If the roll time is short - region where the calibra-
:tion curve deperts from linearity - the kinematic
viseosity in equation(ls) should be obtained by
referring directly to the curve,

2nd. If the roll time is long, i.e., where ST varies linearly
with % » equation(20) can be used directly to give 7 ,
provided the value of ‘p’ obtained by interpolating
the pressure-volume-temperature data of the fluid

under consideration, 1s substituted in the equation.
The corrections to be considered in measuring absolute
viscosities at high pressures are therefore reduced to two:

1. Change in. the length of the path of the ball due to
pressure.

2. The initial acceleration of the ball,
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The first of the two corrections involves:
1. A change in length of the viscometer7
2. A change in the dismeter of the ball.

3, £ change in position of the electrical contacts.

The first two effectswere shown by Heréey to have almost
negligible effect, while the change in position of the elect-
irical contacts was appreciable. |

In the qgsign of the rolling sphere viscometer to be
deseribed later. The position of the cbntécts was chosen
such that eny error arising from éhéngeiin positiog will have
the same negligible effect as the ehaﬁge in length.

Correction for initial acceleration in Dowfs experi-

iments was computed from the equation:

3T . . 8 B | e
el 0021 [1"' (1" . ) ] 9:00090.0:.00.00(22)
To , ¥T_° -

o
in which To is the observed roll time and.K is g,oonstgnt
equal to 8.3 for liquide of specific gravity 0.8 to 1.0.
This correction is negative and amounts to 16,8 percent for
T, = 1 sec., but is less than 0.5 per cent if T ) 6 secs. and
it is about 2 per cent for To = B8=8 secs,

In all the viscometers mentioned, the inelination of
the tube to the horizohtal was of the order of 16°, and it was
noticed by Flowers thét rolling of the sphere may not be uni-

iform at small slopes either due to roughness of the tube wali
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or lrregularity of shape of the sphere. This difficulty seemed
t0 him to dlsappear at higher slopes and consequently higher
velocities.

(18) used a short, nearly vertical glass tube

Hoppler
of large diameter (11 mm.) and clesely fitting balls elther of
glass or steel., Hisey and Brandon(lg>'desaribed meesurements
on an instrument of this iype° |

Por the purpose of measuring the molecular weights of
high polymeric materials; one will be dealing with specific
viscosities and reduced viscositles and no absolute viscosity
measurements will be needed. This béing the case, the errors
inherent in these viscosity measurementé will be minimised
appreciably. The most probable error under such conditions
should not exceed 1 per cent, which is nearly of the order of'

magnitude of the experimental error in handling the apparatus,

ii. Viscometer. The viscometer tube itself is of
*Veridia' glass having a bore of 6,8 m/m. 10,01. It is enclosed
in an outer brass tube (Fig.28), so that if the chamber is
pressurised, the glass tube will be under the same pressure
both inside and outside and practicselly hegligible change in
its length, due to pressurization, will take place. Four
electrodes on the glgss tube were provié&d by sputtering silver

on to the glass tube,_ The electirodes have relatively large
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areas and two of them are meking & sliding contacet with spring
loaded brushes connected to'Boschvtype éparking plugs whichrcan
stand up to & pressure of 2000 1b/sq.in. These plugs are
fitted in the outer brass tube and are then connegted to the
time recording circuit. This sliding cbnmact was provided so
that any change in the position of the sparking plugs due to
strain in the brass cylinder resulting from pressurization
would not affect the effective length of the tube and consequent-
:1ly errors arising from a change in either the length of visco-
tmeter casing or the position of the electrical contects which
are liable to affeect the operation of the viscometer were almost
eliminated. A thermostatically controlled flow of water
through the water jacket ensures a constant temperature in the

viscometer,

1ii. Iime of Roll. = In the course of these experiments
the time of roll was expected to vary from 20 secs. down to
about & secs. in each run, and time recording in the low range
has to be very sensitive. For this purpose a tektor type
eireuit, Fig.29, was used incorporated with a multispeed record-
ter. The maximum speed of the recorder was 16 em, per sec.,
and that reduceq the error in time recording from 5 per cent
to 0.1 per cent, Thus, ultimately, the rolling sphere visco-

:meter method was found to yield satisfactory results under
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any restrictions which may be imposed by the experimental set

up.
(b) Hogified Ostwald Viscometer.

A modified Ostwald Viscometer was constructed to meet
the following requirementsi-
i, The viscometer could be used as a reaction vessel with
its base transparent to the ultrasonic waves; i.e., there
should be no loss of ultrzsonic intensity by reflection from
its baese. For that purpose a terylene membrane as thin as
0.0005" under the commercial name 'lelinex' was used as a
base and the dimension of the base was chosen so that the

membrane could stand ﬁhe highest degree of vacuum obtained.

ii. The viscometer could be inserted in a Unicam spectro-
tphotometer in order to pursue the degradation process photo~
imetrically by measuring the absorption of light waves by the
polymer solution after adding to it a kxnown amount of 2, 2°',
diphenyl-1-picryl hydrazyl (D.P,P.H,) a free radical detector.
In order to meésure the viscosity from time to time
during the process of degradation, either at atmospheric
pressure or under vacuum, it is convenient to have a vessel
in which viscosity measurements, absorption measurements and
ultrasonic treatment can be carried out without opening the

vessel, One main advantage is that the concentration of the
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polymer solution will not be affected}by any of the above pro-
tcesses; a difficulty which was reportéd by many previous
workers, | | | : |

The final shape of the viscometer is shown in Fig. 30,
The eapillary tube bore was chosen so that the time of flow of
the pure solvent is n6$ less than 3 minutes., Thus, the errors
which may arise when using Ostwald viscometers at small times
of flow were largely reduced.

Viscosity measurements to determine the values of the
constant 'k' were also carried out by this visecometer to 1pveetim
:gate the dependence of 'k' on the typé of viscometer used,

The viscometer is a simple type of a free fall visco-
imeter A, provided with a regction compartment B surrounded by
a cooling water jacket C. The base of the reaction compartment
is fixed with araldite adhesive type 101 t0 a brass arrangement
Dy which encbles the use of a 0,0005" terylene mewbrane and at
the same time secures a relisble sesl. The use of the terylene
membrane was preferred to the ordinary glass bottom aé the thin
terylene membrane is practically transparent to the ultrasonic
waves compared to glass Which reflects a conslderable part of
the ultrasonic intensity. A comparison between the results of
ultrasonic degradation obtained using terylene at the bottom of
this reaction vessel and results obtained by other investigators

showed that by applying moderate ultrasonic intensities the




weight average chain length at the end of degradation was less
than what was obtained by others using higher acoustic intensit-
ties. This proved that the arrangementfchosen was superior to
end more efficient than other previous arrangements used by
previous workers, The side tube is about li'diameter, a
suitable slize to £it in the carriage of spectrophotometer type
Unicam Sp. 360 when measuring the absorption of the D.P.P.H. in
solution,

The polymer solution is introduced into the viscometer
through the top tube F which is closed by a quick fit cap size
B.10, In experiments under vacuum the reaction vessel was
sealed at the top just below the B.1l0 cone by a flame master
while the vecuum was still maintained.

The apparatus built espeecially for evacuation consis-
tted of a two-stage mercury diffusion pump backed by a rotary
0il pump. The two pumps were capable of pumping down to a
pressure of 10'5 mm, of mercury. A liqnid air trap was inserted
between the main vacuum line and the meréury pump. Taps and
traps were introduced in the system to allow for flexibility
of operation and any future develdpments° The pressure was

read on & Vacustat in the main wvacuum line.
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C. Calibration of the Rolling Sphere Viscometer.

As mentioned earlier the viscometer has to be calibrated
against liquids of knovmn viscosities. FPor this purpose 2.0
'differenx samples covering a wide range of viscosities were
prepared, Apart from the first sample which was pure analar
benzene, each of the remaiping nine samples was a solution of
ligquid paraffin in benzene. The ratios of henzene to liquid
paraffin were chosen so as to provide a uniform increment of
viscosity. One advantage of selecting these solutions 1s that
they had the same density, which was practically thg same as the
density of the polymer solutions used in this work. By +this
choice the calibration of the rolling sphere viscometer was
very much simplified, instead of plotting ST against %; as
mentioned earlier, it was sufficient ﬁo plot T against )y ,

since S = ({; - 1) was effeectively constant for this scries
of solutions,

Furthermore, since the multispeed recorder, used o
measure the time of roll is driven by a synchronous motor, i.e.,
constant speed, therefore the length of the trace on the recorder
was taken to represent the time of roll and consequently it was
plotted against ) the kinematic viscosity,

The kinematic viscosity 'V ' of the ten samples wos

determined using a calibrated set of Ostwald viscometers at a

temperature of 26° + 0.1 C. These values of ') ' were plotted
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against thelr corresponding times of roll, as shown in Fig. 31,
The diemeter of the steel sphere used was 6.35 m/m + 0.01 end
the inclination of the axis of the viscometer to the horizontal
was 40°, The distance of roll, i.e., the distance betwsen the
two pairs of electrodes was 20 cms,

The calibration curve for the devised type of rolling
sphere viscometer shown ih Fig. 31, is exactly similar to the

calibration curve given by Dow and represented in Fig.27.

D. Referee Viscosity Measurements.

Viscosity measurements on a 2% pafent solution of poly-
:styrene in benzene were carried out by three different visco-
tmeters, viz., an Ostwéld viscometer, a modified Ostwald visco-
tmeter (reaction vessel) and the rolling sphere viscometer.

As shown in Figure 32, the three methods yielded straight lines
having different slopes, and slightly different intrinsic vis-
scosities, The value of the constant X varies from one visco-

tmeter to the other, as shown in Table I.
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Dependence of X on Viscometer shepe.

Viscometer tiﬁe, Value of 'K', .
1. Ostwald Viscometer - 0..198

8. Rolling Sphere Viscometer 0.279
3. Reaction Vessel 0.227




88,

5. MEASUREMENT OF NUMBER OF BROKEN LINKS.

The number of brcken links resulting from degradation
vere measured by measuring the decrease in the absorption of

2, 20, Diphenyl—lupicryl hydrazyl.

Ao 25 2' Diphenyl-i-Picryl Hydrszyl.(D.P.P.H.)

A substance which when added to a monomer forms a non-
radical product, or a radical of low reactivity incapable of
tdding monomer;, will suppress normal polymer chain growth.

Such a substance is an ivhibitor if it reduces the rate of
volymer growth initiation to zero. ' Iir, hewever,.it only slows
cown the reaction, then it is known as a retarder. If the
inhibitor is & free radical, then the reaction product with a
growing polymer chain has no unpaired electron and is therefore
& stable molecule incapable of adding further monomers I
should be noted, however, that the inhibitor free radical should
Le of low reactivity, otherwise it will initiate polymer growth,
&s well as terminate it. Such a compound is 2, gt Diphenyl=
impiCryl hydrazyl,

This compound is a stable free
redical giving no evidence of the

undesirable initiator properties;

it reacts stoichiometrically with

redical chains, one inhibitor molecule ﬁeing consumed by each

ckain radical. Similarly, during polymer degradation process,
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free radicals are expected to be produced whenever a scission
of a chein takes place. However, the number of free radicals
released by such sclsgsions is equal‘to number of inhlbitor
molecules consumed. ’Copseqnently, the number of inhibitor
molecules consumed will be equal ﬁotwiee the number of sciss-
:ions (or cuts), The consumption of the inhibitor molecules
coincides withvthe removal of the inhibitor coloration, which
can be<ietecteq and followe@ by aebsorption meaSurements in the

range 4000 A.U, to 7000 A.U. in the absorptiometer,

B. PREPARATION OF D.P.P.H,
This compound was prepared sccording to R.H.Poirer,

E.J. Kuhler and F. Benington(Z0).

This method is a variation
on the original method of S.Goldachmidt and K. Renn,(zl)°

The hydrgzine was prepared firsﬁ. A solution of 10
grams unsymmetrical diphenyl hydrazine hydrochloride in 126 ml,
of absolute ethyl alcohol was treated at room temperature with
9.6 gms,.soaium bicarbonate and fhen with 11,8 grams picryl
chloride. When evolution of 002 was completed,; the solution
was boiled under reflux for 15 minntes} an equal volume of
chloroform was then added and the s0lid residus filtered off
while the solution was still warm. The filterate was then

washed with two 116 ml. portions of water and was conecentrated

on a steam bath to about 70 ml., then diluted with about 70 ml.
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warm absolute ethanol, The solution was allowed to erystall-
tise out overnight, when about 15 gms. of brick red hydrazine
crystals were obtained. | |

From this half-way product ths final hydrazil was pro-
:duced, 5.1 gms. of the above substance, 5.1 gms. of snhydrous
sodium sulphate, and 8l.4 gms. of lead peroxide in 100 ml. of»
purified benzene were shaken together for an hour, The residue
was then filtered off through fine filter paper and the deep
violet filtrate was evaporated to dryness in vacuo. The
resultant crystals were recrystallized from.a benzene=ligroin
solvent mixture (2:1 by volume) and sbout 5.8 gms., of violet
erystals of D.P.P.H. were formed. The overall reaction takes

place secording to the following equationss-~

Cgllg ‘ pieryl
.~ chloride
__W - NHp. HC] —5228oCie-
3635
N02
Ces_ .
. /N - NH ; — Nog._—_—h DoPoP’oHo
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A solution of D.P.P.H. infmoisture-sulphursfree benzene
was prepared; 0.395 gms, of D.P.P.H, were d;ssolved in 100 ml,
solvent, This gave t'a."lO"=2 M/litre solution,

1 ml, of this solution was made ﬁp to 100 ml. with
benzene to give 10~% M solution. This solution was used as
the parent sample for all further test solutions,

A unicam spectrgphotometer type SP,600 was used for
absorption measurements, The cell carriage was replaced by
enother which was specially constructed to accommpdate the
reaction vessel described in the previdus section.,

A preliminary test was carried out on the benzene sol-
tution. The absorption of the solution was determined for
different wave lengthg of light in the range 4000-7000 A,U,
in the absorptiometer. A maximum or péak abserption was
obtained at B6200° A.U. as shown in Fig.33. All further
investigations of tpe degradation process were carried out
at this wave length.

Benzene solutions with different D.P.P.H, concentrations
were prepared agd a calibration curve for the absorptiometer
was constructed. The instrument was first checked for 0%

transmission and for 100% transmission through air.



w
at
[
>
«
w
L]
-
g |o" -
z
o
fey
<
[- 3
(=9
z
w
v
Z
(o}
v
sxi6’ -
1 1 L | | ] 1 1
o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 .6

LOG. ABSORPTION.

FIG. 34. MOLAR CONCENTRATION OF D.RRH. IN
BENZENE VERSUS LOG. ABSORPTION.




88,

An identical tube to the reaction vessel's was used
for bpalancing. This tube was filled with benzene alone and
was used for initial adjustment of the spectrophgtometer, The
reaction vessel containing the benzene + D,P.P.H. solution was
then introduced. The absorption measured was that of D, P.#.H,
alone, |

The absorption measurement was carried out for the
above mentioned solutions, which vary in D.P.P.H., concentration
from O Hol,/litre to 10”4‘Mol./1itre. Results of these measure-
iments are illustrated in Fig.34.
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DEGRADATION OF ADDITION POBYHERS
BY ULTRASONIC AVES

THEORETICAL,
A. Introduction,

Most of the p?evious work on degradatiénvwas-carried
out bn samples of polymers without any attention being paid
to their initial slze distribution. Schmia,. Parret and
Prieinderer'l) considerea the size distribution not from a
theoretical point of view, but to provide a further experi-
:mental proof of Schmid's picture of the mechanism of degra-
:dation of long chain polymers by ultrasonic waves, Polymer
samples at different étages of the degradation process were
fractionated and the resulting weight distribution curves were
plptted and compared with the weight distribution curves for
the same polymer sampié ootained at different stages of thermal
degradation, .

Although Schmid was the first to derive a simple thexry
for the kinetics bf degradation of long chain polymers by
ultrasonic waves yet he dié not consider, in his treatment,
the initial size distribution of the polymer sample,- Never-
ttheless, he found that his experimental results can be correct-

t:1ly interpreted if there was a limlting chain length below
which no degradation takes place.




Jellinek and his co-wcrk&rs(g) considered the size
distribution during the differenu stages of the process of
degradation by ultrasonic waves. In thelr work a theoretical
solgtion by induction;methods was established for an initially
homogeneous polymer. Their assumptioné were basedvupon
Schmid's work and that polymers under the effect of ultrasonic
waves do not degrade to the monomer but oﬁiy to an intermediate

(1imiting) chain.length.

B. Assumptions,
l. Random degradetion, l.e., all linkages. in a chain have the

same probability for scission independent of their position in

the chain,

2. The rate of degradation is dependent on the chain length

decreasing progressively with decreasing chain length and

reaching a zero value at & definite intermediate chain length,

3. Initial sample is heterogeneous having a known distribution:
N, = I\Iopxj'(l - p)®

The second of these assumptions has to be modifisd at a later

stage due to the complexity of the resulting solution.

C. General Solution.
The general rate equations at any time during the de-

:gradation process are (compare Simha(s) and Jellinek(g)):




dN.n/dt = -I.@:(n«-;sr)(n«-:l.m‘,n N 0O

dNn_l/dt = 2k(n—y)N _k(n-y-a.)(n-a)n
dN,,_o/at = 2k(n~y)N, +2k(n~y—1)N _
—k(n—-y—%)(‘_’n—t’am. [
sz/dt 2k(n~y}1\1 +2k(n-y~1)N 1+2k(n-y~2)N g *toooo

+ ek(z-y+1)1vz +1-=k(z~y) (2=1)N,

o.OQOQQOOO..OGOCOQOQG..QCGGO.'QQﬂlﬁ.‘olllﬂﬂ'ﬂ...o.GOO

N 1 + oeo . | _
+ 4my+2 kyﬁ : - (1)
dNy/dt 2k(n«=y}N +2k(n-y-1)N 1 4 ceo

4 my+2+2my+1

y+1/dt = 2k(n-y)1\'l +2k(n-y-=1)

d.Nz/dt 2]£(n---y)1‘T +2k(n-y-1)N 1 * oo

+ 4kNy +B+2kNy 1

where n, n=1, ...2 soo aY+ls.e °2 represent chain lengths in mon-

(8)

 tomer units, Nn N 1,.”N 0eo y+1’ Nyuoﬂz repreggnt the
numbgr of moleeules having chain lengths n, n=1,..0.%y...¥+1,
Fseeols | | |

k is constant but is related to the rate constant of
degradation by the relation:
‘ X = k(z - y)

2
as suggested by Schmid(l),
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For simplifying the mathematicel treatment by matrices
the rate equations (1) can be written as:
dxl/dt = a4,%,
d_Xg/ dt = a,X; 485X,
dxa/d.t = alxl"‘azxz'l'aasxs
aX,/at = a)X,+aXota Kqra, X,
X /At = a Xy +8oXote ooty (Ko g +op Xy (3)
where the following transformations are valid:

X, =N, ¢ &, =-ko-y)(n-1) ot

%o

N4 ! 85 = ~k(n-y-1)(n-8) :
§2 = 2k(in-y-1)
Xr = Nn-r+i= Bpp = -k(n-y-r+1){n-r) :
a, = 2k(n-y-r+1) (¢4)
Equations (3) are concisell_.y expressible as the matrix equation:
ax/at = AX
where X is the column matrix representing the value of X at
time t, 1.e., |




v‘_xgg‘.o

and A is a triangular matrix given by

814 )
8y 8gp
A= |B1 8 8z
» 84 8y 8z .o B4 By (8)
Formally: . -

ax/at - AX = O

dro-At 41

agle Xl =0

X = Ay o (6)
where Xpo is the column matrix representing the initial condi-
stions of X, 1.e., at t = O:

' ']
Fxgo)
|x(o)
° (o)
L O
XI"

S

for a homogeneous polymer sample:
i
o

%0
o0

0
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for a heterogeneous polymer (addition polymerization):

[ 1/p ]
e
1/p%
1/p*
1/5" | ()

The solution of the rate equations as expressed by

xb=Nbpn(i-p)2.

equation (6) is an explicit solution, provided the value of
oAt can be determined.

A triangular metrix as A in cquation (5) ean be expressed
in terms of its eigen columms matrix and eigeh rows matrix,
l.e., A = Plsp
or: = QAQ°1
where Q is the elgen éolumns matrix, Qfl is the reciprocal eigen
columns matrix, P is the elgen rows matrix, "1 ig the recipro-
ical eigen rows matrix, and A is the diagonal matrix of the
distinct eigen values of the triagonal matrix A, l.e.,

Fall 0 0 .. .. O
0 ag

O
(e
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Generally speaking:

A" = AnP (see Elementary Matrices by Fraser,
: Du.nean and Coller, Chapter III).
or = QJ{IQ":"-
and:
= 2, (An“bn/n ) =13 (Atn/n.)P
: ='P"1LP | (8)
where _ .
711" A
Jeet
' ‘e
L =B [ X -}
[ 2 X 2 t
i om .
since: ,
PQ = K
where K 18 a un:lt matrixo ‘ .
) ° . -1 = K"l = QK‘l o (g)
Therefore from equatiana (8) and (9) we obtein the relation:
= " 1zp
QHP

]

where H = K"lL (10)
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(1) to find Q:
For triangular matrixz A (eqnation §) the eigen values

are obviously the diagonal elements, i.e., 8,49 Bgge oee B
The eigen columns matrix Q for the triangular matrix
A (see appendix I), worked out by conmentional methods can be

expressed by:

1 .
%21 1
Q= | %% Ggg 1
agy 51 a1 oo “52"‘49“52 1] ; (11)
ck:mzz T - {12)
Srr 58
1. Ses “rs can be explicitly expressed in terms of any set of

coefficients as given in the rate eq_uations°

(2)‘to find Pt
The eigen rows matrix P of the trianpular matrixz A
(see appendix II) worked out in a similar way as in the case

of @ can be expressed by:

1
. Bay 1
=
Ba1¥ag Pag 1
PaaTag¥as  PapYys ',?’45 1
-B 1ngoocYm ln"l Bng soocY 1930 ooo0 1 (15)
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where: . (14
Brg = as/ (arr = 8gg/ )
and:
Tpg = (8, = 854 + 85)/ (0, = 85) (15)
Equation (6) can now be put as:
X = QLPX o
where =
- - Bl b
1 e 11 . -
852
0¢_21 1 e
%51%34 %30 1
QI' - o e Q ¢ e 0 e o0
-azlt ° oaml aago o'_"o.a Loes i e i
- a. .t ’ -
e 11
217 g% 8.t Bt
: 11 Y 33"
= |%21%a2® “ge® e
a,,t & Caggt t
: 11 & 8got mm
-a21a31. .Olmle - '. a52q4'29:e uxnze i XX e _ (16)
Postmultiplying QL by PX, We obtain the explicit value of X:
~ a,.t ]
e 1i A
a,.% 8oat
o0 o %
o eaut o eaggt eawt
21731 32 :
= a54% 80 Bggt 8yt x
| “21%31%21° ®30%40° " ©%43° e
L ) a t ‘660 0090 L3 a t
11 S . mmn
-a21* oamie asz'o ® amze ¢ a0 oo o0 e




l 9,4.'0

~ -

i

Baq 1

Pa1¥as Bsg 1

600 cee oceo X Xo
Bmvmgooer'mﬁl oee oo o 1-‘ (1]7)

where Xo is the column matrix representing the initial condit-

tions,

The solution obtained by substituting for a p 8nd a

r
the values given in equations (4) was found too complex to

r

serve any practiecal purpose; especially if the number of rats
equations is more than ten (for six or ten rate equations each
equation can be considered toz'epresgnt a fractionated portion
of the heterogencous polymer sample). |

It was decided to make the sameusimplification carrisd
out by Jellinek and White(z), namely that all values of ‘a’ are
equal down to chailn length y+1 and are zero for chains of length
Yy and smaller, i.e.,

81‘= a2 = 83 co0o0 = an,y+2 =8 = 2K.

pog+l = Bpuy co0 = 8pg =8, =0

ail = -K(n"l) 8.22 = "'K(n“’g) LY arr = QK(n-r) (18)

With this modification of the second assumption all

values of “r,r~3. where r is any integar greater than y+3,
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are equal to zero, thus reducing the complexity of the final

solution,
To obtain an explicit value for Xno say, from the product
matrix, we find that all values of o in the rth row of the QL

‘matrix vanish except the last three elements; therefore:

-
e 0 e 8 ‘ T

0O ¢ &0 0080000

o t a. . t. a .t
o.. .. ruz =2 Pal, P=1 rr
0 “r~1.r~2 *p, o @ 7%p pe1 © ’ 1€

‘Jloosoeo -

'rﬁp-z,r Yr2rs  Poprs

Bx-i 1%, rne Begrstpugre, Prre 2 x

B Y ® 0 se ’
r1%2 Yo,0e1 Bop8Yrerr, PoneYyre1, Prpe1, 2

x(o)

°0

o)

(0)
r—l

(0)
X0/

- o

~ (19)
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D. Agg;ications,
g_a_xg_g_g._- Homogeneous Polymer Sample.
Applying this result as obtained in equation (19) to
the case of an in:l.tially homogeneous polymer sample of chain
length n and mumber of molecules x( )= N =N, we obtain:

t
n-a P
= [(« ¢ e 1,r-2 rr 2)(ﬁr-81r 2,2"Y1-2r~3) e

I'='1, I"’l
+ r,z~_1(5r«=1,1“‘r~1,2"°*:-1,r—2) e

Brpt 1 x(o)

* ﬁ:z':l.lfrz‘fr{%““’Yz',zc'--l ¢ _
Substituting the appropriate values of «, B, ¥, and a, we

obtain: ,
X, sx("){p.g) K(n-rs2)t - o(p-1)e~K(omrad)t | ~K(n=r)t]

Considering the transformations in Equations (4) we obtain:

N pe1 = x§0)[(r¢°3)e-—l{(n—r+2)t_ 2(r~'1)e"'K(n"r"'1)t + po-K(n-7) %]

if n-r+l = x, we obtain a value for N

NX = Ng_[(n-x=1)e K(X'l-l)'b e(n‘.x)e th+ (n z+ljo ~-K(x= 1)-{;}

which is the same as that developed by Jellinek snd 'wmte(z ) ’
provided the following transformations hold:

NQ.O nxooorooos

pe rooos'
xoooroooaa PxoooProquB

i
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Case 2: Heteropeneous Polymer Sample.

In this case a heterogeneous polymer is considered,
All links are broken at random in chains whose length is greater
than y, the rate constant being the same for all chains. No
links st all are broken in chains of length y or less,

The initial molecule size distribution (addition poly-
tmerization) is given by:

X=1 2
N, =N, p (1~-p)

where Nx is the number of molecules of chain length Xy
N, 1is the total number of monomer units,

P 1is a probability factor which, for addition
polymere is always less than 1 andlis given
by the relation:

1 1

P ‘being the average degree of polymerization of
the sample.

8. Number and Weight Distribution Functions.

Following a treatment similar to that of a homogeneous

polymer sample (see Appendix III) we find that:

N, =N, p*?! o K(x=1)%[y_ o~Kt2

x (21)

In terms of the initial average degree of polymerization or

the number average chain length,Nk is given by:
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e O
eax{(x-l)’b (1 - P =°b.t] (22)

N Bal

X
2
This equation gives after a time t that part of distribution

=¥ (P-i-i

which lies between the intermediate chain length y and infinity,
i.e., for a chain length y {x L ®.,
For values of x below the 1n1semnediate chain length

limit, {.e., o < x <y, we have from equations (1) and (2):

an an an |
X =LY =_y+l + K(y+2) ¥
it = 3t y+l

s o Nx = Ny+1 + K(y+2) f Ny+1o dt + CO

K ' Kt -2 -
=N, p e Kyt [1-pe~®¥1" 4 x(y42) s W, o7 e Kyt
“Kt-2 -
[2-p ¥ at + ¢ (23)

_ If'we consider the initial value of Nx’ i.e., at t=0
e Np=N pt (ep)? (24)
From equations (23) and (24) the constant of integration C

cap be calculated:

%o C = N, py [l; y-t:l. ]+ 1w, 1 (1-p)®

Thus the part of distribution representing chain lengths less

then y, i.e., o & x £y, can be expressed as:
v , - . Kt
Ny, = 31“;+1 [143(1-p) - e F¥(143-pye~*t)]
+ N, p*1(1-p)® (25)
The whole of the number distribution is obtained by dividing
Squations (22) end (26) by PN, and this gives the number of
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moles of any chain length when the whole polynmer sampie repre-

:sents one basic mole of polymer.

Hence,
B, = % [14y(2-p) - Wt(lw-pye "1t
+ 27 (1-p)® | | (26)
for chains of length o vx < y
and nx2 = %2 oK(z-1)1 [1-p e-KtJZ | )

for chains of length y £ x o

The weight distribution; which gives the amount of
Polyme:c- in grams of a certain’ chain 1‘3n§th contained in oné
gram of initial material is obtained by multiplying equations
(26) anda (27) by x; hence:

o _ex it Lyt -Kt.
mx1 ﬂ";%f)’" [1+y(1-p) = (1+y=-pye ") ]

w2 (1-p)? - (28)
for o Lx £¥s eand

n, = x px=-2 e-—K(xw:!.‘)t [1-p e—K‘b]Q

X3
for y (x . ’ ‘ (29)
The two results represented by equations (28) ana (29)
can be represented in terms of the ini%ial number average

Chain length P, viz. y

m . o . BX Kyt . Kt
%, = ¥ly+D) (5" “*f&i"'e (14y= gy €701

+ X -_..._.ngg -
(P+1)* (30)
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for o L x {y, and

o (BT cR(z-1)t P _-Kt,2
Mg~ * (7o3) e Tl gge]

for y { x { .

(31)

b. Weight-Average Chein Lenath,

Only the weight-average chain length after a time ¢
will be calculated here, since all average chain 1engths in this
work are deduced from specific viscosity measurements.

The general expression for the weight average chain

length is given by:

o . ' : (o0}
P - of Em, dx _ of X My ax
w, ~ 00 ' - 1
t o'f m, dx |
where Pw is the weight-average chain length after time t,

t
and m is the weight fraction of chains of length x if

b4
the total initiel mass of the polymer sample 1s
1 gm,

0% = A - Q0 , \
Pwt = o'{ Xy mxi dxl + y‘]‘ Xq mx2 d.x2
where o <x1< y and y <x2 < o

Substitutine the walnes form and m  from eounations (30)
Substituting the wvalueg for m, and m, from equations (30)
1 2

and (31) and asguming that:
) £ &
P = P

log(l + =

Since % is very small, we obtain for the weight average

chain length at any time t, during the process of &gradation
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the expression*

_ . _ Byt _ By, -8t
3 %éi (P+1) e BT e (=g e )]

P &=
Vs
Y~=1 :
+ 2P - —= (BPQ + y2 + 2yP)
(P+2)Y (1) o
- - -Kt 2 2r
P 72pe ~Kly-1)% P, e 2yP
+ (557 vmeem—— O-TEE ) [+ Pht+1*THKt+1)25
(32)
Introducing the relation o = 1 = o Bt op oKV _ g o a, the
weight average chaln length can be explicitly expressed in
its final fofm, viz;
PW = o ( P :g’@lfl s g(lma)y[ +;Z+P(1+OC}ZZ
t y+1) ‘Pal + gy s P+l
y=1
+ 8P = e (25° 4 3 4 2yP)
' (Psa-l}y
A € P LAy DR - 2yP
+ ° > {(1+0P) [3"’ + j (35)
(P+1)¥"  PKt+1 PRE+1 (PKt+1)§
After an infinite time of‘degradation, l.ees t =@
2 =] :
2 prTt 2 o _
P, =% (= ) (1+ L) 4 9P = Z————[2P4y“s2yP] (34)
Yoo 3 y+1 Pal P @ +1)y
Bearranging the terms, the equation can be put in the forms:
P = 2P - 2P (sh) [1 4 2y (35)
Yo (P+1 g%g :
: y 2 .
or 2P-P_. = 2P(xir) (142 L4 &= ] (86)
L B+l 3 60° |
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Expressions (35) and (36) give the weight-average chain
length at the end of degradation in terms of the initial number-
average chain length P, The final form of this expression in

terms of the initial weight-average chain length is given Dby:

Py, V. 2 |

b B P 4. .2 o1 ‘

B AR ( P+ ) (14 5 %38 F&'ﬁl (57)
00 0 o

where P, is the initial weight average chain length of the

o]
polymer sample,

For an addition polymer Py = 2P, a relation which can
be deduced from equation (83) by considering the value of P

t
at the start, i.e., at t = o,

E. Discussion,

- The general sblution given in this Chapter is hoped to
be of value in solving any kinetics problem which involves
slmilar set of rate equations. It only inveolves the substi-
‘tution of the new values of coefficients e,s 8,, to determine
the values of a's, f's and Y's. These values and the boundary
ctondition at t = o when substituted in the general matrix
eqnation (19) give an expliéit solution of the specifie kinetics
broblem. This was attempted by the author to solve a few
Other cases which are not relevant to the work undertaken in

this thesis,
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The general solution, applied to a heterogeneous-
addition~-polymer sample; shows tﬁo points of interest which
differ from solutions given by ofher authors,
(1) The first result shows that the number of chains for
chain lengths 1 to y at the end of degradation, i.e. at t=00;
is not equal but depends on the chain length, as seen from

equation (26):

y-1 '
By, = f, i) (1 +5(-p)] + p*?(1-p)®

]

vA+Bpx
where A and B are constants and p is less than one.

This result gives a final number distribution as shown
in Fig.35 in which the number of chains decreases as the
chain length increases from 1 to ¥y, i.e., 1 {x {¥-

Furthermores; the £inal weight distribution is‘a curve
(F1g°56) whose shape is dependent on the initial average
chain length P, It also depends on the intensity of the
ultrasonic waves since it is the main factor controllingvthe
value of the limiting chain length 'y‘,‘below which it was
assumed that no degradation takes place,

(2)

Compared with Jellinek's results obtained after nine
hours of degradation the shape of the curve in Fig.36 seems
a better £it to his results than his straight line

representing the final weight distribution, in spite of the
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fact that the polymer used in his cese was a homogeneous sample
(fractionated sample). The difference between the two results
is mainly due to the boundary conditions considered for the

determination of the constant of integrafion C in equation (23).

(i1) The second result as expressed in equation (35) shows
that the final weight average chain length P&q)depends mainly
on the intermediate chain length y below which no degradation
can take place, and to a certain extent on the initisl weight
average chaln length PWo° However, all previous work reported
indlcated that the final weight average chain length is inde-
tpendent of the initial weight average chain length provided
all other factors were unaltered. The author is inelined
not to disagree with this statement as it was observed that
the final weight average éhain length varies very slightly
with changes in the initisl weight average chain length of the
polymer sample.

However, it is of interest to see the sigmificance
o the term P representing the initisl average chain length
in the formula giving the weight average chaln length on the
abové mentioned basis,

Considering equation (35) and assuming that L2

00
is independent of P, we get:
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d P_ 2 P 2P :
apP =P Y ar -
Working out the relevant differentiations we get:
8
P+1,7 2y ,
g B -+ gk - 653) |
i =
1. ¥ _x,f, |
3*3 Y gp (38)
Equation (38) gives a negative value for dy and substituting

ar
some of the experimental results obtained, we get:

for P=1620 4L = -0.0042, ana ; |
for P=1208 L = -0.002247 @ ) (39)
This indicates that as the initial average chain length
deereases the wvalue of the limiting chain length would slightly
increase, This slight increase can be interpreted in the
light of Schmid®s mechanism for the degradation of polymers
by ultrasonic waves. In other words, as the initial average
cehain 1ength decreases theveffective frictional force per
monomer unit would decrease, Therefore, in order to break
8 C-C bond by such mechanism the limiting chain length y
would have to be bigger. |

However, this dependence of y on P seems qualitatively

to be consistent with Schmid's theory for the degradation of

long chain molecules by ultrasonic waves.
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INTRODUCTION,

The in&estigations reported in this chapter were
carried out with two objectives in view, namely:
1. To check the validity of the theory of degradation
of addition polymers by ultrasonic waves given in Chapter
IV, This part of the investigations covers the following
topics: |

A, Analysis of samples of polystyrene in benzene solution
at different stages of the degradation process,

B, Measuring the number of cuts (broken links) taking
Place during a specified period of degradation.

C. Application of Schmid's theory to values of chain
length of the polystyrene sample during degradation.

2, To investigate the effect of different factors on the
degradation parameters ‘L' and 'y' as a prerequisite for a
better understanding of the mechanism of ultrasonic degra-
s:dation. This part of the investipgations covers the
following points.

A, Effect of intensity of ultrasonic waves on the rate
constant of degradation 'K' and limiting chain
length ‘'y°.

B. Effect of initial value of chain length on the rate

constant of degradation 'K' and limiting chain
length ‘'y°.



118,

C. Effect of frequency of ultrasonic waves on egra-
tdation parameters XK and y with special reference
to cavitation.

D. Effect of suppressing cavitation on degradation
parameters.

The role of cavitation is discussed whenever relevant
to the interpretation of results. It should be pointed
out that a simplified solution of the rate equations has
been developed to engble the determination of the rate
constant of degradation 'K' at the beginning of degradation

without earrying complete runs (35 hours).



VERIFICATION OF THEORY,

A, PRELINMINARY,

(a) Sample prepasration:

| The polystyrene samples used in the investigations to
follow were prepared in the conventional way. 8tyrene mon-
somer, freed from inhibitor, washed, dried,; distilled under
reduced pressure, was then left to polymerise under vacuum

for three days in thermostatically controlled baths at temper—
:atures of 120 % 0,6°C, 100 % 0,5°C. 80 % 0.8°C. and

65 & 0.5°C,

The polymer was separated from styrene monomer by pre-
iparing a very dilute solution of the resulting polymer-monomer
mixture in benzene and then pgecipitating the polymer using
methyl alcchol as precipitant. The polymer extracted was

then dried in an oven maintained at a temperature of 40 & 0.5°,

for 48 hours,

(v) Reproducibility of results.
The care taken in designing and constructing the push=-

‘pull ultrasonic generator was to ensure a stable performance.
Furthermore the crystal holder (Fig.17) mounted on a base of
@ travelling microscope and the reaction vessel (Fig.30)

fittiﬂg in a platform fixed to the stand of the microscope
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made 1t possible to carry out any nuwuber of tests under
exactly the same conditions.

‘ In order to check experimentally the reproducibility
of results under the above mentioned conditions and conse-
:égently the consisiency of the process of degradation ten
1% wt/vol. pol&styrene in benzene saméies were irradiated
by the ultrasonic beam. The volume of each sample was 25 ml.
and viscosity measurements were taken:at various stages of
degradation, The results of ali thé'different tests are
compiled and represented in Fig, 7. It is apparent from
this figure that the ultrasonig generator performance is very
stable and that a high degree of feprcducibility has been

achieved,

B, EXPERI:ENTAL - DEGRADATION PARAMETERS,

26 ml. of a 1% polystyrene in benzene sample was intro-

tduced in the reaction vessel of Fig. 30, The sample was

then irradiated by an ultrasonic beam of frequency 0.75 Mc/sec.
and intensity 12.5 watts/bmgu in the solution proper. The
degradation process was followed viscometrically by measur-
ting the specific viscosity at different stages of degradation.
The corresponding welght average chain lengths were calculated
from these referee viscosity measurements as mentioned in

Chapter III, The weight average chain length Pw changed
. t
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with time of degradation in the manner shown in Fig°58°
Detalls of degradation results are given in Table II,

It can bhe seen from Fig.38 that the weight average
chain length 'Pw' decreases rapidly at the beginning of
degradation, consistent with a random type of aegradation,
and then slowly epproaches its final value of 494,

(a) Determination of 'y'.

‘ The weight average chain length at the end of degra-
tdation, i.e., at t = 00, is given by equation (87) in Chapter
IV.  Introducing the appropriate values of L ¥ P, » namely:

. o Vo
P. =495  and p. = 3240
Voo Y%

equation (87) from which the limiting chain length ‘y' was
determined is given Dby:

2745 (iggl) = 5240 [1 + 55 + (5§§5) ] (1)

The solution of this equation gave a value of 744 for
'y* the'limiting chain length., ~ It should be mentioned that
due to the nature of equation (1) and all similer equations
& seven figure logarithmic table was found necessary for

working out all calculations.

(b) Determination of X.

The value of the weight average chain length P W, at

any time 't' during the degradation process is given by
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equation (83) Chapter IV, where o is a function of time.

Values of PW were therefore calculated from equation
t
(33) for assumed values of a after substituting the above

mentioned values of Pw and ¥. The times eorresponding to
o .

these calculated values of PW were then read from the degra-
t

tdation curve in Fig, 38 and the rate constant X, at these

values of P and t, was calculated from the relation:

Vg
1 i
K = s log 1= (2)

The results of these calculations ére presented in Table III,
from which it can be seen that the value of K decreases
gradually, almost exponentially, as the degradation process
continues, as shown in Fig.39. The decrease in the value of
'K* confirms in a general sense that the rate constant of
degradation depends on the chain length as mentioned at the
beginning of Chapter IV, It also indiecates, that there is

a minimum chain length below which degradation ceases to take
Place, However, in taking an average value for K it was
considered reasonable to mlect the value that offered the
best agreement with the experimental results. The value of
X = 5.5x10=4(hr;'1} was therefore selected. This value of

_ K was used for determining the thegreticallvalues of Pwt
at different stages of degradation. These calculated values

of Ew are plotted against time of irradiation as shown by
t
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the dotted line in Fig. 38. The agreement with the experi-
imental curve appears to be satisfactéryo Ag 1t was anti-
teipated the initial part of the theoretical curve lies above
the experinental since the average value of K used in equation
(33) is less than that determined for this part of degrada-
ttion. The actual degradation appears, for this reason, to
be more rapld at the early stages of degradation while at

the later stages it is slower than theory predicts sinee the

theoretical value of X is greater than the experimental,

C, WEIGHT DISTRIDBUTION ANALYSIS,

26 c.c., of 1%_polystyrene in benzene sample was irrad-
tlated in ecach run. In order to facilitate the process of
fractionatlon it was decided to repeat each run twice to
provide a sufficient amount of polymer for fraetionation°
Esch fractionated sample was 40 ml, of 1%‘Wt/b01, polystyrene
in benzene, 1.e., 0.4 gm. of polystyrene.

The usual fractionation procedure was adopted, using
benzene as solvent and distilled methanol as precipitant, to
fractionate a 25 ml. sample after 35 hours degradation, The
brocedure proved satisfactory for the'first fraction but the
other ffaetions gave sbme trouble as they showed a tendenocy

to gel formation.
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Particulars of the first fraction were:

Weight of fraction decanted = 0,0166 gms,
7Ep of a 0,5% solution in benzene = 0,282
end [ 7] | = 5,52

The procedure of determining [ 7] is discusssed in
Chapter III. Using Staudinger Equation [ 7] = K.,P. where
K is a constant = 8»()}{10'"'3 for polystyrene in benzene solution,
an approximate value of PW for the first fraection was 690,
This is in agreement with the theoretical value of 744 cal-
iculated for the limiting chain length below which no degra-
tdation takes place, This result served as a repliminary
check on the validity of the theory given in Chapter IV,

The procedure finally adopted for fractionation was as
follows: 40 ml. of each sample was evaporated to dryness
under vacuum, the temperature not being allowed to rise above
40% during evaporation. The solid polymer was redissolved
in 100 ml; methyl ethyl ketone and fractionated using distilled
methyl alcohol as precipitant. The last fraction which
contains the shortest chain lengths was extracted by evapor-
:ating the remaining solution under vééuum keeping the tem-
:perature of the solution below 40°C. This method was pre-
tferred as the loss of very low molecular weight polymer from

the fraction was avoided since such molecules are not usually
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precipitated on adding methyl alcochol. Each fraction was
carefully dried to a constant weight in an oven maintained

at 40°, Fresh 0.5% solutions in benzgene were prepared from
each fraction and the intriasic viseos.ity determined follow-
ting the procedure explained in Chapter III, using specially
designed micro-viscometer. Finally, the chain length was
determined using the Staudinger formula previously mentioned.

The results of fractionation are given in Table IV,

The weight distributions of the 'samples have been cal-
tculated by graphic differentiation of the integral weight
curves (J' dW) which were derived from the weight fractions
(ﬁW) by assuming that half the weight of each fraction lies
above, and half below, the measured chain length. The total
weight of polymer, consisting of chain lengths up to that
value was obtained by swming the weights of the fractions of
smaller chain lengths and adding to this sum half the weight
of the fraction having the chain length under consideration,
The integral weights, designated by S aW are shown in the last
column of Teble IV,

The theoretical weight distributions were calculated

from equations (30) and (31) Chapter IV, which give the weight
distribution functions m_ and mx!a for chain lengths

| %4
0 <x, (¥, and y {x,; {0 respectively. The results of
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these calculations are shown in Table V,

The theoretical weight distributions at t=o0, &, 2, 4,
and 36 hours are shown in Fig,40, The figure illustrates,
from theoretical considerations, the way in which the process
of degradation would affect the chain length weight distri-
tbutions at its different stages. Pigs, 41, 42, 43, 44,

45, show the theoretical weight distributions, the integral
welght distribution curves and the deduced experimental weight
disfributions at the above mentioned stages of degradation.
The area under the weight distribution curve is normalised

to represent 1 gm. of polymer.

Inspection of the above figures shows that there are
discrepancies between the theoretical and experimental distri-
tbutions, Yhese discrepancies are thought to be due to the
fact that the rate constant of degradation aetually decreased
in value with time while it was considered to be constant,
for chain lengths between y and infinity at all times. This
may asccount for the smaller number of long chains in the
experimental weight distribution curves at v = % and 2 hours,

The sudden discontinuities at P = 744 in the theoretical
curves are a consequence of the assumption made in the theor-
tetical treatment undertaken; It was assumed that there is

a discontinuity in the rate constant at the intermediate

chain length y.
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The experimental value of the limiting chain length y
below which degradation ceases to take place is nearly the
same value as that obtained from theory. The close agreement
between the theoretical and experimental distribution curves
is considered to be a fair verificgtion of the theoretical

treatment undertaken in Chapter IV,

D, MEASURELIENT OF NUMBER OF CUTS,

As mentioned in Chapter III, the use of D.P.P.H. was
contemplated in the hope that it would throw more light on
the mechanism of degradation and termination of broken long
chain molecules, Moreover, it was hoped that further evid-
tence would be established in support of the theory developed
in Chapter IV describing the kinetics of the process of
degradation of addition polymers by ultrasonic waves,

The number of broken links which is the same as the
number of newly created molecules is given by the relation:

Total number of broken links per unit time
o 4N

=/ =X ax

at
e an oode,
i.e, X1 —r2
ojy TR dx1 + yf 3t dx2
Equations (25) and (21), Chapter IV, give explicit values of
N_ and N_ respectively. By differentiating with respect

b4
1
to time the following relations are obtained, viz.,



128,

B

p e %] | and

X
-a-Eg" 2N Kp eKyt[l

dN _

"EEE = 'No K =1 (1 —pe’Kt)e”K(x'“l) t[i-a-pe“Kt»x(lepe"Kt)] (2)
Introducing the 'a' trensformation, the total number of broken
links per unit time in chains o { x { ¥ in terms of P

will be glven by:

aN _
fy X4 ax y
o =17 (1«=a) (1+Pa)(P+1 (8)
Similarly for y ( x £ ©

an

® N E(14P0)
'l
5t % = (FL17(PRET) (94.1) (1-0‘) "[148 P-Pa~y(1+R0)
_ P(2iPa) @
PXt+1

The sum of equatione (3) and (4) gives the total number of
newly oreated molecules per unit time which is the total
number of scissions per unit time, Hence the average rate
of scission can be determined during any specific stage of
the degradation process. Consequently the total number of
cuts that took place during any of the early stages of dégra—
sdation can be calculated from the theory while the same
number of cuts can be measured experi;neptally from the change

in the absorption values of the D.P.P.H.

Phe relation between the calculated snd measured
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values of the number of scissions should be linear only if
the mechanism of degradation is purely mechanical., If, on
the other hand, the mechanism of degradation is complex, i.e.,
there may exist some chemical reaction = peroxidation or other-
twise takin; place - which reacts with the D,P.P,H., the linear
relation will not hold.

As mentioned earlier in this Chapter the rate constant
of degradation "K' decreases with time in the manner shown
in Pig,39. Beecause of this decrease in the value of 'K
with time, it was decided to calculate the number of cuts by
three different methods, viz.,
(1) Integrating equations 21 and 26 with respect to the
chain length x, between the appropriate limits, gives the
total number of molecules at any time. The difference hetween
the total number of molecules at any time t and the number of
molecules at t=0, gives the total number of newly created
molecules which is the same as the total number of links
broken during the same interval, The average value of K was
used in this calculation,
(1i) Using the average value for 'K' obtained previously,
equations 3 and 4 give the total number of links broken per
unit time at any instant. An average rate of scission of

links during a specific interval can thus de obtained and
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3

and consequently the aumber of links broken during this period

¢

can be calculated,
(ii1) The same as method (ii) but using the appropriate
values of X given in Fig. 30,

The results of these calculstions are shown in Tables
VI, VII ana VIIT,

As shown in Teble VI the number of cuts were calculated
ocver a period of two hours only. This is due to the fact
that during two hours of irradiation most of the D.P.P.H. was
exhausted and any measurenents of absorption below that low
level would be erratic.d blind run with a solution of D.P.P.H.
in sulphur and moisture free benzene was carried out. The
solution was irradiated by 0,75 He/sec. ultrasonic waves of
intensity 12.5 Watﬁs/bmgo (in the solution proper) for two
hours and the absorption was measured every half hour,

A 19 weipht by volume sample of polystyrene in sulphur-
moisture-free benzene with D, P.P.I. was then irradiated by
ultrasonic wavés of the same intensity, and absorption and
viscosity measurements were carried out at different stages
of degradation; . The pesults are shown in Table IX as well
as the accumuilated calculations of number of scissions,

Pig,46 shows the rcelation between the number of broken

links determined experimentally as & function of D.P.P.H,

exhausted against the corresponding number of broken links
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calculated from theory as a function of the initial total
number 6f monomer units. The three methods gave, broadly
speaking, identical results., Methods (i) and (ii) gave
nearly the same result since the same average value of the
rate constant 'X' was used. <They both differed quantitat-
sively from method (iii) in which a variable rate constant
of degradation was used.

| Two points of interest can be deduced from the general

shape of the curves in Fig.46, namely:

1, There is a linear relationship between the theoretical
and experimental values of the number of broken links after
nearly half an hour of irradiation. This implies a close
agreement between the number of broken links determined

experimentally and that predicted from theory.

2. The change in slope of the lines and the slight curvature
noticeable during the first half hour of 1rradiation is not
easy to interpret without further experiments° However, it
is safe to say that the D.P.P.H. molecules are exhausted
during the first half hour at a quicker rate than the theory
bredicts, Phenomena, associated withvcavitation, seem to

be a possible cause for su.ch_behaviour° These may have a

direct effect on the D.P.P.H, or may give rise to some kind
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of non~chain-gcission reactions (peroxidation), which would
consequently affect the rate of D.,P.P.H, exhaustion during

the initial stages of degradation, It is most unlikely,
Judging by the shap;?;urves, that competitive reaction between
a free radical of a broken chain and a similar free radical,

or between it and free radicals of the D.P.P.H. has been

taking place at the later stages of degradation and consequently
affecting'the slope of the curves,

Fig.4% shows the effect of adding the D.P.P.H., on the
specific viscosity of the polymer sample during the degrada-
stlon process. It was pointed out by Grassie(l) that the
termination of chains during other degradation processes is
mainly by combination and disproportionation. Very little
ecomment on this particular aspect has heen mentioned in
literature. Melville and Murray(z) tried tociétect the
production of free. radicals during the degradation process but
were not altogether successful . It is eclear, however, from
Fig.47 that the addaition of D.P,P.H. to the polystyrene in
benzene sample has a significant effeet on its specific vis-
‘cosity, The apparent reduction in the specific viscosity
values due to the addition of D.P.P.H. indicates that termin-
tation of chains by combin ation is substantially suppressed
resulting in smaller weight average chain length, farther-

imore, free radicals must have been produced in order to
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effect the observed decoloration of the D.P.P.H, = polystyrene-
benzene solution, during the degradation process.

Fig.48 illustrates how the absorption of D.P.P.H. in
solution decreased as degradation progressed. Similarly the
deduced values of the molar concentration of the D, P.P.H,
showed a similar decreage, while the pure benzene was pract-

tically unaffected.

E, INTERPRETATION OF RESULTS ALONG SCHMID'S THEORY,

Schmid(s) developed a theory to express the degradation
of long chain molecules by udtrasonic waves. He assumed that
the rate of breakdown is proportional to the difference
(P,~P_) between the chain length Py at time %, and the chain
length Pe’ reached at the end of degradation. However, he
did not consider the size distributiohs obtained during the
gdegradation process, nor did he make clear Qistinctions between
number and weight average molecular weights. Henqe a number
of inconsistencies are inherent in his derivations., His
initial expression is:

gx
at
where X is the number of cuts per litre which is the same
as the number of broken links per litre or the nmumber
of newly areated molecules per litpe,

= X, (P, = B,) (5)

and X, is a constant of proportionality.
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Equation (5) can be put in the form:

L& _ g - P |

¥ o = K5 (Py - Pp) (6)
where N 1s Avogadro's nunmber;
and %‘%% is the average number of broken links per minute

per mole,
and K, is a rate constant of degradation.
Pt and Pe can be expressed'in terms of molecular

weightsg i. e.. ?
Mt Me

P M—;}- and Pe—.; m | (7)

t

where Mt and Me are the respective molecular weights of the
polymer and M is that of the monomer.

" If n_ = number of molecules present at t=0,

(o}
and n, = number of molecules present at time t from
» ' the start,
°o o nt = nb + X (8)
' - C

2
Py
where C_ is the concentration of polymer in gram.mole per
litre,
Therefore, from equations (8) and (9) :
X = Noi;!'q - Tl (10)
& )

and substituting for P, from equation (7)
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NC M

R G n.n,_ n
Mt | (o}
Hence 1 aX _ _ Op M, M C ' (11)
N at ~ 2 dt B '
Mt A
From equations (6) and (11) the following relation is easily
obtained: .. |
. G B (Mt e
Mt2 at s M T W
: ) A
aM K M
or b o Bty - m) (12)
at (4] 2 t e
m M .
The solution of Equation (12) is given by:
: M M K, M_2
log (1-52) +38= =52 (55 t+C
Mt Mt qm Mm.

where C is a constant of integration to be determined from

boundary conditions, i.€.,

at t=0 Mt % MO

¥, M‘e
and hence C = log (1 = ﬁ~) + 5
0 o

8o, according to Schmid's analysis the degradation process

can be represented by the linear relation:

M M K, M_2 M ' M
+ log(l = =2) = = () t + + log(1 ) (13)
M g( Mt) c, ‘i, M, M,

As already pointed out above, Schmid did not take account of
distributions and did not distinguish between number and weight
average molecular welghts. Inspection of equation (7) shows,

strictly speaking, that P, and P 8re number averages ,
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provided that Mt and Me are number average molecular weights,
However, Schmid's first assumption represented by Equation
(5) was based 6n his conception that the long chain moleccules
are broken down by friectional rforces developed from the relative
motion between the solvent molecules and the solute molecules.
In his conception he referred to rigidity and inertia of
molecules as being responsible for this relative motion which
i1s further affeeted by the entanslements of the different
molecules, On this basis it seems justifiable to conclude
that weight average molecular weights, as obtained from vis-
icosity measurements, would fit in equation (13) vetter than
number average molecular.Weights which will not give an ade-
tquate picture of the mechanism of degradation suggested by
Schmid,

However, this conclusion is not far from the conclusion
arrived at by Jellinek(é) a5 he thought that number average
chain lengths should be used although weight average values
were fitting Schmid's equation better than the number average
chain lengths.

It is of interest to point out one limitation of Schmid's
anelysis, namely, that at the ead of degradation, i.e., after
a finite time t, My will be equal to M, and the left hand

side of equation (13) will have a value of -00 corresponding

to a Pinite time. This point will not be on the straight
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line expressing the relation be tween ﬁ + log (1 - -N-I-e-) and
time *t' as given by Equation 18. lherefore, one would
‘expeet, due to the simple form of Schmid 8 analysis, that
pointe representing later stages of degradation deviate from
the straight line relation bending the line towards the
;:- + log (1 - ;%) axie.

Values of number average chain lengths 'PNt' at any

time 'T' were ca-lcui_ated from the general relation:

oﬂxN dX«z-ijgN
£ jy dx1 + yf ng axg

Py

The values of _‘_’_N; + log (1 - eN) where the P's represent

P , P
. tN tN P Pe
number average chain lengths, and of-JL + log(:l - t =% ) where
t 4
w W
the P's represent weight average chaln lengths, were calculated

at different stages of degradation and the results of these
caloulati ons are shown in Table X,

Fig.49 shows the Gcrease in the theoretical number aver-
‘8ge chain length with time of irradistion, while the two
funetions mentioned above are ‘plotted against the time of
irradiation in Fig.50, As predicted; both functions give a
falrly straight line relation with time at the early stages
Of degradation, the weight average values being in better
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agreement, and they both deviate from linearity at the
later stages of degradation. The rate constant of degra-
tdation 'Ks' determined from the slope of the line repre-

tsenting the weilcht average values of ehain length was found
to be ¢

K, = 1.6 x 107 mole. litre™? ar, "t




FACTORG AFFECTING ULTRASONIC DEGRADATION,

A, INTRODUCTIQN;

It is generally accepted that the degradatipn of polymers
by ultrasonic waves is influenced by many factors, Among
those factors which have a major influence are the intensity
and frequency of ultrasonic waves. Other factors include
the initial average chain length of the polymer sample, the
eoncentration and the solvent used which affects the shape
of the polymer molecules and has a direet bearing on their
inertia in the solution. For a close study of the influence
of these factors 6nlthe process of degradation, i.e., on the
rate constant of degradation 'K' and the limiting chain length
'V', it was consigdered preferable to develop a reasonably
simplified formula on the linee followed in developing the
'Adetailed theory reported in Chapter IV, This would make it
Possible to investigate the effect of any of the above mentioned
factors on the process of degradation without carrying full
runs, each of which usually covers a period of 10 days. It
Was sufficient for this purpose to follow the degradation

Process for thé first hour only.
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B; SIMPLIFIED FORMU.LA;

It can be assumed for a heterogeneous (addition) poly=-
imer sample of initial number average'chain length P, that
after a very short time 't* of degra&étion the. following
relation will hold, neglectiﬁg the terms representing the
accumulation of molecules: |

det ‘ ' :

—tr = -K(x-1) Nxt . (14)
where 'N_ ' it the number of molecules of chain length tx!
units and 'K' is the rate constant of degradation assumed
to be independent of chain length for chains greater than

'y' and equal to zero for chains shorter than 'yl

The solution of equation (14) is:

N, =N e~ E(x-1)% (16)
t (o]

where 'N_ ' represents the number of chains of length °‘x’
o
at t=0, and for an addition polymer is given by:

X=1 2
Nxo =N, p* " (1-p) (16)

where 'No' is the total number of monomer units and 'p' i8 a
probability factor given by the relatlon:
'P! being the initial number average chain length, as mentioned

earlier,
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The weight average chain length at any time t during
the degradation 1s given by:

® N ax
oS By

P = - "
w 0
t o = N ax
Substituting the appropriate values for 'N.xt' from equations
(16) and (16) and integrating we get:

P (ia)

o -—-‘g-——h-

Bubstituting the value of 'p' as given by equation (17) and
considering log (i ._,%) = "%' as a first approximation,
equation (18), giving the weight éverage chain length at
time t, can be rewr_itien in the form: |

D 2P
& = b —r s ngeen -
LA PKt + 1

and _
ar P PK
wt = - ALY
s (PRe+1)2
Hence Py . . :
K =gfe (32-1) (19)
w.° W,
o t
' ar,
=~ 255 Jt=0 / P, (20)

Bquations (19) ana (20) give explicitly the value for the rate
constant of degradation 'K' at the beginning of d egradation,
8trictly Speaking at t = 0. The value of 't' in equation
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(19) is of the order of a few minutes. This simplified
equation gave a maximum error in the values of ‘X' well
below 7% for the worst cases, This was considered to be
8 reasonable value compared to errors estimated by about 50%
reported by Jellinek(s) o

The exact value of the rate conétant of degradation at
the beginning of the process (t=0) can be obtained as a
funetion of the limiting chain length ‘y' by aifferentiating
'Pwt', given in equation (33) Chapter IV, with respect to time.
This gave the relation:
ary oy . 9 .
('_d?&)tw = ~K ('P'I';'f) [eP(P+y-1)+ %—( %a 1)+ y(y-2)] (21)
Thus it is possible from a short period of degradation to
determine the values of 'K' and ‘y’. The procedure recomm-
iended is as follows:
1.  From the value of 'P, ' after a short period of

t
degradation, 'X' can be determined using equation (19).

ap
®  The slope (—gb)teo can De obtained by substituting

the value of 'K' in equation (20),

8.  The limiting chain length is obtained by solving
equation (21) for 'y' after substituting the values

of K and (dPWt)t 3
at =
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However, it should be pointed out that using equation
(21) is not satisfactory mo*atemining absolute values of

'y since a small error 111( produces a very large

)t=

error in 'y'. This can best be illustrated by calculating
ap,

the change in ( Wy ) due to a small change in 'y' which,
at  t=o

vhen carried out, gave:

ap
W,
a 4

= 0,022153 (22)

for y =744 and P = 1650

It is obvious from equation (22) that a 1% error in
the value of ("‘"‘t)t=o will give rise to 45. 14% error in
the value of y.

Although equation (21) does not give accurate absolute
values of 'y', yet it can be used successfully for illustra:
tting the influence of the different factors on the limiting
¢hain length y, provided the procedure recommended ebove is
adopted in all the calculations for all the polymer samples
used,

G‘? EFFECT OF INTEISITY OF ULTRASONIC WAVES,

In attempting to explain the dependence of 'K', the rate

Constant of dgradation,on the intensity of ultrasonic waves,
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it was assumed in a greement with Jellinek(s) s that the force

acting on one macro-molecule can be represented by the forms:

£ = £, ein (vt - #) (28)
‘where o = %5 is the angular frequency, T is the periodic

time and ¥ is a phase angle.

This 1s a reasonsble assumption,in view of the fact
that ultrasonic waves are sinusoidal in form and travel
through solutions with constant velocity.

The two @seé which are likely to represent the dynamics

of ultrasonic degradation are:

(1) The number of molecules AN « of length x broken in a

- time 1nter7ra1 dt is proportional to the difference between
the force acting and the force 't required to break a C~C
bond, 1.e.,

an, o« (£~ 1) N at

(11) The number of molecules de is 1ndependen1i of (£ - ¥)
during that part of the cycle where f is greater than ¥,
i.e.,

The total number of molecules broken in a time interval

dt is given by:



FIG.SI. FORCE EXERTED ON LONG CHAIN M
AS FUNCTION OF TIME. OLECULE



148,

X=00 X=CO

Spaa Wy = 2., By (£-1) Noat

where 61 is a constant of proportionality and N_ is the

number of chains of length x. . .
From the shape of function £ shown in Figure 61, the

times t1 and t, at which the force has a value of ¥ are given

2
by the relation.
| tg-:-l-sinl (--l-)-é)-2 _ (24)
o
hence if sine-_»-l-
, fo
. g+0 )
o o tig w ‘ 3
ty = g+ x-06 ) (25)
)] )

The mgero-molecules will only be broken durling these
time intervals when £ )¥ and it can be shown that the total

number of chains of all lengths broken per cycle is given by:

o g 0
No = of Npdx =288y of (£-v)at J N _ax
. ty
. 28k o (evlas (26)

P+ 1
where Nc is the total number of chains broken per cyecle.
The number of chains broken per second, l.e. the rate
of seission will be given by:

ay _ W Byl

at 2% x(P+1) t1

""2
(f - v)at
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Evaluating the integral, the rate of scission can be expre-

:88ed in the form:

28, —4
+ 11— - T | fﬁ - 'rg - 1« cos™® %— ] (87)
at x(P+1) 0

The same rate of scission can be evaluated from equations

(14), (18) end (16). Such evaluation gave:

‘@ ANy, .
B, r (—bax = kN, (28)
a o at

From equations (27) and (28) and assuming that P+l = P, the

value of 'K' can be expressed in the form:

Ka [ fﬁ-?z-vcos'l-%i-] (29)
%P ‘0
Case (ii),

The number of molecules dI\Ix broken in a time interval
dt is independent of (f = ¥) auring that part of the cycle
where 'f' is greater than 'Y'

io €oy de = ﬁa Nxdt

Following a similar treatment to that carried out in Case (i)
it can be shown that the value of K at the beginning of
degradation, i.e., at t = 0, is given bys

28, -
K = -‘---g-cosl-fx-
=P o

(30)
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In order to find out how does ‘XK' depend on the intensity
of ultrasonic waves, it is necessary to know how the peak
force fo acting on the macro-molecules depends on the inten-
:8ity. In the light of existing theories for the mechanism
of degradation, both the frictional forces theory according
to Scrm1a{®), and the 11quid hammer theory discussed by
Jellinek and White(E') s, lead to the conclusion that:

£, = @ Vg (31)
where VB is the maximum velocity of the solvent molecules
resulting from the propagation of ultrasonic waves in the
polymer solution and ‘a' is a constant, provided the same
polymer/solvent sample is used in all the degradatiqn runs
and the ultrasonic frequency is maintained constant,

However, for the sake of simplicity under the experi-
imental conditions of this investigation, ‘V.' the velocity
amplitude of the solvent is proportional to the voltage
applied to the electrodes of the c;eystal transducer, which
is, in turn, proportional to the D.C. anode voltage Vg of
the ultrasonic generator, as can be deduced from Fig.(81),
Therefore, £, = constant Va (32)

For constant ultrasonic frequency and using the same

polymer solution the theoretical values of K were calculated
from equations (29) and (30) for different values of f o°



o9ls ™ s iU\w._:—.tt.o g1 =1 ‘Al

WO/SLLVMS T =1 W Wo/siivmess = 1 M WO/ SLLYME'Y = ALISNIINL )
mu_._._mzu.—.z ._.Zumuwn_—o v uz.mm>._.m>JOn_ 40 NOlLVaVuD3d -2S *Oid
SUNOH NI NoiLviav¥ll 40 mi o . o . .

3
\ o ¢

9

B W1ONI1 NIVHD JovHIAY IHDIIM



14:8.,

Furthermore, since 'v', the force required to break a C=C
bond, is constant, the different values of £, were taken as

multiples of ¥, ,
Thus equation (29) representing Case (1), can be put

in the form: .
. 5 A |
P Y o A

and by teking £, = S8, where 8 can take any value greater

2By

®K m =2 [/8% - 1 - cos™t 1] (34)
%P S

Similarly for Case (ii) :

. 25 ) ':“.
Ka—2 cos”l % (85)

=P

Experimental.

A number of 25 mls, samples of a 1% yt,/vol. polysty-
trene in benzene were irradiated by 0.76 Me./sec. ultrasonic
waves, Values of the weight average chain length during
degradation by ultrasonic waves at different intensities are
given in Teble XI and plotted against the time of irradiation
in Figure 52.

A preliminary deduction from Fig.52 is that by increas-
ting the intensity of ultrasonic waves the rate constant of

degradation 'K' increases, while the limiting chain length
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'y! decreases. However, the manner in which 'K' varies with
intensity can easily be deduced by considering equations

(32), (34) and (36). In Teble XII theoretical values of

the rate constant of degradation calculated for the two

cases discussed above, are given in columns (2) and (B)

while the experimental values of 'R' at different intensities,
given in column (5), were calculated from equation (19).

Since the values of the constanté 51 and B2 are
arbltrary, two values were selected'which gave the best agree-
tment with the experimental results. The values chosen -
were: . - : ‘

By = 28 qyne™ pr,"
and B, = 8,545 hr,” 1 for Case (11).
In Figure 53, the values of 'K' are plotted against the

1 ror Case (1);

ultrasonic Fforce f,'. The theoretical values of '£,* are,
as mentioned earlier, given by £, = 8Y, Where"S' is a |
constant and can take any value greater than 1, whilg the
experimental values of 'fo' are subgtituted by the D.C. anode
voltage of the ultrasonic generator,

It is quite clear from Figure (653) that the experi-
tmentel values of 'K' agree very closely with Case (1) in
which the number of molecules dN broken during an interval
of time dt is proportional to the difference between the force
acting and the force 'v' required to break a C-C bond,
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b. Dependence of Limiting Chain Lenzth 'v' on Intensity.
The twocases which illustrate how the rate constant
depends on the intensity of ultrasonic waves, were discussed
‘briefly in the previous section. In order to find out how
the limiting chain length 'y' depends on intensity 1t is
necessary to know how the peak force 'fo' depends on 'y*,
However, this knowledge should be based on a clear picture
of the meghanism by which long chain moleeules are like;y to
be broken. Two such mechanisms were mentioned earlier,
Considering the first mechanism suggested by Sehmid(s),
it was assumed that the polymer molecules and the solvent
molecules will respond differently to the ultrasonic waves,
This will result in a relative velocity between the solvent
and the long chain molecules, This relative velooity can
reach its maximum value if the polymer molecule can be
considered as rigidly fixed,either due to i1ts own inertia
or as a result of entanglements with other molecules, However,
if the polymer molecule is replaced by a frictionless thread,
having spheres at regular intervals along its axis repre-
tsenting the benzene rings (radius 3 A.U.), the total frict-

tional foree can be calculated from Stoke's formula:

£, = P.6mw Vg (36)

where 7 is the viscosity of solvent,
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r is the radius of benzene ring,
P is the average chain length of polymer molecﬁle,
and VB is the maximum velocity of solvent molecules.,

Under_ experimental conditions' 6%x9r is constant and

therefore:
£, = & PV, (37)
'al' being a constant.

Again, if we comnsider the second mechanism for the
breakdown of long chain molecules, discussed by Jellinek(s) ’
the polymer molecules are broken by a liquid hammer result-
:ing from the impact forces set up when the solvent mole-~
scules collide with them., From dynemical considergtions
the force acting during collision on the polymer molecule,
which :lé assumed fixed at both ends, is given by the relation:

p & Pa (PR Y,
£ = /o

where p is the density of solvent in gm./c.c.;

- (38)

6 is the spacing between monomer units in cm, ;

d is the diameter of benzene rings in cm,;
2 is the wavelength of ultrasonic waves in cm,

As in the case of equation (36), the value for 'f o'
given by equation (38) can be put in the simple form:
£, = @y PV, (39)

‘a,' veing a constant,
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The two mechanisms, virtually, give similar dependence
of the peak force 'fo' on the initial average chain length
and the maximum solvent velocity 'Vé', as expressed in
equations (87) and (39), It is safe, therefore, to consider
the general expression for ’fo' to be of the form:

£, = a PV, (40)
where ‘a' is a constant of proportionality.

Furthermore, since 'Y' is the force required to‘hreak
a C~C bond, it is justifiable to assume that the rate constant
of degradation 'K' has a zero value when fo = Y. Under this
condition 'P! will have the limiting value of chain length,
il.e., P=y.

Therefore, Y=oy (41)
Equation (41) indicates that as the intensity of ultrasonic
waves is increased, 'Vé‘ ﬁill increase and, consequently,

'y' must decrease since 'Y', the force required to break a
C-C bond, is constant.

From equations (40) and (41) we get the simple relation:

£ P
79- = -i (42)
fo
Introducing this value of %=, equations (33) and (80) can

be written in the form:

28.Y 2 -
K = —ple [1/(5) ~1-coel & ] (43)

for Case (1);
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-and 2B
K = Eﬁg .cos-l () (44)

p
£or Case (ii).

‘P' the initial number average chain length in both
~equations (43) and (44) is constant and for the polymer
sample used P = 1680, Theoretical values of ‘K' for both
cases were calculated by giving different values of ‘y' as
~ a fraction of 'P', i.e., y = m P, where 'm® is a fraction
which can take any value between zero and 1, l.e.,

o m {1,

Thus equations (45) and (44) giving the theoretical

values of '4' for Case (i) and Case (ii) can be put in their

final forms:

2

28,Y 1-m , -

Ko —i- = - cos 1n] (45)

nP m
for Case (1) , and

28

Ke —= cos lnm (46)
xP .

for Case (ii)
In figure (54) the thcoretical values of ‘L' cal-

tculated from equations (45) and (46) are plotted against
'y' and compared with the corresponding experimental values.
The values of 'i' are given in Teble XIII,
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Inspection of Figure 54 shows that the experimental
values of the rate constant of degradation are in reasonable
agreerent with Case (i).

Considering equation (37), the product 'y V,' is known
to be constant. Furthermore, since 'Vé', the ultrasonic
velocity amplitude of solvent molecules, is proportional to
'Va' the D,C.anode voltage, therefore y V, = constant, i.e.,
the relation between limiting chain length ‘y' and the D,C.
anode voltage 'Vé' can be represented by a rectangular.
hyperbolao

Theoretical and experimental values of 'y' plotted against

'V.* in Figure 55 show a reasonable gualitative agreement.

¢. Discussion.
It should be pointed out at this stage that the discussion

to follow is basically qualitative. Any attempt to draw a
quantitative conclusion is bound to be misleading in view of
the fact that the degradation of polymer solutions is affected

by two distinct types of forces, namely:

(1) forces due to ultrasonic waves proper, and
(2) forces due to cavitation which may result in

shock waves or liquid hammer or otherwise,
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Consequently, since existing theories on cavitation
produced by ultrasonics, its inception, and particularly the
factors controlling its effect, are by no means complete, it
will be difficult to analyse its effects, let alone its exact
role and contribution to the process of degradation. farther-
‘more, the mechanism of degradation by ultrasonic waves alone
is still a matter of conjecture if not of controversy.

However, it is reasonsbly clear from the experimental
results that the ultrasonic intensity has a marked effect on
the degradation. The experimental values of the degradation
perameters 'X' and 'y’ secem to agree qualitatively with
Case (i).

For quantitative study of the influence of intensity
on the degradation parameters ‘K' and 'y', the constants
31 and B, should be, strictly speaking, constants of propor-
*tionality between degradatlon parsmeters and the ultrasonic
force °fo', where 'fo‘ can be substituted either by the D.C.
anode voltage of the driving oscillator or by the pressure
amplitude of the ultrasonic wave 'po'° However, in assign-
ting values for Bl and 32 to fit the experimental results,
the effect of cavitation was included. Furthermore, it was
implied that cavitation intensity (severity) increases linearlj

with the increase of 'f_' or ’Vé'°
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That the severity of cavitation increases linearly
with the increase of ‘fo' cannot be assumed without reser-
tvation, The only available information on this subject
was reported vy Noltingk and Neppiras(?) who studied the
cavitation produced by ultrasonic waves,

Unfortunately, the differential equations expressing
the growth and collapse of cavities are insoluble mathemat-
tically and, consequently, any quantitative interpretation
of the results reported in this section along that theory(v)

is, at the moment, out of thequestion. However, on the

collapse, Woltingk and Neppiras, from a number of solutions of

their equation on a differential analyser, predlicted the manner
in which cavitation intensity (severity) would be affected
when the pressure amplitude of the ultrasonic waves is
increased.

For a constant frequency of ultrasonic waves and cons-
:stant hydrostatic pressure in the liquid irradiated and fixed
size of nuclei present in the solution, it follows according
to Noltingk and Neppiras that there exists a lower threshold
of ultrasonic intensity or, more preciselys ultrasonic pressure
arplitude “po' below which cavitation can never occur, Further:
-more, an uwpper threshold in 'p,' appears to exist, above which

cavitation would be suppressed.
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Considering the polymer solution used in this investi-
tgation, it will be assumed that the size of nuclel necessary
for cavitation inception depends on the initial length and
shepe of polymer molecules in solution, Consequently, the
initial sizes of nuclei (Ro) are independent of intensity
and can be considered constant.

A qualitative picture for the effect of ultrasonic
intensity on cavitation severity can thus be predicted. The
cavitation intensity (severity) increases rapidly, as the
ultrasonic intensity 1s increased, until it reaches a peak
value, Any further increase in ultrasonic intensity will
result in a diminishing cavitation intensity until the upper
threshold is reached and destructive cavitation would event-
‘ually cease to occur, Noltingk and Neppiras gave P, = 6.6
atm. as an upper threshold above which.destructivg cavitation
will be highly suppressed due to incomplete collapse of
cavities,

Although the value of p, = 6.5 atm. was predicted for
a hydrostatic pressure in the liguid P, = 10° dynes/cm?®
angular frequency w = 9 X 10* rad./sec. ana initial nucleus
size Ro = 3.2 microns (see Fig.ié), yet according to theory |
they claimed thatthe threshold value of 'po’ is independent

of frequency and not very d&pendent on 'Ro' provided that
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’Ro' is well inside the cavitation range of nuclei sizes,

It should be pointed out that the prediction of thresh-
:0lds in “po' from the theory was based on the assumption
that cavities maintain their spherical shape during collspse.
Thie assumption is not by eny means always Valid(a)° Kornfeld
and Suvorov(g) found polygonal shapes of cavities at lower
acoustic intensities when their bubbles were presumably not
cavitating. However, since this assumption is not completely
beyond dispute; it is sensible to accept the predictions of
the theory with reservations. For example, the upper
threshold of ‘po° may not be independent of frequency or its
value may be more than that predicted by theory. ‘

However, it is safe to conclude that cavitation inten=-
t8ity (severity) does not increase linearly with the increase
in ultrasonic pressure amplitude (considered proportional to
D,C. anode voltage of oscillator). If this conclusion is
accepted, the deviation of the experimental values of 'L
in Pigure 54 from their theoretical values of Case (1) can
therefore be anticipated. In addition, it can be deduced
from the same figare that the upper threshold of 'p ' is
8reater than 7.5 atm. which is roughly the maximum ultra-

‘sonic pressure amplitude used in this investigation,
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d. Conclusions.

The following conclusions can be derived from the exper-

timental results and theoretical considerations:

1. There is a minimum ultrasonic intensity below which no
degradation takes place. This threshold of intensity is
gspproximately 3.126 watts/bm?, when the weight average chain
length of the undegraded polymer sample is 3260,

2. The assumption made in developing the theory of degra-
tdation of addition polymers by ultrasonlic waves, that the
rate constant 'k' is 1néependent of chain length above a
limiting value, seems to be valid. However, this validity
can be obscured under certain experimental conditions by
factors like initial average chain length, frequency of

ultrasonic wavesycavitation inception.

3, The experimental rate constant curves appear to agree
closely with Case (i). It is the author's opinion that
neither of the two theoretical mechanisms mentioned in
this work gives a complete and satisfactory picture of the
dynamics of the degradation of long chain molecules, and
furthermore, that the true mechanism is not likely to make

the results obtained less valid.
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4, Considering the existing megns of producing intense
ultrasonic waves in practice, it seems unlikely that degra=-

tdation of polymer samples down to monomer can be expected.

D. EFFECT OF INITIAL CHATi: LENGTH,

The dependence of the limiting chain 'y' on the initial
average chain length was mentioned briefly at the end of
Chepter IV, Based on the experimental observation, that
the weight average chain length at the end of degradation
ie almost independent of its value before degradation, it
was shown by equation (38), Chapter IV, that as the initial
average chain longth 'P' decreases, the limiting chain length
'y' increases. This behaviour was considered to be consis-
itent with the physical picture of the degradation mechanism
sugrested by Schmid. .

However, this change in 'y' for a change in 'P' is very

small indeed, as illustrated by equation (39), Chapter IV,

b. ce of K the i hain len o

In order to investigate theoretically the dependence
of the rate'constént 'X' on the initial average chain length
'P' it is assumed that the limiting chain length y is inde-
:pendent of P. This assumption is justifiable since the
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changes in y due to a change in 'P* are so small. The error
that may arise from this simplifying assumption cannot exceed
6% and consequently is unlikely to invalidate any conclusions
derived from the following analysis,

Equations (43) and (44) pave the theoretical dependence
that would exist between K, P and y for cases (i) and (ii)
respectively. As mentioned sbove y is considered constant
and P for simplicity will be considered as a multiple of y,
i.e., P = ny, where n can take any value greéter than one,
i.e.; n > 1.

With this simplification equations (43) and (44) can

be put in the form:

2B.Y
Kg——:-l-[\/znl-»ooslé] (47)
n
for Case (1);
and 28 |
2 ° "1 _1_.'
K = Ty | €08 = (48)

for Case (ii).
¢ Experimentel.

Four samples of 1% polystyrene in benzene of different
initial average chain length were irradiated by 0.756 Mc. per
sec, ultrasonic waves of intensity 12.5 watts/emS. in the

solution proper. *he degradation process for three samples

was followed for 35 hours to confirm the fact that the chain
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length at the end of degradation is almost independent of
the initial chain length velues, while the degradation of the
4th sample was followed fof one hour only. The results of
the four degradation runs are given in Table XIV, The
welght average chain length of the first three samples
decreases with the time of irradiation in the manner shown
in Pig.b66, while the early stages of degradation of the four

samples are presented in Fig. 57.

d. cus

The degradation curves shown in Fig,56 confirm obser—
ivations by previous investigators who reported that fﬁe chain
length at the end of degradation is almpst independent of
initial chain length of polymer samples, However, calcula-
ttion of the limiting chain length 'y' for the different
samples showed that it can be represented by:

y = 750 & 4%
This value justifies the assumption that y is constant in
equations (47) and (48).

The experimental values of the rate constant X' at the
beginning of degradation of the different samples were cal-
iculated from equation (19). The theoretical values of K
were calculated from equations (47) for Case (i) and (48) for

Case (11), with B, = 2278 ayne™ nr.”' ana 6, = 1.475 nr,~%

Y
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as the best values to fit the experimental results. Both
experimental and theoretical values of X are given in Table
XV ana plotted against chain length P in Fig, 58,

Fig.b8 shows that the experimental values agree closely
with Case (i) up to point A, The rest ofAthe experimental
curve, i.e,, ABC shows an anomolous behaviour, Similar
behaviour has been observed by Jellinek and White£5) who did
not give any explanation for the observed rise at point A,

A detailed study of Fig,58 and he similar curve reported by
Jellinek and White(s} showed that a certéin relation exists
between the two curves. In both curves the following re-
-lation holds reasonably well:
Frequeney of ultrasonic waves 'f' x chain length Py
corresponding to point A = constant.

Numerically the product f£P, = 4300 x 0.5 x 10%= 2,16 x 10°
deduced from Jellinek's curve,

end = 2650 x 0.75 x 10%= 2.0 x 10°
deduced from Figure 58,

Considering that Jellinek's investigation was carried out
on a homogeneous sample of polystyrene in benzene while this
investigation was carried out on a heterogeneous sample, the
constancy of the product wa in both cases was considered
to be significant of a frequency effect. If one assumes

that some sort of resonance takes place whenever the product
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wa =2x 109 or i1ts multiples, t@erefore the anomolous
behaviour shown by the part ABC of the curve can be easily
explalined. Approaching resonence the rate constant of
degraéation will gradually increase until point A is reached,
and immediately after the rate constant will d ecrease because
of the antiresonance. The increase in rate constant at A

is not peaky as was the case with the homogeneous sample of
Jdellinek., - This was considered to be due to the heterogeneous
nature of the polystyrene sample giving a broader response

to resonance.

Furthermore, the postulation of the existence of a
resonance effect implies that there will be a second peak at
a chain length of 5320 and a third at Pw = 7980 and so on,
According to this picture 1t can be concluded that the occur-
:irence of resonance has to satisfy the condition:

Pf = 2x10°C (49)
where C = 1 for the fundamental;
| C = 2 for the second harmonlc, and
C = VS for the third harmonic and so on.
In addition to this resonance effect there is again the effect
of éavitation. Under the conditions of this experiment,
the frequency and intensity of ultrasonic waves were kept

constant. The only variable paramcter which may have some
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bearing on the intensity of cavitation is the initial chain
length. Horton(lo) investigated the effect of intermolecular
bond strength on the onset of cavitation. He concluded from
his experiments on bacterial cells, that cavitation occurs
most readily when the interfacial linkages between the cell
and the surroﬁn@ing liquid are weakest, The inference from
his cdnclusion/ézat it may not be too erratic to consider,

by similarity, that cavitation occurs most easily when the
linkage between polymer molecule and solvent mblecules is
weakest, Amplifying this inference it may be said that the
polymer molecules appear to be potential nuclei for the onset
of cavitation, i.e., the chain 1ength is related to Ro in
Noltingk's theory mentioned earlier. Furthermore, this
point of view coincides with Frenkel's statement (11) that

in high polymer solutions molecules of the solvent stick to
the dissolved polymer molecules in the same way as to the
walls of the vessel containing the 1iquid,‘or to the surface
of macroscopic solid bodies immersed in it. The 1atter

cases are considered as potential nuclei for cavitation,

The conception of cavitation nuclel, presented above,
may have a certain effect on the cavitation intensity and
consequently on the rate constant of degradation, | Parallel
to that, the selected numerical values of 61 and 62 would be

affected.
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e. Conclusion.
The following conclusions can be drawn up pending

further experimental confirmation.

1. Degradation of addition polymers by ultrasonic waves
is frequency dependent, Consequently degradation can be
effected by ultrasonic waves alone in the absence of cavitation.

2. Some resonance effect takes place whenever the product

of £P_ is equal to or multiple of 2.0 x 10°,

Pending further evidence it is possible that the length
of the polymer chain affects the size of nuclei in the polymer

solution,

E, EFFECT OF FREQUENCY OF ULTRASUNIC WAVES,
a, Introduction.

A complete study of the dependence of degradation of
long chain molecules on frequency of ultrasonic waves should
cover two main aspects; namely;

(1) the effect of freguency on-caéitation intensity (severity)
which plays the masjor role in the process of degradation, and
(i1) the effect of freqnency on the degradatibn parameters

K and y. | | ,
‘ donsidering the first effect, 1t was mentioned in Chapter
I that there exists an ﬁpper threshold of frequency beyond
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which no cavitation occurs. This threshold depends mainly
on (1) the initial size (radius R ) of the nuclei present in
the liguid, and on (2) the pressure amplitude 'PO' of the
ultrasonic waves, Unfortunately the cavitation nuclei
cannot be controlled neither in size nor in nature. Conse-
tquently, any detailed study of this aspect is limited by
the incomplete knowledge of the nature and dimensions of
nuclei in high polymer solutions,

(12) suggested the existence of an optimum

Gaertner
frequency at which cavitation intensity reaches a maximum,
He expected this optimum frequency to be below 2 or 1 Mo,
per sec, furthermore he predicted, from a simplified theory,
that cavitation will almost be suppressed when the frequency
exceeds 2 lec., per sec. On the other hand Npoltingk and
Néppiras(v) predicted a higher frequency threshold of 10 Me,
per sec., (under specific conditions) beyond which cavitation
will not occur.

Reverting to the effect of frequency on K and y,
investigations on the degradation of long chain molecules
vith different initial average chain lengfh should provide
more evidence about the occurrence of resonance, Schmid
and P0ppe(13) investigated the frequency dependence of
ultrasonic degradation of long chain molecules using three

different frequencies, The three frequencies were 284 Xe/sec.
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from & piezoslectiric transducer and 10 Ke. and 178 Ke/see.
from a magnetostriction transducer. They found that the
rate of depolymerisation of polymethylmethacrylate in dben=-
tgene is nearly independent of frequency in that range.
However, it is safe to say that their analysis was not com~
:plete, and it is guite likely that their sample was in fact
affected by the 284 Kc/sec. freguency. That this msy de
the case can be roughly verified from the product wa Tfor
their sampie.

~ fP_ = 7000 % 284 x 10° = 2 x 10°
This value is the same as that deduced in the previous section,
Inspection of ¥ig.3, after Schmid and Poppe, shows that ths
polymethylmethacrylate sample irradiated at 300 Ke/sec.
(284 Kc/sec.) responded somehow differently, Mark(14) and
Crawford(15) remarked that this sample is very suscepitible
to degradation without giving any reason for their remark.

Could this behaviour be interpreted as a frequency effect?

b. Experimental.

The fregquency of the ultrasonic waves was changed by
changing the tank cireuit coil of the oscillator, Two coils
were used; the first coil gave a frequency range 0.5 - 1,298
Me/sec. while the second made it possible to cover a range
of 0,756 - 2,0 YMc. per sec. <Thus it was possible to apply
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ultrasonic waves, of constant intensity, having different
frequencies to the high polymer solutions,

Samples of 25 mls., of 1% polystyrene in benzene having
different initial average chain length were irradiated by
ultrasonic waves of intensity 12.56 watts/bm? having a fre-
tquency of 0,75 lc/sec.

This process was repeated with frequencies of 1.0, l°é5,
1.5 and 2 Me, per sec. Results of these irradiations are
~ shown in Table XVI and represented graphically in Figures
59, 60, 6% and 62, from which values of K were deduced using
equation (19),

¢. Discussion.

It was convenient for easier interpretation to represeht
the results in the form given in Figs. 63, 64, 65 and 66,
Each of these figures illustrates clearly the effect of
increasing the frequency on the degradation of polystyrene
in benzene samples.

All figures have the following features in common:

(1) Irradiation by 2 Mc/sec. ultrasonic waves resulted

in a very slight degradation taking place.

(i1) Increasing the frequency of the applied ultrasonic

waves from 0,75 Mc. per sec, caused an increase in
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resulting degradation, Haximum degradation seems to
take place at a frequency of 1 Mc. per sec, A fupr-
:ther increase in freguency caused a reduction in
degradation, |
However, it can be easily deduced that the optimum fre-
:quenéy}at which the cavitation intensity reached its maximum
and consequently produced maximum degradation is about 1 Me.
per sec, This result agrees with the predictions of Gaertner
and differs quantitatively from thepredictions of Holtingk
and Neppiras. |
The rate constant of degradation K in each of the above
mentioned degradstion runs was calculated from equation (19),
Calcuiated values of K are shown in Table XVII in a conven=
‘:1ent way for their ianterpretation,
Hypothetical values of Pw which s atisfy the condition,
£p = 2x10°¢
were entered in red print in the table, while the mode of
vibration is given in blue type. The values of '¥X' shown
in the Table are plotted against chain length in Fig,67.
However, the curves in Fig.67 are conjectural and are drawn
to fit the experimental results and at the same time to
satisfy the above condition for the occurrence of resonance,

The experimental values of K seem to fit in the curves quite

reasonably.
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Comparinglthe different curves in Fig.67 which includes
the experimental curve in Fig 858, it can be easily observed
that the relative values of the rate constant of degradation
for different initial average chain lengths were not maintain-
‘:ed when different frequencies were used. This observation

However, this observation wgs the main experimental

feature which gave rise to many speculations regarding an
alternative mechanism by which long chain molecules could
be ruptured when irradiated by ultresonic waves, and which
is frequency dependent.

In attempting to outline such a mechanism which may
account for the dependence of degradation on frequency and
chain length the following assumptions were made:

1, The long chain molecule is to be represented by a
frictionless thread having spheres of radius 3 AU,
represenging the benzehe rings, attached to its axis at
equal distances of 3.00 A.U., the distance between two

successive benzene rings.

8., The chain is fixed at both ends, and for simplicity
has its length at right angles to the direction of propa-

tgation of plane ultrasonic waves. This assumption differs
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from the assumption made by Schmid(e) in which the chain was
considered to have one end fixed while the other is free to
follow the ultrasonic waves, Furthermore, this assumption is
Justified by the fact that the probability for one end of the
chain to be fixed is the same as the probavility of the other
end.

3. There will be no tension along the axis of the C~C bond
during the motion of the chain,

4, The effect of side groups and hindered rotation is neglected.

5. The bond angle is taken as 180° instead of 109° 26' for
geometrical eimplicity.

With these assumptions in mind the long chain molecule
is represented in Fig.68. The small circles represent the
benzene rings, The forces causing the motion are frictional
forcesA resulting from the motion of solvent past the benzene
rings. Both solvent and solute molecules will follow the
wave motion differently giving rise to a relative velocity
between the two. When the chain molecule is set in motion
the bond angles will change, inereasing and decreasing in quick
succession, Since about 1000 cal.per mole is the energy
required to cause a change of 10° in the bonad an'gle from its

minimum energy value, therefore a restoring force will come
into action to maintain the minimum energy configuration of
the chain moZ_Lecule.

Assuming that oscillation of the long chain is poss-
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:ible, resonance will take place when the mode of vibration
of the long chain molecule has its natural undamped frequency
the same as that of the acting external force and their ampli-
studes are in phase. Under these conditions the equation

of the undamped motion of the nth benzene ring will be given
by:

m ¥, +aly, - 22Tl = 0 (50)
where m is the mass of the benzene ring or mass of monomer
unit; Yne1? Y Yp.q0 are the displacements of the n+l, n,
and n-1 spheres from the equilibrium position at any time t.

a is a restoring force per unit differential dis-
:placement (deformation constant) which can be calculated from

energy considerations,

ot %yn*eyn'ym-l'yn-l = 0

ir Vo = A elvt (61)

°"o Ape1 + VA, + A = 0 (82)
: v 2 ' '

where vy = 210 _g , (63)

x

If there are P units in the chain, P such eguations
are needed and since the chain is assumed to be fixed .at
both ends, thei'efore: ”

AO = AP+1 é 0 |
The following set of equations will therefore

represent the motion of the long chain molecule:
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YAl + A-g aooo-oooe.o...oo.oc? =o j

Al +YA2 4+ Aa 9900000000000 00 = O j
Az +YA L A EEEEEERX] = 0 ) (54)
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Equation (64) represents P homogeneous linear equations for
Ags A2 oso Apy 8N4 in order that they may have a solution,

Y must be a root of: |
¥ 1 0 0 0 ceeceo

1 Y 1 o o 0 ae e 0 e O

Dp= = 0 | (56)
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which is the frequency equation.
Expanding the determinant we get:

D, = D

[—2 o
p-1 = Pp-g =

Sueh recurrence relation has the solution:

Pp = 81§1§*§;Q
where ¥ = 2 Cos O (86)
Therefore: | |
Dp = 0 1if sin(P+1)6 =0
l.e. (P+1)o = Cx
or 6 - S (67)

Pe+l
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where C is an integer that can take any value between 0 and
P.
From equations (63), (656) and (57)

2 ;
P 2 m Cx
o -2 = 2 Cos ~—-P+1

The lowest natural freQuency of vibration is given by:

C -4 P,
2
2mw PE. _ - <X
i.e., -—-g—-—- -2 = 2C0s g7 = 2Cos (% -~ giy)
= =2 Cos ff'-'i' : (68)
since P is large, by expanding in power series, we get:
x 1:2
Cos s l = = 3 as a first approximation,
+ 2(P+1)
Therefore equation (568) can be written in the form:
m w2 - w2
« 2(Ps1)”
. x .
or w =251 V 2

Considering P+1 = P for P large, the natural frequency of
vibration is given by: | '

1 o
£ = 2P\/2""'m'
1/ a
1y f* = 3/tm (9)

Similarly for the next mode of vibration, C will have a value
of P-1, and following the same treatment we get the frequency

of the second mode of vibration as @
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Hence, the frequency of vibration of the undamped long chain
molecule is given by the general expression:
C/[a
P = g 5 A (61)
where C is an integer which cen take any value between

1 and P depending on the mode of vibration;
and% /59‘-;; is a constant that can be evaluated.

Comparing the théoretical condition for the occurrence
of resonance given by equation (61) with the deduced econdition
from experiment, i.e., wa =Cx2x 109, it seems that the
similarity between the two conditions is unlikely to be a
mere coincidence. However, for nnmeriéal evaluation of the
theoretical value of the product fP, we consider the value
of 'm' and ‘af,

0“22gma. for a benzene ring,

m =17x1

The value of the deformstion constant 'a' varies
considefdbly and itAdepends on the type of molecules whether
triangular, pyramidal,‘tetrahedralkor symmetrical chein
molecules, For an energy of about 1000 eal./mole required

tO cause a deformation of 10°, the calculated velue of

a = 10* dyne/em,’
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For the fundamental mode of vibration of a long chain
molecule, the theoretical value of the product fP is given by:

. - ,
£P = -é-/ 10 . . 2.71 x 2018 (62)
2x1-7x10

compared with 2 x 10g as determined from experiment. Obviously
the theoretical value of 'fP' is far greater than the experi-
tmental, waever, this big difference should not invalidate
the close similarity between the theoretically derived and
experimentally deduced forms of 'fP!.

A brief review of the possible degradation mechanisms
suggested by previous workers in this field is of paramount
importance in illustrating the intricate nature of this pro-
tblem, Moreover this review should account for the discrep-
iancy between the two values of 'fP' and the assumption that
the chain length is fixed at both ends,

Szalay(ls), from a comparison between colloidal
particle velocities due to thermal agitation (causing degra-
‘dation) gnd particle velocities due to ultrasonic waves -
derived from intensity measurements - considered the increase
in the veloéity of colloidal particles, due to ultrasonic
waves, as the cause of degradation. According to his con~-
iception macromolecules having greater velocities than

8olvent molecules will have greater kinetic energies. He

believed in the ransformation of this vib (¢) LAYy
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by uniknown methods. to the activation energy o ol
ileation,

Thieme(lv) in another attempt to explain the mechanism

of degradation, suggested that collisions between macromole~
icules are strong enough, due to their increased kinetic
energies in the presence of ultrasonic waves, to cause degrs-
tdation., Comparing the length of a macromolecule
( 6 x108 cms. ) with the wave length of ultrasonic waves
( 4ax10? cms. ), collisions between macromolecules seem
unlikely to take place, If the macromolecules are free to
move they will follow the wave motion without collision,
On the other hand, if they are constrained from motion their
response will depend on the way they are constrained, and yet
in no case will there be a possibility of collisions, which
can céuse degradation,

Schmia(®) suggested a third mechanism for the degra-

:dation, In view of the fact that i1t ls accepted as a
Possible mechanism by which long chain molecules can be rupt-

iured, it is relevant to discuss his suggested mechanism in
detall especislly if it is likely to elucidate the discrep-
lancy between the two values of 'fP',

Basically, Schmid analysed two extreme cases repre-
"seniing'the behaviour of a long chain molscule in an_ultra»

isonic field,
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Case (1).

In his first hypothetical case, he represented the long
chain polystyrene molecule (D,P. = 1000) with one benzene ring
associated to every second carbon atom by a frictionless thread
with spheres representing the benzene rings (radiug =3 A.U,)
attachéd to its axis at equal intervals of 3.0 A.U., (distance
between two successive benzene rings). He then considered
one end of the molecule fixed and the other end free to
follow the ultrasonic vibrations., The total friction coeff-
ticient is the sum of the Stoke's friction coefficients of
the single spheres, which will be 6%x7r x 1000 = 6 x lQ"s_gm°
sec,” Y, for 1000 spheres, and 7 = 10°2 gm, om.~% sec.”l,
Considering the maximum relative veloclity between solvent and
spheres to be equal to the velocity of solvent particles
(spheres fixed) == 20 em. sec.”l, the meximum frictional
force will be 2.4 x 10™% dynes, which is of the same order

of magnitude as that required to break a C-C bond.

Gase (44).

In this case he considered the macromolecule free at
both ends with no entanglements to constrain its response to

the ultrasonic waves. Considering the uhgijmﬂsgulg_gﬁ_gnﬁ

1ass my, its motion was represented by the equation:

v
mxztxnsv = 0 (63)
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where _
B is the total Sto}:e‘s friction coefficient = 6%, P,
P being the D, P. of the chain; |
Vi 18 the velo}ci‘ty of the long .chein molecule; and
Vr }15 the relative velocity of the molecule with respect
to the solvent molecules, i.e., V, = (VK ~ V), where
V is the velocity of solvent given by V = Vo eimt°
The solution of equation (63) is given by:

e - J

v, = . T, ol (wt=2) . 3
) J

B )

where #, the angle of lag = tan~i P “mK j
)

Substituting the numerical values, Schmid found that:

;a:_g = 5 x :l.O"'ff3 “which can be neglected compared to 1.

. «wm ‘
Therefore, Vr = -é-}go Vo ei(wt“m B (65)

The inference from equation (65) is that for a mobile molecule,

iree from entanclements, the relative velocity 'vr'.wnl be

equal to 6 x J.O"8 Vo for a frequency of 284 Ke./sec. gnd

conseqgu
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However, Schmid discussed the effect of entanglements
and aggregation in the iight of moderh theories of high poly-
imer solutions. Changing the effective length of the chain
by entanglements will have no effect on the ratio %5 and
consequently the value of f;& lwill remain unaffected. Hence
1t was concluded that the entanglements and aggregation will

cause an effective increase in the mass of the spheres.

Other molecules entangled with the spheres and the trapped and

immobilised solvent will effectively cause an increase in
its effective mass proportional to the (radius)® while the
increase in the friction coefficient will be proportional to

m,
the radius only and therefore ?r will increase as the sguare

L]

of the radius of the éphere.

Wiy

In conclusion he visualised that the value of -3—

that the quantity 7;f/ 14+ 3é " will be spproximately = 1.
Concurrently the free mobile molecule will become entang-
tled enough to justify his hypqthetical case yith the macro-
‘mo i e end only. (Why one end only? Why

not the two ends?).

Reverting to the discrepéncy between the}experimental
value of g x 10° and the theoretical value of 2,71 X 1018
for £P, it is obvious that the discrepéncy in this case,

¥hich is of the order of 103, is far less than the discrepancy
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in Schmid's case which is of the order of 108,

Following Schmid's ressoning it seems equally logical
to consider that the entanglements and aggregation of macro-
imolecules may modify the macromolecule's response to ultra-
:sonic waves, so that it can be simulated by a chain fixed at
both ends with effectively greater mass per sphere,

This conclusion can be further confirmed by a process
of successive elimination of the factors involved in equation
(59) in the light of the known and observed facts about high
polymersand their degradation,

The value of the deformation constant 'a' may change
8lightly if the effect of the hindered rotation and the com~
:ponent of whatever tension that my develop along the length
of the C-C bond in the direction of deformation, are taken
into consideration. However, the resulting slight increase
in the value of 'a' will have practically no effeet on the
theoretical value of f£P,

If the effect of entanglements and aggregation is to
increase the effective length of the chain P by 1000 times,
to bring the value of 'fP' to about 2 x 109, then the effecﬁive
chain length will be comparable to the wave length of ultra-
i8onic waves, Obviously, the effect of ultrasonic waves

would be to allign all such entangled molecules with their



183.

lengths parallel to the wave fronts of the pressure wave,
with the consequent dissociation of the entangled ends, with-
tout rupturing any C-C bond,

If, on the other hand, the length of chain is highly
increased by the addition of other chains of different lengths,
via end to end entanglements, to bring 'Pf' to experimental
value, then it will be difficult to see why any particular
chain length should have a direct effect on the rate of
degradation, as was observed by Jellinek(S) and as shown in
Pig. 68. |

Furthermore, the conception of an increase in the
effective chain length will not justify the assumption that
the chain is fixed at both ends. Hence, it seems unlikely
that a change in the effective value of 'P' will yield a
theoretical picture which can illustrate the experimental
results observed.

Finally, confirming that an inecrease in the value of
'm' in equation (59) is the outcome of the entanglements and
aggregation in the polymer solution, it should be emphasised
that an increase in 'm' 1s the only logical modification
that will render the macromolecule dynamically liable to be
ruptured by ultrasonic wévea, yielding results in agreement

with experimental observations. Further discussions of thie
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mechanism are given in Chapter VI, where in some calculations
the effective mass of the sphere is considered for comparison,

An obvious deduction from the above analysis is that
at very low concentrations, when no entanglements bf chains
are likely to take place, the ends of the chain molecule will
be free to move and the chain, as a whole, will oscillate and
consequently rupture of bonds will cease, No degradation
will take place. On the other hand at high concentrations
entanglements will be excessive and the long chain molecule
will be highly constrained., The polymer chains will behave
as a scaffolding resulting again in an appreciable decrease
in degradation. Thus one would expect an optimum concentra-
:tion at which degradation will be maximum, This picture
agrées with results of degradation of long chain molecules
reported by different investigators.

However, for a'complete analysis of the problem, the
effect of phase difference and demping hae to be considered.
In attempting to solve this part of the problem, the mathe-
tmatics became so complex that it was very difficult to
handle, Further comment on this aspect will be made in
the following Chapter.

Summing up, it can be stated that long chain molecules
can be ruptured by ultrasonic waves alone. The mechanism

by which C-C bonds can be broken involves frictionsl forces
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which cause alternate changes in the bond anglés, which
ultimately result in scission of the most vulnerseble 11nk(182
Furthermore, considering the d egradation curves, Figs, 63,64,
656 and 66 it is obvious that frequency has a definite effect
on the final weight gverage chain length. Consequently it
can be stated that the limiting chain length y, below which
degradation will not take place is dependent on the frequency
of ultrasonic waves in the range 0.5 - 2 Mc. per second,
Increasing the frequency beyond 0,5 Mc, the limiting chain
length y will decrease and will reach its minimum value at the
optimum frequency, at which cavitation intensity is maximum,
Beyond the optimum value any further increase in frequency
will result in an increase in the limiting chain length.,
Thus the limiting chain length 'y' below which degradation will
not occur is dependent on the frequency of the ultrasonic
waves; a fact which was ignored by most previous investi-

tgators,

d. Conclusions,

The following conclusions can be drawn out of the above

discussion:

1. The degradation parameters K and y are dependent on the

ultrasonic frequency in the range 0.756 - 2 Mec. per sec. as a




-} o.'so I.IO l.ll 1.0
FREQUENCY . MC. /SEC.
FIG.69. RATE CONSTANT OF DEGRADATION VERSUS

FREQUENCY. INTENSITY = 12.5 WATTS/7CM?
I Bw3744 N 8,=z3260 M. R=2460 IV. B = 1505.
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consequence of cavitation intensity. K increases up till
the optimum frequency is reached and then decreases, as shown
in Fig.69, while y decreases reaching a minimum at the optimum

frequency and then increases.

2. Superimposed on the continuous change in the value of

K isi;yclic change corresponding to resonance effects. A
similar cyclic variation in the-value'of ¥ should be expected
burely on & theoretical basis,

3. Resonance phenomenon occurs whenever the condition

2. = 2 x10% C.

4, The optimum ultrasonic frequency at which cavitation
intensity (severity) reaches a maximum is about 1 Moc. per

second.

6. Degradation of long chain molecules decreased markedly
~ a8 the frequency was increased beyond its optimum value,

1 Me. per second, <This is mainly due to the reduction in

cavitation intensity.

6. Cavitation produced by ultrasonic waves ceases at a

frequency of 2 Mc. per second or more.
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COMMERT,

It is the author's hope that the cutcams of the sbove
investigation of the effect of frequency of ultrasonic waves
on the degradation of long chain molecules will be considered
more informative as pointed out in Chepter II.

F., [EFFECT OF CAVITATION,
a. Introduction,

As mentioned in Chapter III the reaction vessel was
designed so that reflection of ultrasonic waves from its
bottom would be virtually eliminatead. The fixing of the
0.0005" terylene membrane at the bottom of the reection vessel
was therefore to ensure that the ultrasonie energy would be
transmitted through the polymer solution without any loses.

Degradation of high polymers by ultrasonic waves alone
without cavitation proved to be possible, following discussion
in the previous section. Only the amount of degradation
caused by cavitation at different frequencies of ultrasonic
waves remains to be estimated.

However, in order to confirm that cavitation would de
completely suppressed when the frequency of ultrasonic waves
is 2 Mc./sec. or more, degradation of polystyrene in benzene
solution was carried out under vacuo. The optimum frequency

for cavitation intensity was chosen for the ultrasonic waves
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o 0.5 1.0 ) 2.0
TIME OF IRRADIATION. HOURS.

FIG.70. DEGRADATION OF POLYSTYRENE IN VACUO.

I. 2MC./SEC._ ATMOSPHCRIC PRESSURE 1. IMC./SEC . VACUUM.
. 1MC./SEC.. ATMOSPHERIC PRESSURE INTENSITY » 12.5 WATTSZCM}

R, = 3260.
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used in this investigation in order to provide the most

informative experimental conditions,

b. Experimentel.

256 mls. of a 1% polystyrene in benzene solution of
initial weight average chain Pw = 3260 were introduced in
the reaction vessel. Fig.l7, and 1fs B10 quick fit cone was
fitted to the twostage vacuum line. The sample was thoroughly
degassed and the reaction vessel was then sealed at the neck
(using a flame master), maintaining vacuum inside the vessel,

The reaction vessel was then mounted on the platform
and the polystyrene sample was irradiated by 1 Mc, ultrasonic
waves of intensity 12.6 watts/om®,  Viscosity measﬁpements
were carried out at different stages of the ultrasoniec

irradiation which continued for 2 hours, without disturbing
the wvacuum,

Results of the irradiation process which are given in
~ Table XVIII show how the weight average chain length 'Pw'
decreases during irradiation,

In Pig.70, the weight average chain length is plbtted
against time of irradiation. Two more curves are included
in the figure for comparison. The intensity of ultrasonic

waves in fhe three cases was the same, i.€,, 12,5 watts/bmz,



189,

It is of interest to mention that the bubbles which
ueed' to appear in practically all the previous experiments
did not appear at all in the bulk of the polymer sample when

irradiated in vacuo.

¢. Discuesion.

Full mathematical treatment of cavitaetion, i.e., cavity
growth and collapse, was always complicated by the many factors
involved; surface tension, liquid compressibility, thermal
transfer, gas and vapour transfer and diffusion, etc., which i
have to be considered. However, only the aspect of supp-
iressing cavitation is of interest in connection with this
work. It is an established fact that destructive cavitation
can be suppressed elither by aspplying, directly to the liquid,
an external pressure greater than the pressure amplitude of
the ultrasonic waves or by thoroughly degassing the liquiad
and meintaining vacuum on top. of 1ts free surface. Both
methods were adopted by previous research workers to investi~
:gate the égradation of hj.gh polymers by ultrasonic waves in
the abeence of cavitation. Their results were not always

in agreement as is discussed in the critical survej, Chapter I,

Fig.70 shows clearly that high polymers can be d egraded

by ultrasonic waves alone in the absence of cavitation. The
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role of cavitatlion in the dgradation process is clearly
demonstrated by the marked difference between curve II which
represents the effect of ultrasonic waves alone, and curve

III representing the combined effect of ultrasonic waves and

asgsoclated cavitation, Quantitatively the rate constant of
degradation, calculated from equation (19) was found to be
1,008 hr.,”1 in the gbsence of cavitation, compared to 12.22
hr.” ! when cavitation intensity (severity) is at its maximum,
In other words the rate constant of degradation due to ultre=-
tsonic waves alone is only 8.23% of ite total value when
cavitation is in action, Obviously cavitation inception

has a marked effect on the value of the limiting chain lengthy.,

It is of interest to compare the results of dgradation
represented by curves 1 and 1l. Curve 1 shows the change
in the weight average chain length Pw 6f the polystyrene
sample when irradiated by 2 Me./sec. ultrasonic waves of
intensity 12.5 watts/'cm2° at atmospheric pressure, while
Curve 11 shows the change in Pw when treated by 1 Mc.sec.
ultrasonic waves of the same inteusity but in vacuo, The
degradation in both cases 1s almost of the same order of
magnitude, with the rate constant of degradation
K = 0,952 x 1072 hr.,"1 calculated from curve I, against
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1,008 x 10™* br.~? for curve 11. The small aifference betwsen
the two values of 'K' is attributed to the effect of frequency
on the attenmation of sound energy transmitted in the polymer
solution,

The pressure amplitude of plane ultrasonic waves at
a distance x from the source along the direction of propaga-
ttion is generally given by the expression:

P = p, e

where Po is the pressure amplitude at the surface of

the source, and

a 1s a combined attenuation constant representing
the effect of viscosity and heat conduction.

The éttenuation constant 'a' is depemient on the wave length
of ultrasonic waves, Under the experimental conditions
mentioned above, it i1s simply proportional to the square of
frequency; Hence, although the ultrasonic intensity which
was always measured at a plane 1 cm. above the terylene
membrane, was the same, yet its overall average value will
be slightly different in both cases due to the different
frequencies used and their consequent effect on attenuation,
Therefore, in the absence of cavitation and maintaining
the same intensity, it is to be expected that the degradation
produced by 2;0 Mc/sec. ultrasonic waves would be slightly



198.

less than that produced when a frequency of 1 Mo/sec. is
used,

The experimental results obtained were, in fact, in
agreement with the theoretical result anticipated.

Reverting to the conclusions arrived at in Section E,
it can be emphasised that cavitation is completely suppressed
in liquids under normal gtmospheric conditions, when the
frequency of applied ultrasonic waves is £ Mc./sec. or more,
In other words, in the absence of cavitation degradation of
high polymers will be effected by ultraspnic waves glone

when the frequency 1s 2 Mc./sec. or more.

d. Conclyusions,
1. Below 1.5 Mc/sec. high polymers are dsgraded dy the
combined action of cavitation and ultrasonic waves, with

cavitation playing the main role,

2. At a frequency of 2 Mec./sec. or more, cavitation is
suppressed and d egradation is effected by ultrasonic waves

alone,

3. Cavitation is suppressed when degradetion is carried
in vacuo, The resulting degradation is about 10% of the
degradation produced in presence of cavitation at a

frequency of 1 Me./sec.



TABLE II,

Varistion of chain le%gg_l; "P"" with time of
adliation "4,

"-H-'-'E&‘&Z"&—x"—ﬁmz-—,ﬂ* -

Time of
irradiation 7sp Pw
(hr 8o )
0 4,36 3240
0.1667 3.45 2771
- 05 2.465 2203
1.0 1,834 1755
1.5 1,505 1509
2.5 1.186 1253
3.5 1.0182 1096
5.5 0.8461 941
- 765 0.7477 843
95 0.6862 780
11.5 ] - 0.621 717
13.5 - 005866 688
15.5 0. 5606 654
17,5 0.5255 617
20,0 0, 5014 585
5 © 0472 556
25,0 0.455 539
27.5 s 0.446 522
30,0 } 0.432 512
3R.5 i 00422 499
35.0 0.420 494
TABLE III,
Rate oo b of degradation at differant
stages of degradation.
K : -1
« t(hours) K(hr. 7).
0.0001 2887 0.15 6.6 x 10 *
0.001 1280 2.34 4,2735 x 10™¢
0.002 811 8.00 2.5 x 10"
0.003 643 16.00 1.8778 x 10™




TABLE IV,

Fracpionnfion of Polystyrene €8.

Time of ! o Chain b Weight Integral
irradiation ' Fraction length I Fraction welght
..LL—QW )e 1 : 1P v ) aw_ ... S ]
0 1l 7198 0.0624 0.9688
: 2 5505 0,082 0.8966
3 4210 0,138 0,7866
4 3051 0.126 0.6546
5 2302 0,1416 0. 5208
6 1621 0.2094 0.3453
7 992 0,1426 0.1693
8 472 0,098 0.049
0.5 1 4828 0.,1050 0,9475
2 3530 0,0951 0.84745
3 2781 0,1151 0,74235
4 2149 0.1348 0.6174
. 5 1537 0.1549 0.47255
] 848 0.2599 Q26816
7 300 0.1352 0.0676
2 1 2870 0,0852 0.9574
2 2032 0.1049 0.86235
3 1440 0.1851 0.71735
4 1100 0.1548 0.5474
-5 874 0.1799 0.38005
6 615 0.1652 0,2075
-7 280 1 0.1249 0.06245
4 l- 203 5 0.0750 00,9625
2 1300 0,1098 0,8701
3 951 0.1152 0.7576
4 715 0,1301 0-63495
5 . 523 002449 0.44745
6 320 0.1748 0.2376
7 150 0,152 0.0751
35 1 751 0.0596 0.9684
2 705 0.1888 0,8460
3 632 0.1696 0.6668
4 558 0.1300 0. 5170
5 © 468 - 0.1804 0.3618
6 352 0.1104 002164
7 222 0.,1612 0,0806




TIABLE Vo

Theoretical Weight Distributions.

Time of .
irradiation Chain m, x 10 Remarks.
hours. length.
0 500 1.399 y = 744
1000 2,083
1620 2,271
2000 2.218
4000 1.292
6000 0,563
8000 0.2188
10000 0,0795
0.5 500 '2.1285 0<&x {744
744 2.8765
744 2,591 '
1000 2.8434 44 < x &0
2000 2.5755
4000 1.0566
6000 0.32507
8000 0,0889(R2
10000 0.R2795
2 500 4,63
744 6,599 __ < £
744 4,848555 74 (x @
1000 4,65138
2000 204918
4000 0.35753
6000 0.038478
8000 0.00368085
4 500 7.9842541 o x 74
744 11,5891 '
744 675415
1000 5.4155 744 x w
2000 1.43969
4000 0.0508744
6000 0,00134831
35 500 17.908 o x 744
744 26.35646
744 0.0857625 74 x o
1000 0. 004277663




TABLE VI.

n.wooumawom.._. BE&Q ou nﬁ.m m« E&c&mp« mg. e of

I...mw.aa of y T . ) Total mmber | MNamber of |
5»%”8 o\ e 4y x207/8 . f auu & x 10%/N, m»uﬁwﬂu% u ml%\um
(*]
‘ 0 6.16903 b0
L 025 2.786846 4.170243 6959089 0790059
L 0.50 3.34625 4,39294 7.73019 1.57a16
1 45351 4.70932 9.24242 3.07339
1.5 5.83134 4.8833 10.71464 ' 4.53561
i 2 7.0649 4.94393 12.00883 5.83980
.ﬁv ,




TABLE VII,

Theoretical mumber of cuts at different stages of degradation
calculated by method (11)

K= WQM b 4 HO.‘ .Halﬁ

Time of Rumber of broken links per homr - Average cuts at Total
irradla~ | x 108/N, rate of stages of rumbes
stion , S scission degradgtion of cuts
| houra. 0lx{y | y<&x (@l Total x 10*/Bo x 104/ x 108 /o
{1 o 2.03005 1.939455 | 3.969505 . 0 0
: , | 3.563638865
0.25 217173723 § 0,9861355 3.15787273 0.890922216 0.890922216
: : - 3,121393965 |
0.50 2.28735445 | 0.79756075] 3.0849152. 0.78043491 1,671407126
S N I 2.007387
1 2.4517 0.4781588 209298538 1.5036935 3.175100626
’ ’ . 2.8485987
1.5 20541898 002254406 2,7673386 . a2 1.42429935 4.599399978
: - 2468
2 257288 0.026085¢ 2.5989454 1.34157) 5.940970976




Theoratical

number of cuts

TABLE VIII.

L ey

v Dot

at differ

3

Yarinble K,

ent gtages h.»..l,. degradation calculated

Humber of broken links per hour

ime of Average rate | lumbor of cuts Total number
- x 104/Hg of scisgion at stages of of cute
tion 0LLX <Y |F<x<® | Total x 10s/H, degradation x 10t/K,
° ) X u.q_\ab
0 3,567 | 30,4079 6.9749 0 0
. , 5089345 . .
0,25 304524 1 1.3596 4.8120 1.47336 1.47336
w 40562935
OO 5 3. WQN@ ' Oo @wu's 4. prm-ﬁ H.o P§ 34 26 OH#OS
: 4,015535
1.0 3.223818 0,439123 3,7173 2.0077925 406218865
‘ . 3045835 '
1.5 3.0798 0,1196 3.199%4 : 1.729175 6,3510615
: ’ 3.0175025 ’
2.0 2.9010¢ -0.065435 20835605 | . 1.50875 7.8598




IABLE IX,

Theoretical and erimental mumber of cutg
and kffect of D.P.P.H.

Sasenvessane

M D.P.F.H, “Number of cuts
Tine ep _Measurenents, X 100/8
‘Irrad- Without With.- log Do P.P.Ho BsPoPeHo .
siation D.P.P.Ho| D.P.P.H. absorp. eonen. axhausted | method method method
‘hours. ~tion. | moles/ noles/ (1) (11) (114)
litre, Hu.ﬁmﬂo .
2 ' _ . -8
0 4.36 4,36 1.56 9.8 x10 0 0 o 0
. ’ ) -8
0.25] 3.22 2.85 1.202 | 7.8 x10~°] 2.0x10" | 0.79 08909 1.47336
0.5 | 2.465 | 2.24 0.98 6.4 x20~°| 3.4 220~ ! 1.57 1.6714 26141
| . . .
1.0 | 1.83¢ | 1.665 |0.756 | 5.2 x10°| 4.6 x10" | 3.07% 31751 |  4.6219
1.5 ] 1.505 { 1.377 0.588 | 4.26x10°{ 5,58x10° 1§ 4.5456 4.5994 6.351
2,0 | 1.29 1.166 | 0.486 | 3.4 x10°| 6.40x10 5.8398 | 5,00097 | 17,8508




TABLE Xo

Application to Schmid!s Theoxy.

. Ry
Mumber Average Weight Average.
Time of Py - Tims of B,
irradiation =2 + log(l - ....‘.?;.) irradiation| —= + log(l - _® )
hours. e Py, houra. Fuy, Py
0 "00030”1 0 Oa 013&
0.25 ~0.03803 0.5 =0,031
0.5 =0,050715 1.0 ~0.0886
1l ~0.07754 °5 =0, 0693
2 -0.1426 2.0 -0,0885
& -0,33307 2.5 ~0.10985
- 10 ~1.245205 3.0 ~0,1302
20 «“2.3275 5 ~0,1477
280? "'60 9182 ‘a 0 "001675
35 - @ 6 ~0.2412
8 ~0.331
10 ~0.4255
15 ”006555
20 - =1o083
25 . ~1.583
30 ' 205692
35 ]




TABLE XI,

Degradation of polystyrene at different intensities.

1 = 4.89 watte/on’, I = 9.53 watts/on’ -
Time of Time of
irradiation P - 4rradiation P
hours. o _ hours, ' v
(¢ 3260 0 3260
0.5 2987 0.5 2420
1 2867 1 2030
2 2474 2 1590
3.5 2181 4 1293
5 1944 6 1079
7.5 1687 8 97l
10 1553 10 ' 895
12,5 1480 2 843
15 1338 14 797
17.5 1273 16 768
20 1198 18 736
22,5 1147 20 717
25,0 1114 .22 694
27.5 108 ‘24 684
30 1081 26 654
32,5 1033 28 643
35 1004 - 30 635
, 32 616
34 605
35 603




TABLE XI. (Contimued).

1 = 12.5 watte/oil , 1 = 15.8 wattg/cdl
Time of Time of
irradiation Py - irradiation Pw
hours. hours.
0 3260 o 3260
10 nin. 2771 0.25 2350
0.5 2203 0.5 1900
1 1755 1 1469
1.5 1509 2 1164
205 1253 5 825
3.5 1096 7.5 ' 71X
5.5 . 941 10 608
7.5 843 12.5 549
9.5 780 15 511
11,5 .77 17,5 459
13,5 688 - 20 447
15,5 ) 654 22,58 422
17.5 617 25 @R
20 ' 585 27.5 394
22,5 - 556 a0 368
25 539 32,5 333
27.5 : 522 35 380
30 512
L 32.5 499
. 35 494
L




TABLE XTI,

Effect of Intensity on liate Constant 'K'.

P = 1630 By = 243 4y bx,o -1 By = 2.565 hro"}
Theoretical . Experimental

8 K Case (i) K Case (11) V, volts. K x10°

- x 10* bt x 1¢* hr, - -

1.25 L1 6545 500 1.286

1.5 2.79 8041 700 4.30

2.0 6,85 10,47 800 6,768

2,25 . 9.08 1.1 900 9,731

2.5 .4 11.6




TABLE XIII.

Dependence of limiting chain length 'y* on intensity.

P = 1630 B, = ?43?55-5- amet .t B, = 2,545 br."
Theoretical. Experimental
A s Lxperimental
n K x 10 £ 10 : 4. -
(Cese 1)hr~t (Cnsa 1)t Y kx10 hr
0.2 35.315 13,685 1539 1.286
0.3 19.02 12,78 912 4.30
0.5 6,854 10,466 744 6,768
{o.7 2,243 7.972 572 9,731
1.0 0 0




Time of

Time of

; : Time of Time of
irradiation mt irradiation irradiation mt irradiation P,
| lwurs. - bours. hours hours,

0 . 3260 0 2460 (+] 1505 (VI . 3744
0.1667 2771 0.1667 2131 0,5 113 0.25 2757
o,o 5 NNO& Qo 5 H.@ 56 HW 0 U.H.@O Oo S NN‘O
1,0 1755 1.0 1575 1.5 1093 1.0 1726
1.5 1509 1,50 1392 o5 968
205 1253 2,0 1254 5.0 819
3,5 1096 3.0 1105 7.5 739
505 941 5,0 921 10.0 685
7.5 843 7.0 825 o5 643
9,5 . 780 10,0 749 15.0 620

11.5 717 12.5 699 17.5 _ 598

13.5 €38 15,0 682 20.0 590

15,5 654 A7.5 624 29 570

17.5 617 20,0 596 25,0 550

20 585 " 2265 578 275 538

22.5 556 25 562 30,0 529

25 839 27.5 550 32.5 519

27.5 522 30,0 533 35,0 509

WC mH.N wNo 1) UNH

32,5 49% 35 518 -

35 454




TABLE XV,

y= 750 - 8 1 * -]2‘-32-5- W-l br <1 Bz = 1,475 bo-l
Thecrotical. orimental.
n K Case (1) K Cape (14) 1 K x 20* hro
x 10* he.t % 10% hr, ™t o

1 0 0 750 o
1.2 0.80 6-10 1505 4.49
10 2'081 7.00 2460 7'05’
107 3020 6.90 3260 6'07“
2.0 4,29 6253 3744 7.97
205 5,87 5.8
3.0 6.67 5,14
3.5 7.40 4,57

, 4'00 8ow 4013
5.0 8,82 3.42
6.0 9.38 2092




" PABLE XVI.

Degradation of Different Polystyrene Samples

at Diffarent Prequencies.

Time of
Frequency | Irradiation mowwm@.nmuo Sanples.
He/sec, hours. Py Py ¥, ) 2
3 i .

1.0 0 1305 2460 3260 3744
0.25 1268 . 1912 2332 2653
0.50 1198 | 1578 1047 2160
0,75 1123 i 1485 1680 1865

1,00 1498

1.50 1248

2,00 1080
- 1.25 O : 1505 2460 3260 3744
. 0,25 1362 20138 2486 2783
0.50 1270 1758 2069 2222
075 1206 | 1560 1825 1931

1.00 1642

1.50 1380

2.00 1216




TABLE XVI (Contimied).

Frequency g&wm»g Polystyrens Samples. .
e, \ 88Ca hours. M‘ M 1& J“m im w‘
1
, ‘ i
1.5 o 1505 2460 3260 | 3744
Q.25 1448 2208 . 2738 322
0.50 1398 2008 2845 2780
0,75 ; 1343 1863 2204 2538
1.00 | b 2020
1.50 , 1748
2,00 1600
2.0 | 4] 1505 2460 3260 3744
] 0,25 3483 2393 3180 1 3658
1. . 0.50 1462 2345 3140 3600
. 0.75 1446 2320 3083 3540
1.00 , 3027
1-50 1964
2,00 : 1920
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TABLE XVIII.

Effect of Cavitation on ths Dogradation of Polystyrene.

Frequency Time of _
He/seco Irradiation ma. Remarks,

gﬂlulﬂn.v@o

1 44 3260 Degradation at stmospherie
0.25 2332 pressure.
°e 8 ng ’ :
Q.75 1680
1.00 1496
1,50 1248
20,00 1080

b § 0 3260 Degradation in wvacuo.
0.25 3155
0. 50 3093
0,75 3041
1,00 2998
1.5 " R945
2.0 2921

2 o 3260 Degradation at atmospheric
0.25 3180 pProssurg.
0,50 3140
0.75 3083

=00 3027

1,50 2964
2,00 2920
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COMMENTS,

In the preceding Chapter a few conclusions were Adrawn
out regarding different aspects of the degradation of long
chain molecules by ultrasonic waves,

It became clear that although degradation can be
effected by ultrasonics alone, yet within a certain freguency
range (0.5 = 1.5 Mc/sec.) as much as 90% of degradation is
caused by cavitation, There is also a periodical increase
in the rate of degradation whenever the product of frequency
and weight average chain length reaches a value of 2 x 109
or its multiples, i.e.,

£P = 2x10° xC
where C is an integer.

In the light of the conclusions reached a brief comment
on the theoretical and experimental gspects of the problem

seems to be relevant,

It should be emphasised from the start that there are
two main factors which have a direct influence on d egradation

and which are beyond control., viz:

(1) the size and nature of nuclei present in the polymer
solution, essential for the inception of cavitation,

which plays an important role in degradation,
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(2) The entanglements and asggregation in the high polymer
solution without which long chain molecules will
follow the ultrasonic waves and consequently no

degradation will take place,

£ a 0)

Reverting to the kinetics of degradation of long chain
molecules by ultrasonic waves, it should be pointed out that
the rate equations (1) Chapter IV, do not precisely represent
the degradation produced by ultrasonic waves, This is due
to the term (Z = 1) in the general equation for ggg o This
term implies that each bond in a long chain molecule has the
Same probability for rupture under random degradation condit-
tions, This, with reasonable approximation, may be the case
when cavitation is the main factor controlling degradation,
Under conditions of cavitation a bubble will grow whenever
there is a nucleus, It 1s most likely that nuclei are
distributed at random in the solution, and consequently
intense pressure waves, resulting from the collapse of bubbles,
can break any bond irrespective of its position in the long
chain molecule, provided the chains are sufficiently entangled.

However, the rate equations would have to be modified

if a precise and accurate study of the kinetics of degradation

by ultrasonic waves is to be followed.
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According to the mechanism of degradation suggested
in Section E, Chapter V, it follows that when a long chain
is fixed at both ends there will be a length £ from each end
where the forces developed at any of its bonds are not suff-
sicient to effect a scilssion, Consequently, the rate of
degradation of a chain of length Z2 will be proportional to
(2 - 2¢), where (Z - 2¢) represents the central length of the
chain which could be ruptured. Hence the general term in
equation (1), modified to express the degradation caused
by ultrasonic waves alone, would be @

e = Rgm 2(R=2-4) N = K(Z = 2{)N_  .couens (1)

At " pazeda r 2

It can be deduced from this modification that y = 2¢
since no degradation will take place 1f the length of the
chain 1s 2 or y (the limiting chain length). The terms
representing the cumulation of molecules have to be modified
and they are represented by the sum:

R-m

R 2(R-2-4) where Z ) ¢

R=Z+{+1
Obviously, as represented b& Equation (1) the degradation of

long chain molecules by ultrasonic waves in the absence of

cavitation will not be & process of true random degradation,
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There is no intention in this comment to elaborate on
a solution of the new rate equations, as this proved to be

mathematically intractable in explicit terms,

2. r Depradatio

The effect of a few factors on the degradation of
polystyrene by ultrasonlic waves has been studied and the
results obtalned discussed in Chapter V, The analysis of

the results was based on two postulates, namely:

A. The force acting on a long chain molecule is periodic,
having the same frequency as that of the ultrasonic

waves, and represented by f = f sin(wt - &),

B, Whether due to frictional forces or impact forces, the'
mechanism of rupturing the long chain molecule can be
represented by the general relation:

£, =V, [Equation (31); Chepter V. ]

The first postulate is valid for degradation by ultra-
tsonic waves in the absence of cavitation, where the frictional
forces developed can be represented by £ = £ sin (ot = ).
However, it should be pointed out that in the frequency

range where degradation is mainly caused by c avitation, there

will be two forces acting; (a) frictional or impact force
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represented by £, sin(wt = #); and (b) impact force due to
bubble collapse which cannot be represented by a simple contin-
‘uous periodic function and more specifically by a trigno-
tmetrical function, .

Moreover, inspection of Figs.1l0, 11 and 12, which
11lustrate the effect of different factors on the growth of
bubbles and intensity of cavitation, indicates that the bubble
will grow up to its maximum size (Rm), after a time t from
the beginning of the negative half cycle of the ultrasonic
pressure wave(l)° The value of tm depends on the values of

the controlling factors, namely, Ro’ Por Py and w. Consider-
2%

:ing the period of ultrasonic waves T to be o~ » therefore:
1 5%
th = o

for R =1 to 8p; p, =4 x10% p, =10% and w = 9 x 10%,

x 3%
and tm varies from S to slightly less than So? when P,
varies from 1 atm. to 8 atmosphere, for R = 3.24, PA = 1 atm,

and w = 9 x 10%,

Using a differential analyser to solve thelr differ=
(2)

tential equations Noltingk and Neppifas represented graph-

tically the growth and collapse of a gas-filled bubble when

=4 atm,, w=232x 106, and Ro = 3,8 x 10"4cm° The radius-

P
o .
time curve showed that the time taken by the bubble to grow

to its maximum size before collapse was about 0.7 of a period,
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while the collapse was almost completed before the end of the
period. Hence, strictly speaking, neither the cavitation
pressures nor the high radial liquid velocities developsd
during the collapse of bubbles can be represented by a simple
continuous periodic function. Consequently, the second
postulate which leads to the relation fo = Q VS would have to
be modified. Such a modification cannot be envisaged without
a cdmplete theoretical study of cavitation. However, although
the force acting on a long chain molecule cannot be truly
represented by £ = £, sin(wt -~ @), yet this assumption offers
the best possible approximation when the cavitation effect is
taken into consideration. Hence, the results obtained in
Chapter V, Section C; Dy, and E, would still be significant,
notwithstanding the limitations of the aforementioned postulates,

The effect of intensity on the degradation parameters
"X and y was discussed in Section C, Chapter V. It was shown
from the discussion of results, that the number of chains
broken per unit time is proportional to the difference between
the force acting and the force Y required to break a C=C
bond,

However, some discrepapcy between experimental and
theoretical results was found. As can be seen from Fig, 54, .
the discrepancy is more cbvious at low intensities, i.e.,

high values of y. This discrepasncy should be expected as a
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consequence of cavitation inception. That this 1s the case
can be shown by considering Fig.1l2. Cavitation does not
occur for values of Py below 1 atmosphere which is the value
of Ppe When the value of Py Juet exceeds that of P, incept-
tion of cavitation takes place associated with a sudden
increase in the bubble radius, and consequently, a sudden
increasse in cavitation intensity. This sudden increase in
cavitation intensity will result in a greater rate of degra-
tdation K as was found experimentally to be the case in the

low intensity region, as shown in ¥ig. 54,

It was mentioned in Section Dy, Chapter V, that the
anomolous dip A-B=C in Fig,.58, which illustrates the effecf
of initial chain length on the rate constant of degradation
'K', may be attributed to a frequency effect. Further, it
was shown in Table XVII that changing the freguency of ultra-
:sonic waves affects the relative values of °K°, Thereafter,
a theoretical analysis was attempted to study the dynamical
behaviour of long chain molecules in an ultrasonic field, in
order to account for the frequency dependence of ultrasonic
degradation and the possibility of resonance taking place,

It was concluded, however, that the effect of ent&nglements

and aggregation is to increase the effective mass of monomer
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units, and that with such proviso degradation as well as
resonance vibrations can occur,
In section E, Chapter V, the condition for resonant

vibrations of a long chain molecule was found to be :
: 1
P = 2., [oc/m]/2

where C is an integer. The effect of viscous damping on the
forced oscillations of macromolecules in an ultrasonic field
was studied in order to see if the energy of oscillation is
sufficient to break a C=C bond. An exact solution was first
attempted (see Appendix IV), but it was found later that it
became too complex to serve any useful purpose at that stage.
An approximate solution was then attempted and a few conclus-
tions were reached,

In addition to the assumptions made in Section E,
Chapter V, 1t is further assumed that the force acting on
each sphere (representing a benzene ring) is given by
B(V = ¥), where:

B is Stoke's Priction coefficient and is given by
677r, as mentioned earlier, and

V is the particle velooity of the solvent and is given
by V = Vb sin wt.

Reverting to Fig.68, the equation representing the

motion of the nth sphere is given by:
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am ¥ + a(2y,=y, =¥, ;) + 28 ¥, = 2BV
= 2BV, sin wt (2)
It is easier to find the solution for a particular integral
of the form 25V6ei wt and then to pick out its imaginary
part, Hence equation (1) can be put in the form:

2m ¥, + a2y, =¥, 4=Vq) + 2B ¥, = 2BV, o0t (3)

Putting Yy = Yn eiwt where Yn is a complex quantity, there-

:fore:

2
2mw 2iw
(- a ¥ a

ggzg (4)

n " (¥ n+l
If the distapce between each two successive spheres in
Fig.68 18 equal to 6x, then the length of the chain '{' = P,ox,
where P is the chain length in monomer units, Dividing both
sides of equation (4) by (6x)2, it can bé put in the form:

Y .4-2Y, Y 4
K2 Yn + (6 )2+ = =M (5)
X

‘ 2
where K< &mghgagzgﬂi - (8)
a(éx)
26V,
a(bx)g
If the fundamental mode of vibration of the long chain is

(]

(7)

and M

]

considered, the spheres in any displaced position can be
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imagined to lie on a parebolic curve and the following approx-

timation will holds viz;

Y .-8Y +7Y a®y,
ol o p=1 _ _1n (8)
(6x)2 ax®

Hence equation (4) can be transformed to the new differential
equation given by:

2

a®y
2 . K2Yn = <M (9)
ax

The solution of equation (9) is given by:

M
Yng=?+AsinKx+BCost (10)

where A and B are constants to be determined from boundary
conditions, and x is the distance of the ngh sphere from the
fixed end of the molecule and is given by X = ndx,

Since the long chain is assumed to be fixed at both

ends, 1t follows that: _ '
Y=0 'atxsovandxal'e‘Pobx

Therefore,
M
B = =
Ko .
and A = M(l"COSKl)
sin K¢
K 2
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Substituting the values of A and B in equation (10), the value

of Yn is given by:

Y=-;K§[c°sxx=1+tan§-‘-sinxx] (21)

Equation (11) gives the‘value of the amplitude of vibration

of the nth sphere in the chain. For the fundemental mode of

vibration, the sphere at the centre of the chain wlill have the

largest amplitude of vibration, For the sake of simplicity

the amplitude of the central sphere only will be consldered,
Hence for the sphere at the middle of the chain:

- 4
Yy = Yeentre = Yo at X = g
Therefore:

M [cos E£ K¢, KL

Y, = 2 [Cos 5= =1+ tan 3= sin 3 ] |
1 - Cos
= X _&?{ (12)
Kz Cos

14
Ke (&) 1-18)

Taking into considerétion the relative values of a; m and w,

it can be shown that:

| Y,
K= 5= | (%‘ﬂ)%a 1(89)7% 3 (13)
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Hence,
Y2 14
Cos g—é = Cos g—g—% {(%“3) - 1(@%}) ]

i
-cos [ (872 .4 E B0)%

2 a
1/
and 2
considering g_ (E&u_)) = ¥
Therefore:
Cos Ea Cos ¥ Cosh ¥ + 1 sin ¥ eimh v (14)
Further, from equations (6) and (7), it follows that:

v
o (15)

M =
EE mw2=- iwB

Hence from equations (12), (14) and (15), the velue of ’Yc"

is given by:
BV
(2 {Eﬁwwml] (16)

Yo = B 1 '"Cos Y Gosh ¥ + 1 5in ¥ sinh ¥

Rationalising equation (16) once gives:
BV 2., _ 2, _
Y = o [QQ&;LJhyaL1;:;g1n;r__anh_x___i_gangr_ﬁinh;n]

) ) .
0o (17)

" muPeiop Cosh®y -~ sin®y

Rationalising equation (17) once gives:
BV

¥, = ) VI N
€ (Cosh®y-8in“Y) (m°w=+w"B<)

mwg(Coa Y Cosh ¥+ sinz‘r -Coehg‘{) +w8 sinY ainh Y+

i [wB(cos ¥ cosh Y + 8in°Y - cosh®y)~ mw® sin ¥ sinh ¥ ]
.0 (18)
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Rationalising equation (18) once gives:

o:p_ ¥ B

+282)

2

< [ ¢
(m ot (coah Y - siny)

where § is a phase angle, and 1s given by:

-1 @ Mﬂmw
g = ) (20)
me”(cos ¥ cosh ¥ + &in°Y - cosh 2y)+wB sinY sirhY
Hence the displacement of the middle sphere 1n the chain is
given by:

1wt
yc = Y@ e

where ¥, 1s given by equation (19),
Considering only the imeginary part of Vor therefore the
displacement produced at the centre by a force [BVo sin wt]
acting on the iong chain molecule 1is given by:

B coanBr) e s1ePy ainly o
Vo = BV [ ]

2

°" (m w4+w 8%) (cosh®y - 2in®y)?

tein(uwt + 2) (21)
which can be put in the form:

¥y, = B8Y, R sin (ot + @) | (22)

where
| , 2%

1° (23)

The work done by the force BV, sin wt in producing & dis-
:placement ‘yl at the centre of the long chain molecule is
given bys

Y
W.D. = J°BV, sinwt dy, (24)
©
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where 'dy,’' can be obtained from equation (22) and is given
by:
dyc = BV R cos (ot + #) at.

Hence:
%

W.D, = szm wR sav 2 sos (0t + &) sin wt at,
Integrating between o and §- sy the work done is given by.

2 4
" W,Do ahgf!ﬂ—— (2 cos § = % sin ﬂ) | (26)

Hence the input energy for producing the maximum displacement
of the sphere at the centre of the long chain molecule can
be evaluated and compared with the energy rpquired to bresk

a C=C bond,

In order to illustrate that the above mentioned energy
is sufficient to break a C=C bond, the valusé of ¥y #, R end
the kinetic energy of osclllation were calculated for three
different chain lengths. These calculations were carried

out for £WO values of m ahd 8, t.6.,

(1) the true mass of & benzene ring and the Stoke's

frietion coefficient acting on 1t; and

(11) the effective mass, calculated from e xperimental
values, and the corresponding friction coefficient.
Results of these calculations are shown in Table XIX

from which the following general principles can be deduced.
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The phase angle '@' varies with chain length, It has

& zero value at a certain chain length, depending on the
mass of each sphere and the friction coeflicient. It is
of interest to notice that for case (i) the displacement
leads the acting force for small chain lengths and lags
behind it when the chain length is increased beyond its
critical (resonant) value, while the reverse applies to

case (ii).

The kinetic energy of oscillation increases steadily as
the chain length increases until an upper chain length
limit is reached, beyond which the energy of oscillation

remains practically the same,

The kinetic energy of oscillation varies inversely with

the frequency of ultrasonic waves,

Concurrent with these deductions, it is obvious from

rows 8 and 9, that in case (i) the energy of oscillation is

of the same order of magnitude as the energy required to

break a C=C bond(z’)° In case (ii) the energy of oscillation

is greater than that required to break a C-C bond.

It is important to point out, however, the common

ground between case (i) and case (iij, and to emphasise the

important role of entanglements and aggregation in the

degradation of high polymer solutions.
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As ultrasonic waves can effecﬁ degradation of long chain
molecules in the absence of cavitation; it follows that they
should be capable of rupturing at least one C-C bond in the
chain., Withoﬁt entanglements and aggregation, long chain
molecules will be sﬁepf away and follow the ultrasonic oscill-
tations whatever the length of molecules. ; Consequently,
degradation will not take place, Further, as was shown earlier
the quantity -“%5' must be at least 10° times greater than its
theorefical value, implying that the long chain should be
rigid enough to be considered fixed, either at one end or at
both ends, Hence, unless a chain is rigid enough (1.e., its
effective mass is incréased) it cannot be assumed fixed at
both ends. This rigidity cannot be presupposed unless the
molecules are reasonably entangled. Even in dilute solutions
entanglements and aggregation of polymer molecules do occury 80
that frictional forces are acting on large masses, Thus the
assumption that the macromolecule is fixed at both ends; seems
justified provided an appropriate modification in the values
of 'm’' and 'B' is considered.

From the above it is obvious that case (1ii} simulates
conditions which can be realised physicelly and chemically,
while case (1) 1s purely hypothetical, since ‘m' and °8' are

not modified, However, the figures in Table XIX show that
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in case (1) the kinetic energy of oscillation can still reach
the order of mesgnitude required to break a C-C bond.

It is essentlal to correlate the theoretical treatment
carried out in this Chapter with that given in Chapter V,
Section E, so that a complete qualitative picture of ultre-
:sonic degradation (in the absence of cavitation) can be drawn,
This picture has to be qualitative, since the quantitative
effect of entanglements and aggregation on ‘m’ and '8! cannot
be easily predicted,

At reasonsble polymer concentrations, the long chain
molecules will be sufficiently entang;ed, ﬁith a consequent
effect on their rigidity so that they will vibrate in the ultra-
¢sonic field, as if the molecules have fixed ends and effect-
tively greaeter mass per monomer unlt. For a constant ultre-
:8onlc frequency, the kinetic enerpgy of vibration increases
with the chain length of the macromolecule, When the chain
length reaches a limiting value, the kinetic energy of vibra-
ition will be sufficient to break a C=C bond, eand rupture
will be effected. A further lincrease in chain length results
in a greater energy of oscillation and consequently a greater
rate of degradation, Approaching a length of chains which
resonates with the applied frequency, the energy of oscillation

(2)

and consequently the rate of d&dgradation will increase steeply
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for a homogeneous polymer sample, and gradually for a hetero-
:geneous sample (Fig.58; point A}, until a peask is reached
when resonance occurs and the chains are vibrating at their
fundemental mods,

A Turther increase in chasin length beyond this walue
results in a drop in the rate of degradation due to anti-
resonsance, The rate of degradstion reaches a minimum and
then increases again when the chain length is further increased.
Concurrent with this change there is a transition from the
fundamental to the second mode of vibration (second harmonie).
The rate of degradation will reach its second reak when the
second resonance occurs where the chains vibrate at thelr
second mode of vibration. The kinetic energy of oscillation
and consequently the rate of degradation reach constant values
when the length of chains exceeds a certain value. There
will only be a cyclic change whenever the condition for

resonance is satisfied, 1l.e., fPW =2 X 109 C.

From the above picture it is clear that the force sct-
:ing on the macromolecule can be represented by:
f=£, 8in (0t = ) = BV, sin (wt - )
as mentioned in Chapter V, Sections C and D,
Purther, the energies in case (ii) are greater than the
energy required to bresk a C=C bond. In practice the molecules

are not exactly fixed at both ends, nor are they orientated
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specifically at right angles to the direction of propasgation
of ultrasonic waves. Furthermore, the bond angle is 108° 26°
end not 180°, A1l these considerations will modify the
resulting kinetic energy of oscilla{ion and consequéntly

effect a rate of degradation which 1s of the same order as that

realised in practice,
Pinally it is relevant to mention that all the features

of ultrasonic degradation can be explained by this suggested

mechanism, and in particular:

(1) the anomolous behaviour illustrated in Fig. 58
(resonance).

(11) the lower rate of degradation at 2 Mc/seo. compared
to that at 1 Mc/sec. in the absence of oavitation,

(K.E, o % for constant P).

(1i1) the optimum concentration for degradation (entangle-

sments).



Caleulstion of Kinstic Energy of Oscillntion of the

TABLE XTX,

gontral unit in a long chain molecule.

——— ooy

Case. - (1) (44)
Chain HoulmmM i 2 ~ T
_units. 100 ! 500 1000 100 500 1000
1 Ewo“» in gms. 1.7 1.7 1.7 3.13x10° | 3.13x10° | 3.1300
-4
2iBx10 4in gm.sac. 506 5.6 5.6 690 690 690
P R
3jv=3 [po/a b 0,094 ; 0047 0,94 1.04 502 1004
4 [/} -0° 30 -10° 37 -36° 48t -41° 46° +89° 17° +90°
5! R x em Qomgnﬂ 0.208 0,715 0,83 1 1
mw <o cms./sac. 50 50 50 50 50 50
7} © /2K (Cop.se) 10’ ‘n 10° 10° 10° 10° 10°
81 Energy per bond | 9,840 0§ 2.94x107 " | 1.39x107°} 2.04:x20 °°] 2.16x10 *°| 2.16x10°
(ergs).
3 -1.3 -13 -4.2 -13 -3
9} Energy required to ?Eo.p 4.1x10 40.1x10 4.3x10 4.1x10 40,1x10
b break a C~C bond
§ (ergs.)
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APPENDIX I,

A= mall o o o o |
84 800 © °
8 8 855 °

%mmna.

e % & &y %y

The eigen values are defined by the equation
[A=2I]X = O
where I is a unit matrix of the same order.

Obviously the eigen values are simply the diagonal elements,

leey M=oy, Ng=ag » A =ay,

To find..Qﬁ‘in the eigen columms matrix Q:
: 1 1 1
e (e o

[A;xl:[]q,l=o

o I T (1)
° ® ° ° x% ) = 0
, (1
8  8gg78yy x?l)
a 8 8337813 3™
. (1)
%1 % % &n~811] | *n |
xgi)vcan be chosen arbitrarily .. say xgl) =1
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then:

1

(agg=ay4) %y = =8,
& xéi) 1)
2 + (833-8,4) xé = =a,
8 xél)*- 8z xé1)+ (844-844) xii) = -8,
&y xél)a- G xél} LIRRRL N W xflﬂ_-i-(%n—an) xr(11)= -a,

;’ 1 a
ey (1)

By subtracting the rth equation from the (r+1)th we obtain

the relations:

(8g0=844-85) ‘él) = (agz = a11)‘x§1) (2)
(ass-all-as) xéi) = (8, - all) xii) etc.... (3)

If the following definitions are applied, viz.,

. ai (4
o = = " )
21 8g2 = 811
a8 = 8 - 8
rel,r-1 11 r-1
oerl = o B - a (5} .
Y 11

Therefore equations (1) and (4) give

xgl)g oy (6)

Similarly equations (2), (5) and (6) give

xéij (7)

= Ggq-%g4
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and equations (3), (5) and (7) give:

(1) _
X0 = GgqeCgelyy (8)

The same procedure applies to the other eigen columns

Gor Ygo ooe Ygr oo

In general, considering the 8 th eigen column

Lo %= §2{® £, e (e

it is easy to find out from the relation [A ’7§I]qb = 0,
that:

(s) _ _(8) _ _ -
xl - x ( ;— .ooooon —xs‘:l— O
8
and (ass 8gg) g = O
1oeo 0 ° xgs) = 0

xga)similar to x{l) can bg arbitrarily chosen and is taken

to be unity, i.e., xgs) = 1.

Following a similar analysis used in determining xéi), xél)
....xgé) we obtain relations of the form, viz!
(as+1,s+1'ass) Xge1 = “8, or
' -8
Xa+1 e (9)
s+1l,8+1 "8B

The general term for such relations is therefore:

xr = aral-.ﬁ.l..::.];:ﬂ ag-st- aI_‘?;L- . (10)

8pp = 8gg

of which equation (9) is a special case.
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Foliowing the same notation ss bafors, we zet that

-8
ase—i,s = . 2 — (1)
s+l,s+1 ss

e Sp-1,r-1 ~ %ss T %py Qe)

and [
8pp ~ 8

To sum up it is clear from equations (6), (7) snd (B) that:

(1) _
xr - “21 asl a41 B.Bah.tﬁ@ﬂitari

Applying the same treatment to any other element in the eigen
columns matrix we cbtain the general term for the elsmsnt of
the (r)th row and (s)th coluwm

(s)
as xr = a8+133§ 3-1-2,8' as‘l_s’s--muttocaa”
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The eigen rows oi the triangular matrix A are defined
by the relation:
PB [A- %I] =
I being a unit matrix of the same order as A,

As in Appendix I the eigen values are the diagonal elements.

1, Consider the first eigen row:

[y(l) -(1), .,....y(l) ]
%o [y{l) yéi) ....y(l)] [0 o ) o 7
8, 8goeyy © | °
®1 % 835899 °
8 8 8g
A_?i 8s 83 Cru 11 |
i.e., y(l) o+ (y(1)+ y( 4+ coscoot y(i)} 8; =0

since a, % o
(1)
_°°° yél) *yél) * cowovscect yn = o

o’ o ygl) can be arbitrarily chosen
ORI

-~

. 1)
a!ld. (1) = g}i—oooooonooo-onayé =o
2. Consider the second eigen row:

vy = [ 3%, #{¥. cereeey®)



«%e [yﬁz) yég) oo.yﬁg)] Fhli-agg o o o
31 [ +] (o]
2 82 8gg~8p -
8y 8 8g

e 8 8, 8nn~%g |

o yz(12) I ¢ (2) _

e o = 11_1 f.‘.-.-.....o.=y3
&nd yél)oo = O
and yél) = 1 arbitrarily chosen,
(2),, _. () o _

and y;" (ay4~895) + ¥ 8y = ©
c°° yg = -al = al - 52

841" 8gp 8pp=84q 1
where the relation B g = 8s ' is generally maintained.

8pr~8gg

3. Consider the third eigen row:

P3=[y](,3)’ yés)’ ..........yl(ls) ]
. ° ° [Yia) Yés) 2000 1(15) ] —811"853 o o 7
a4 8gp~835 ©
ai 82 o = 0
i ! 82 85
! %2 % %833

(3) _ 4(2) (3 _ ,

81v1ng yn =yn- 2 0c0ceec00= Y4



221,

and yga) is arbitrerily chosen, i.e. yéa) =1

(3) ,
end yg (a22~a55) +8, =0

i.e yéa) = -a& = a2 = 1
8op~8z3 8z3~8gp Pae ()
7§%) (8y3-a55) + 8y 95%) + o 947 =0 (3)

Multiplying equation (3) by ;% and then subtracting from

eqﬁation (2) we obtain:

(855-855-85) Vés)“ ;f (a34-855) Vis) = 0

°°° y(a) __....f'-].; m y(a)
1 8y  844=8g5 2

substituting for yés) from equation (1) and rearranging the

terms we obtain that:

(8) __B1  B8zz"83%8

h'g = — . -
1 Bzz=811 855=800
= 551 ° 752 (4)
where in general Y,, = 8pp~8gstls
8pr8gs

4, Consider the fourth elgen row:
4|
P4 = [Y§_4)’ Yé‘“’ lg )]

® 0O 080000000



.°.[y§4) yé4) o...y£4)] 511-q44 o o o o i
8 8pp®4e © ©
& 8 &, o
Hai 8g 83 O
8y 8 83 &,
E& - B
giving:
11(‘4) "1(::{ B seeso= yé4) (]
(4)  -a a
= = 3 =
s 353'34; 844833 Fas (8)
;;:) = 1 arocitrarily chosen.,
Y§4)(a35-a44) +8g =0 (§)
7§4)(322‘°44) + 5t &g t+8g=o (7)
y,(f) (ag4-844) + yg“ ay + yg‘“ 8, +8 =0 (8)

From equations (68) and (7) the following relation is

obtained:
4 8s
Yé )(322'344) 8y

;° ° ;g)s Y;(54)

Substituting for y

8z

y§4)(asa“344‘a5) =0

83 833782478

8907844

(4)
S

and rearranging the terms we get:



The following relation can also be obtained from equations

(7) and (8).
y (4) (4) f1 a22-*44-aS
vyl *2 e ag aiivad44
= * 1 . . a44~a3ig'la3
ad44"all ad4~a82 ad44“a33

B P41 ° Y42 ° Y43

(10)

Hence the general element in the eigen rows matrix can

he deduced by inspecting equations (4>, (9; and (10)e

The general expression is:

yr ~ * A“sr * ¥Ys,r+l * ¥Ys,r+S ......






224.

Consider the case of a heterogeneous (addition)
polymer with an initial distribution
X=-1 2
N, =N p (1=-p)
The value of the rth row of matrix equation (19) arranged
in a series form is given by

S8=r-1 t

a
X, =N, 13’”(1—1))2 3oy aal(r-s-1)e TBsT-E

t a _t a_t
- z(ras)e ®r-1,r-1 + (r~s+l)e rr]+ N, pnﬂ?1—p)2 e T (1)

where
8=r-1 s g1 Lg=2)(1 p=t) . {8=p)-r(1- glngr'l
2s=1 B o1 o1 » and
P (1-p) (1-p)®
s-r=1 2(r- g 2(r-1)(1-p=" 2 1_.21:211.21:222&
2.1 o1 -1 2 s and
P (1-p) (1-p)
28=r°1 r-g+l = 2 (1-p r-1) o {8=p)=r(i-p)- r-1
s=1 pS P”i(lmp) | pral(lgp)
1 a t
° n 2 1«2r“ P=L2,1=2
e X, =N __ . =N, p(1-p) [pr-l(l-p g(r-Z)e

a t a__t
- 2(p-1)e T-lP-17 L g TT ;

)
. (2—;92-1*(1-92=2r“1§ear=2,r=2t= ge r=1,7=1"
I’-l(l_p)S

a t) a_.t
+e T )J + N, p™(1-p)® o T (2)

Substituting in equation (2) the appropriate values for

a8y, and applying the transformation n-r+i = x, the value

of Ny can be:



- o Kxt e—K(x~1)t§] + N pP(1-p)2 e=K(x-1)t (3)

Since p 1s less than unity and n tends to infinity, therefore
pn can be taken as zero, and equation (3) rearranged can be
put in the form:

N, = N, p* (5" eK(x+1)t_ 5 o -Kxt | -K(x-1)t)

=l ~K(x- -Kt12
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The motion of the nth sphere in the long chain mole-

tcule is given by:
2my, + a(2yn-yn+1—yn_1) + 2By, = 28V
= 28V, o'¥® (1)

Considering Ip = Yn eiwt where Yn is complex.
Therefore equation (1) can be put in the form:

2svo
1 % a

2
20”m - 2103@'_
Yn—i +( o o 2).Yn+Yn+

If the length of the chain is P units, then there will be
P such equation to express the motion of the chain, Further
Yo = YP+1 = 0, since the chain is assumed fixed at both ends,

2 |
Putting 848 - BB _ o _ , and
28Y
e =Y

the motion of the chain can be represented by the following

set of linear algebraic equations, viz:

0¥, + Y, = ¥ }

Y1+6Yz+ Y, = Y 5
pedgr Yy o= @

IS AP SRR SO = Y ;

0P 09 000 0P ENDEQRCEOCDEIOSTOSPROOSOES )

Tpg + %% =r
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Equations (2) can be put in the matrix form:
MY = « (3)
vhere Y and ¥ are column matrices and M is a symmetrical matrix

of order P, given by:

™~ -y

-] i 0 0 .o O
1 6 1
0 1 L) 1l

@0 0P e QOO0 IR0 eRscO

MPg

1

oooo&oooo.couo-ooo 1 GJ

and its determinant 1s given by:

Dp = BALEsO (¢)
where:
6= 2Cos 6 (6)
Premultiplying both sides of equation (3) by the
reciprocal matrix M‘;l we get:
Y= ¥ly (6)

where M;j‘ is a symmetrical matrix given by:

, i -

M;l - 'S-;g- Sl SP wsi SI-)“l 81 SP“Q esss o0 ':Slsl
151 1g s S, 8, ., =§ 8

1 P“’l 2 P"l % Pag """’:-‘:8281

81 SP'='2 -32 S}.)“’g 85 SP‘=’2 coee ooo:sasl (7}

0@ 060 00D O00O0ECOOO0O0S 000000600000 0ev00C0T0C

oooaoooaiooocooooai.oocsooootaooispsl
5

k>
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where S, = sinr @ (8)

Hence equation (6) can be put in the form:

- “ 1 o i
Y SS "SS 2860060000 c0000 000000 i'.ss
10" 88pyy | LF 1%p-1 84
Y2 -.Sl%“l S2SP=.1 .SBSR_Q @0 eecos 20000890 :'.-'8281
: %1 So%npyq cereer Sp8npyg eee-028,8
»YPJ :'_'8131 1’8281 8831 ..Q.o“......o.ispsij

- -

Y

¥

° (9)

Y

The general term of equation (9) is given by:

Y, = —§;-31 - [8p e 8185485, 00+ 28,)% 8, (8,-85484....48, )] (20)

Substituting the value of S, given by equation (8), we get:

281..324-83....,5-_3!, = 8in[6 4+ LI_'-__L)_%Q;*_‘F_Z,] sin[g-(—g—ﬂ]/oos -g- (11)

and

2 (P=r=1)(64x)
81“' 2"830 e o ci%_r = Bin[ a + 2 ]
sin[g"—z%-(-e-ﬂ] / Cos g- (12)
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Hence from equations (10), (11) snd (12) the emplitude of
vibration of the rth sphere in the chain is given by:

Yp=gin 6 sIniP-n-i)e x sinl6 + &fl'%'e‘tﬂ]ﬁn[ﬂ%iﬂ]/cos g'

6 Pep-1 “Qﬂ!
% 5In 6 sin(Fri)e * oinlo + ( ) ]
sin ['(‘E:‘%(Ml] / Cos g (13)
2
where © = Cos™ 1 | Q&-@- 3—3-@- 1]
T

and Ip = Yl‘ ewt
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The apparatus designed for studying degradation of
polymers under applied external pressure includes, as illus-

ttrated semi-schematically in Fig.Al, the following components:

1, A pressure chamber incorporating the capacity gauge
for measuring the ultrasonic intensity with the aiad
of a proximity meter unit (P.M.4).

2. A orystal mounting inside the pressure chamber,

3. A rolling sphere viscometer and the associated

tektor and multi-speed recorder,

4. A pressure transmitting chamber,

1, ERESSURE CHAMBER,

The pressure chamber is a steel tube designed to stand
& pressure of 1000 atmospheres. The inside of the whole
chamber is chromium plated sgainst any possible effect of
free radicals, A sparking plug fitted in the bottom of the
chamber serves as a H,T. lead. The chamber is divided into
three compartments,

Polymer solution is separated from transformer oil by
an 0.0006" terylene membrane which is transparent to ultre-
1sonic waves, A liquid tight seal makecs it possible to

have an air space at the back of the crystal, A chevron
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packing between the top cover of the chamver and the capaclty
gauge provides an efficilent seal Without restricting the move-
iment of the latter when required, Brass tubes with simplifix
£ittings connect the different compartments of the chamber to
the other components of the apparatus, including the rolling

sphere viscometers.

2, CRYSTAL MOULTIIG,

The crystal mounting is another version of Stumpf's
crystal holder, The lower face of the crystal is fixed with
araldite type 101 to a perspex cylindrical base, 4 high
tension electrode, which is a soft thin copper wire, is soft
soldered to the lower face of the crystal and then secured in
a screw head by a Tixing screw, The screw hegd is soldered
to a spring. A small perspex tube acts as a guide for the
central electrode of a sparking plug and serves to secure a
proper contact between the spring and the central electrode
leading the H.T, from the oscillator to the crystal. The
earthed electrode is soft soldered at one end to the upper
face of the crystal, while the other end is soldered to a brass
collar on top of which rests & brass ring with a terylene mem-
:brane (0,0005" thick) affixed to it by araldite 101, The

quartz crystal assembly is supported in position by means of
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an adjustgble ;1quid tight joint,incorporgting a steel flange,
two threaded brass plates to squeeze a leathér gasket which
seals off the transformer oil from the pressurised air at the
back of the crystél°

It is worth mentioning that by using an electrode in
the form of & spring, in direct contact with the face of the
crystal, sparking always took place between the spring tip aend
the face of the crystal. This is due to the fact that the
vibration of the crystal and that of the spring are bound to
come out of phase with each other at some instant, creating
an air gap, resulting in a spark-over, To avoid such
sparking taking place, a soft thin copper wire was soldered
to the face of the crystal and used as an intermediate

connection between the crystal face and the spring,

3, ROLLING SrHERE VISCOMETER,

See Chepter III, Section 2.

PRESSURE TRAWSHITTING COLIPARTHES

4,
An air cylinder fitted with a regulating valve provides

the external pressure to be applied to the polymer solution,
| Pressure is transmitted to the polymer solution and transformer
oil via two very flexible bellows, while air at the controlled
pressure is applied direectly to the back of the crystal and
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to the back of the nilo 36 diaphragm in the capacity gauge.

By such an arrangement the pressure in all parts of the chamber
~will be the same, and damage to any of the internal components
will be avolded,

Other components of this apparatus have been discussed

in previous Chapters.



