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CHAPTER I.

CRITICAL SURVEY.



CRITICAL SURVEY:
«<VPyiiiram i^. im g'W aiw a g ^«Ufh»aC>4BC»i W W . q d i»

Early experiments on the degradation of* high polymer 
solutions showed that violent mechanical shaking of the sol
ution for a period of a few hours resulted in a decrease in 
its molecular weightc The fact that this degraded polymer 
showed no tendency to revert to its original molecular weighty 
on precipitation and redissolution without shaking^ provided 
strong evidence that true chain scission was involved.

(1)Early experiments in 1954 Ly Staudlnger and Heuerx 
on solid polymers showed that grinding polystyrene in a hall 
mill for a period of 40 hours resulted in a fall In molecular 
weight from an initial value of about 450,000 to a limiting 
value of about 10,000. It is almost beyond doubt that the 
considerable amount of heat developed during that process 
was the main factor causing this degradation^ although mech- 
:anical degradation is not completely excluded®

Their experiments on a solution of the same polystyrene 
sample in tetralinej on the other hand^ showed that by creat- 
:ing a turbulent flow by forcing the solution through fine 
nozzles where cavitation undoubtedly occurs^ the polymer was 
degraded. The fall in molecular weight was not so marked 
and the limiting value of the molecular weight was found to 
be 380,000



Although these workers concluded that the breakdov/n 
was caused by the shearing forces produced by the turbulent 
flowj yet one can infer from their experiments that; 
lo Thermal degradation plays a less important role^ and
2<> Cavitation produced by the turbulent flow is likely to

be playing the main role in causing degradation Never-
itheless mechanical degradation cannot be ruled out0

(p)Almost at the same time in 1933^ Szalay^ ' on the one
f 3 }hand and Flosdorf and Chambers' 1 on the other^ reported that 

it is possible to break down large molecules into smaller 
molecules by the use of ultrasonics or intense sound waves0 
They had observed that the viscosity of different solutions of 
starch? gelatin^ rubber^ agar-agar^ formaldehyde polymerisates 
etCo 9 decreased gradually during strong sound treatment 
(10-15 Kc/sec,,) o 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 and Gilling^^ 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 casesa It became evident^ by that tirnê  
that the decrease of viscosity in some solutions (mostly in 
gelatines) was entirely recovered after having been left



alone for several hours at the end of the sonic treatment 
Furthermore* since it had "become known from earlier expert- 
smen-ts that thixotropic gels could be liquified by ultrasonics* 
apart from depolymerisation* Freundlich and Gilling got the 
impression that the decrease in viscosity could not be inter~ 
:preted wholly as depolymerisation but could be either a change 
in the structure of the solution or attributed to the thixo- 
:tropic characteristics of the solution*

On the other handj there were cases where the tearing 
of macromolecules by ultrasonics could be proved beyond doubt0 
Brohult^^ for instance^ using a frequency of 250 Kc/sea* 
proved by measurements with the ultracentrifuge that the hae~ 
smocyanin 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 case0 It was concluded that an 
actual break down of the molecule had taken place* Whether 
this breakdown was due to the ultrasonic waves directly or 
could be attributed to the cavitation mechanism cannot be 
stated from the data available* In fact? Freundlich and 
Gilling found that by applying a pressure of 10 atmospheres 
above the solution - presumably to inhibit cavitation the 
decrease in viscosity failed completely to appear in four out 
of six solutions while they observed a slight reduction in 
the viscosity of the remaining two which were gelatine and



agar-agar0 The question whether you can tear hig molecules
into smaller ones# purely by the ultrasonic vibrations alone^
remained unanswered*

In 1938, Thieme(6) obtained a similar fall in viscosity
with solutions of gelatine^, agar-agar and gum arabicQ Thieme9s
work was based on measuring the change in the relative viscosity
|/̂ s® of the polymer solution,, Thieme also tried to discover
an empirical relation to fit his degradation resultsG His
interpretation of the results were not altogether correct and
it was shown later by Schmid that this was due to Thieme9s
graphical representation of his resuitsc

The polymers used by the majority of the above workers
were all natural products of ill-defined chemical composition,

( 7)Schmid and Rommel' realising this fact^ used solutions of 
various synthetic polymers* These synthetic polymers which, 
according to Staudinger are chain threads held together by 
primary bonds^ have the advantage that only one main bond has 
to be dissolved in order to split the molecule into two parts,
while in natural polymer molecules (branched), more than one
bond would have to be dissolved,. Another advantage is the 
accepted relation found by Staudinger between viscosity 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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Schmid and his co-workers carried out extensive tests 
on synthetic polymers such as polystyrene, polymethylacrylate, 
polyethylacrylate and polyvinylacetate0 The results of these 
experiments are given "below in a classified form:

lo Polymers 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 ultrasonic 
source, the solvent, and the concentration of the polymer 
solutions® Figd, which is taken from Schmid’s results, 
illustrates the above statement and represents the degrada
tion curves of three samples of polystyrene in toluene of 
different initial molecular weight®

So Schmid^ assumed that the rate of breakdown is propor
tional to the difference P-Pe and gave his initial express- 
:ion in the form:

f  “ K(p-pe)
aywhere is the average number of broken molecules per

litre per min®, i®e®, the rate of d egradation;
P is the average chain length at time t;
P^ is the average chain length at the end of 

degradation;
K is a constant usually known as the rate constant0
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He then proceeded to develop a theory to account for the ultra
il sonic degradation of long-chain molecules, which is repre- 
:sented hy:

Me Me, K /Me,8' + Ue- g- - log(l^) = grfo) .t - g- - logd-gj)

where IYL is the molecular weight corresponding to the average 6
chain length at the end of degradation^

is the average molecular weight at time t$
G is the concentration in "base moles per litre* m

and Mq is the initial average molecular weight, i0e0* 
at t = Oo

Schmid did not take account of the size distributions
obtained during the degradation process nor did he make clear
distinctions between number and weight average molecular weights<
Jp.though by inspecting his derived formula MQ should be, cate-
igoricallyj a number average molecular weighty yet in verify-

Me t Me\:ing his equation he plotted jj— h- log(l-jj—) against t* taking
t t

M̂. as the weight average molecular weight obtained from vis- 
icosity measurements0 Nevertheless he obtained straight lines 
as required by the above equation and as shown in Fig02 for 
a Bample of polystyrene in toluene* Schmid® s theory will be 
discussed in more detail in Chapter V0

3e Schmid^investigated theoretically the possibility 
that the macromolecules are broken by frictional forces- A



frictional force can exist if there is a relative motion 
■between the solvent molecules and the macromolecules* The 
relative motion can be set up as the result of the propagation 
of the ultrasonic 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 f5 AgU* * (case 
of polystyrene)* Schmid, then applied Stokes formula 3 
t = P06 v Vr to estimate the frictional force that may 

be developed if Vr 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~G bond* The relative 
motion developed between solvent molecules and polymer mole
cules can be due to either the inertia or the rigidity of 
the macromoleculeSo 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 provide con
clusive evidence* nevertheless Schmid attributed the exis
tence of relative motion to the rigidity of macromolecules 
in solution^ and explained most of his results on the basis of 
that conception*
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t (q )40 Schmid1 sv/ experiment on the dependence of degradation 
of polymers on the frequency of ultrasonic waves showed that 
within the range 10-300 Kc/sec<>, the degradation is independ
ent of frequency*. According to'his mechanism for degrada- 
Jtion^ the rate of degradation is anticipated to decrease 
with the decrease in frequency as the rigidity of the macro- 
imolecules hecomes 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 macromoleculeSj this 
series of experiments failed again to add any conclusive 
evidence to support his hypothesise A copy of his results 
is given in Fig* 3a which shov/sthe degradation curves for a 
0o 3% solution of polymethyl methacrylate in henzeneo

50 Schmid^*^ carried out another series of experiments on 
the degradation "by ultrasonics of nitrocellulose in n-butylac- 
:etate and of polystyrene in toluene at temperatures of 40°, 
60°, 80°, 100° and 120°Co 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 degra
dation* ioe„* thermal and ultrasonic to he additive 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 weighto 
In trying to explain his observations according to the con
ception of rigidity of macromolecules he atrributed the 
decrease in degradation to a decrease 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 
increasing 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 from obstructive to non-destructive 
cavitation,,

(7)60 In order to suppress cavitation* Schmidv ' 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 degra~ 
rdation was inhibited 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 5*

Weissler^*^ questioned the findings of Schmid and his 
claim of suppressing cavitation by applying a pressure of 15 
atmospheres on the free surface of the solution* He indicated, 
however* 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 
is 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^18  ̂he examined the 
products of degradation of two similar unfractionated samples 
one under thermal and the other tinder ultrasonic conditions*
By fractionating the resulting polymer at the end of degra
dation in the two cases and plotting their distribution
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curves which showed a marked difference* as shown in Figc6, 
he concluded that the degradation produced by ultrasonic waves 
could not possibly be considered to be due to thermal effects0 

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 forces may be 
playing a minor role0 This view point is confirmed by

/13)Prudhomme' J who has been convinced that together with the 
strong action of cavitation there also exists a weaker effect 
of the so-called ’frictional forces?e

Another interesting contribution is the work of Ii0W0 
Melville and A0JoRo M u r r a y w h i c h  proved that3 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* 
Ro0o Prudhomme and P* Grabar^5  ̂ 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 0„Ho 
radicals as an effect of cavitation* The chemical action was 
alv/ays closely related to a weak luminescence resulting from



12.

the collapse of bubbles, probably either due to the adiabatic 
compression of the gas inside the bubble or due to some 
electrical phenomenon0 Electrical discharges do occur as 
a result of the electrical potential built up between oppos- 
:ite walls of the cavity«, Furthermore! the addition of a
few drops of liquids of high vapour pressure such as ether 
or acetone usually inhibits luminescence or reduces it to a 
great extent with a consequently similar effect on the chem- 
:ical actiona Under these circumstances it becomes doubtful 
again whether degradation of macromolecules IS basically due 
to mechanical friction or simply due to cavitation and its 
associated effects0

Wiessler^*^ 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 vacunm0 He concluded^ emphatically? that cavitation 
is the only cause of degradation, and that the opposite con- 
:elusion arrived at by earlier investigators is attributed 
to their inadequate methods for eliminating cavitation0 
He also inferred that oxidants, known to be produced by ultra- 
:sonic waves in solutions containing dissolved oxygen or 
nitrogen, cannot be responsible for the degradation because 
substantially the same amount of depolymerisation occurs



even when helium is the only gas present«
Based on the findings of Schmid, Jellinek and his co- 

:w o r k e r s 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 features of degradation*

Furthermore, J e l l i n e k p o i n t e d  out the fact that 
neither the frictional forces as suggested by Schmid, nor 
the impact forces as an alternative mechanism for breaking 
the macromolecules, 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*

Jellinek^^ discussed the possibility of the ultra- 
:sonic degradation being thermal in origin* Knapp and 
Hollander^*^ 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 mlcrosecondo This experimental
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(2 2 )observation was confirmed later by Noltingk and NeppIras' '

in their theoretical analysis of cavitation produced by
ultrasonicSo 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 gas0 Consideration of this aspect
indicates that^ if ultrasonic degradation is thermal in
origin, the rate of degradation of a solution saturated
with monatomic gas should differ appreciably from a solution
saturated with a diatomic gas provided that both gases have
similar solubilities in the solvento

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

(14):ducted by Melville and Murray' 1 on two samples of copolymer 
of polymethyl methacrylate-acrylonitrilej proved that ultra~
:sonic degradation is not thermal in its origin0

Jellinek, following Noltingk and iTeppiras 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 cavity0 
He found that this frictional force is sufficient to rupture



15.

a C-C bond. The observed rates of degradation for solutions 
saturated with monatomic - and diatomic gases were in agreement 
with the conception that degradation is effected by cavitation.

It can be concluded from Jellinek9s work that 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 
cavitation. Furthermore, he seemed to agree that mechanical 
forces and not the heat associated 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 of long chain mole- 
:cules is far from being clearly defined.

It even becomes more ill-defined when the results of 
the experiments of Alexander and Pox^®^ on polymethacrylic 
acid are considered. No degradation under vacuum was observed, 
indicating that ultrasonic waves alone are incapable of rup
turing the polymer chain and that cavitation is essential 
for any process of degradation. Their experiments on solu
tions of molecules of 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—
:ical origin as the frictional forces are dependent on the 
shape of the molecule.
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Summing up, it is generally agreed that chain sciss- 
:ion is a consequence of the strain placed on the polymer 
molecules either "by frictional or impact forces* These 
forces can he a direct effect of 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- 
spheres, however, a residual rate of degradation remains*
Many earlier workers (Schmid and co-workers, Melville and 
Murray), seem to have accepted this result as sufficient evid- 
:ence of degradation in the absence of cavitation, most pro- 
sbably 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 a 0] 
decreases linearly as the pressure increases* Furthermore, 
the degradation ceases completely at a pressure of 8 atmos- 
spheres* The same linear relation appears, from Fig*7B, to 
exist in the degradation of polystyrene* The value of exter- 
snal 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 cotton0 Thir, result indicates that there seems to exist 
a critical external pressure beyond which no degradation takes 
place® This can he interpreted in two ways* On one hand, 
it can he 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 he suppressed, at least theoretically, hy the 
application of much smaller pressures than those applied 
during the experiments, it may he 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 below the minimum value required for effect
ing degradation,. This implies that degradation produced 
purely hy ultrasonic vibrations cannot he completely excluded® 

As mentioned before attempts have been made hy Melville 
and Murray to eliminate cavitation in a polymethyl methacryl- 
:ate solution in benzene hy evacuating the system of permanent 
gases on the principle that the cavities once formed, would 
not collapse® Their results, shown in Pig®8, indicate that 
the rate of degradation is only reduced hut 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 Fig09„ 
Similarly, Alexander and Pox could detect no degradation on 
irradiating evacuated aqueous polymethacrylic acid solutions, 
Hence, it can he stated that despite the various claims, there 
is no real evidence that degradation can tal:e place in the 
absence of cavitation,

Furthermore, the only detailed theoretical treatment 
expressing the degradation of polymers hy ultrasonic waves is 
that given hy Jellinek and it is only limited to homogeneous 
polymer samples. Obviously this limitation is a serious 
drawback 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 heterogeneous polymers. The 
general solution can be applied to express any type of random 
degradation. In the course of this work this general solution 
will only be applied to the case of addition polymers (prepared
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thermally,) and their degradation hy ultrasonic waves0

Factors Controlling Cavitation0
( 24)In 1917, Rayleigh' 1 examined theoretically the

hehaviour of an incompressible fluid in which he imagined a
spherical void to he suddenly formed0 Later, in 1942,
Beeching^5  ̂ extended Rayleigh’s analysis hy taking into
account surface tension effects, and the pressure of the
liquid vapour in the huhhle0 At the same time, Silver
introduced thermodynamic considerations, hut several question^
:able assumptions in his treatment render his results doubt-
:ful0 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 predictionse Further, in 1949, Plesset^^
developed an equation for the motion of a vapour-filled
bubble in a changing pressure fieldo

An attempt, to define theoretically the conditions for
the appearance of cavitation in liquids subjected to alter-

(28)mating pressure changes, was made by Noltingk and Neppiras' t 
They found that the occurrence of cavitation is restricted to 
a definite range of variations of the following parameters:



lo The alternating pressure ar/iplitude of
ultrasonic waves,

20 The frequency of ultrasonic wave,
3® The radius of the bubble nucleus,
4® The hydrostatic pressure applied to

Ro

the liquid,
furthermore, the:/ predicted that under certain condit« 

:ions, the change from non=»cavitating to cavitating conditions 
is found to be exceedingly sharp0 This enabled them to 
express accurately and in simple terms the threshold for 
cavitation inception®

In order to get a clearer picture of the effect of 
each of these factors on the inception of cavitation and the 
role played by each in suppressing cavitation, a discussion 
of each factor separately seems justifiable®

Thresholds for RQ®

Assuming that all the other factors are kept constant, 
it is predicted that as RQ 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



M
IC

R
O

N
S.

400

300

300

too

R. . MICRONS

FIG. 10. P., a t *  AS FUNCTIONS OF R.
FOR P.*4«IO* o>**»io4 l»m IO*

NOLTINGK ft NEPPIRAS.

AS 
A 

FR
AC

TI
ON

 
OF

 
A 

PE
RI

O
D



210

radius-time curves (Fig*10) show that as the lower threshold 
of RQ is approached the curves "become distortedo Furthermore 
at the critical value of RQ (depending on the frequency, 
hydrostatic pressure and pressure amplitude considered) , a 
sudden expansion occurs resulting in a sharp rise in the value 
of the bubbles maximum radius Rm indicating the inception of 
true cavitation* Cavitation conditions continue, presumably 
with increased intensity, as RQ increases* On further 
increase in RqC the intensity of cavitation reaches a peak 
and then starts to decrease until RQ reaches and passes its 
resonant value corresponding to the frequency of the ultrasonic 
waves* This critical frequency has been expressed by
the following equation:

A oS - 3Y (Pa * r j  - 83/feo
where Y s ratio of sp* heats of gas

inside the bubble; 
and S % surface tension of liquid;

After passing through this threshold, no true cavit-
ration takes place* The bubble motion again becomes sinusoidal
and can be represented by the equation:

RqP sin wto
A * SR.

R is R_ -
3(Pa + )

o



Threshold of to.
From the analysis of the effect of varying RQ, and 

considering the equation of hubhle motion at the upper threshold 
of RQ, 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 
the upper threshold of Rq coincides with the lower limito 
Beyond that frequency true cavitation can never occur, theor- 
:etically, whatever the distribution of nucleic

However, cavitation effects are expected to fall off 
with increasing frequency, and to disappear completely in the 
region of frequency given by;

w ~ s k -  t3Y (PA * W ?  ^o o
Noltingk and Neppiras* theory indicates no lower 

threshold for co, implying that the cavitation intensity would 
increase as co is decreased® 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 occur0

This frequency dependence of cavitation was later illus- 
( 29):trated by Qaertner W„; 7 after introducing some simplifying

assumptions which seem justifiable® He emphasised the fact 
that the effects of ultrasonic cavitation will cease above



a certain frequency range as a consequence of the limitations 
on the expansion of the nucleus0 His discussion gives a 
strong indication that the optimum frequency for applications 
of ultrasonics utilising cavitation effects lies below 2 Me 
and most likely below 1 Me at the intensities reached with 
ordinary transducers,.

Although Schmid and his co-workers found that depoly- 
:merisation of long chain molecules is independent of frequency 
in the range 10-300 Kc/sec*, yet, in view of the practical 
importance of finding an optimum frequency for cavitation 
effects, an experimental investigation of the problem seems 
highly desirable in the range of frequencies 0®5 - 2 MC*/sec 0

Thresholds of pA and pQ0

Changes in the hydrostatic pressure affects the 
rapidity of the collapse of a cavitation bubble® If is 
decreased the bubble will grow larger® If the bubbles become 
very large the time required for their collapse may be so 
great that the pressure begins to go negative before the 
completion of the collapse® The collapse will tend to be less 
violent® Obviously a lower threshold must exist below which 
no destructive cavitation will occur, as the bubbles will not 
have time to collapse completely® Any further reduction in 
PA below this threshold will result in slower changes in the
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bubble radiuso A typical illustration of the effect of
varying is shown in Fig* 11 given by Noltingk and Neppiras 
in which the broken line shows the lower limit of p^ below 
which the collapse will not be completed before the end of 
the positive half-cycle of the pressure wave* In addition 
the figure shov/s that with increasing p^ an upper limit will 
be reached beyond which cavitation never occurs* Further
more, on considering the maximum fluid pressure pm produced 
by the bubble’s collapse, 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 pQ is best illustrated by Fig*12, which shows 
a sudden expansion of the bubble when the value of pQ is 
nearly equal to p^.

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 pQ to be less than p^, or by increasing p^ to be 
greater than pQ, 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*



Object of Investigation*
From the critical survey of past work on degradation 

of long chain molecules by ultrasonic waves, it is quite 
clear that in many of the published work the type of polymer 
samples used in the investigations was not clearly defined, 
i*e*, whether fractionated or unfractdonated polymers were 
used* Obviously, fractionation of a polymer sample is a 
troublesome task, and it would be much better if unfraction- 
:ated samples could be used, provided their degradation 
characteristics can be predicted at the different stages of 
degradation*

Furthermore the ultrasonic intensities 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- 
:dation 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 
controlled 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 
complete understanding of 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 process of degradation as suggested hy Qaertner,

With an aim to contribute to the clarification of the 
above mentioned points a programme for this work was content 
splated to include the following:

lo To design, construct and put into use an ultrasonic 
generator of 1 KW* output covering a frequency range 0o5 
to 2 MG/seCo

So To construct, calibrate and put into use a simple and 
reliable device for measuring ultrasonic intensity and 
viscosityo
30 To develop a general solution for the random degradation 
of long chain molecules and to apply the theory to express 
the degradation of addition polymers by ultrasonic waves0

40 To carry out experiments on the degradation of addition 
polymers with the purpose, of verifying the theory and checke
ring the limitations of its validity,,

50 To investigate the possibility of using D.P„P0H„ 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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60 To investigate the effects of intensity and initial 
chain length on the degradation process0

?<> To investigate the frequency dependence of the ultra- 
:sonic degradation of addition polymers in the 0o5 » 2 Mc/sec0 
frequency range0

80 To suppress cavitation at least hy one method in order 
to determine the role of cavitation in the degradation of 
polymers hy ultrasonic waves0
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lo ULTRASONIC GENERATOR®

A0 Introduction®
It was necessary, for carrying out this investigation, 

to build a powerful ultrasonic generator® The power rating 
of the ultrasonic generator was estimated to be about 1 KW® 
Many types of oscillators were studied among which are the 
following:

(a) resonant drive type (Hartley);
(b) self-maintaining type (Pierce);
(c) push-pull type®
Prom the above mentioned three types, the push-pull 

oscillator cricuit was accepted as the most convenient type 
of ultrasonic generator® Some of the salient features of a 
push-pull operation, which favoured its selection, are summar- 
:ised below:
1® The effective plate resistance is twice that of a single 

valve®
2® The power output is twice that of a single valve oper

ating tinder the same conditions as either of the push- 
:pull pair®

3® The fundamental 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 doubled.
These features provide certain advantages of the push- 

pull type of oscillator over other types of oscillators.
Some of these advantages are:
1. Increased power and frequency stability.
2. All 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 valves there are no even-harmonic 
components in the tank-circuit.

5. 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 
a limit to the frequency at which satisfactory oper- 
:ation is obtained.

B. Circuit Diagram.
The circuit diagram of the push-pull ultrasonic gener- 

:ator is shown in Fig.13. The design, construction, mounting,



33e

connections, earthing and screening are all in accordance with
the conventional methods recommended in building such high

(1 2 )frequency oscillators' 5 7e
The impossibility of obtaining exactly similar character- 

:istics for two valves, and the difficulty of determining the 
exact electrical centre of the tank-coil both make it desir- 
sable to include a H.F0 choke (IS) in the plate supply leadc 
This choke allows the H.P0 potential of the feed-point to 
vary somewhat, according to the degree of asymmetry of the 
valves and circuito

C0 Protection Systems and Relays,
i* Protection against sudden loading at switching onc 
It is essential for the long life operation of the 

oscillator that the filaments currents should be allowed at 
least a minute to heat up the filaments before the anode volt- 
sage is switched on0 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 on0

iio Automatic no-load -protection,,
A reduction in loading of an oscillator delivering its 

rated power output is usually accompanied by:



&4bo

a® a rise in tank circuit Q, voltage, current, and KVA®
■bo an increased H®F. drive-voltage between grid and 

cathode, since it is obtained from the tanko 
c® a decrease in peak and average values of plate-currento 
do an increase in grid current*,
Qo an increase in grid-bias voltage consequent upon the 

increase in grid-current®
With the drive correctly adjusted for full load con

ditions, the accidehtal 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 
biased 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-currento The relay operates and interrupts the HoTc 
supply if the diode current exceeds a certain amount®

Do Interference Suppression®
To suppress interference, which may be caused by the 

H.F® power being fed into the supply mains from the oscill: 
:ator and transmitted through the mains to other apparatus
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in the neighbourhood, an electric filter was built and placed 
in the supply mains, at the nearest point to the oscillator,, 
This arrangement is shown in the circuit diagram under 
symbol F0

Eo Voltage Stabiliser0 (ASR).
An ASR~1150 automatic voltage regulator was connected 

on the input side of the ultrasonic generator to maintain 
the voltage from the supply mains constant within + S05^ „
This 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 tappings0 Relative to the input voltage, 
the output tappings provide voltages which are respectively 
f70 5^* above the input, %2ob<?J above, and 20 5$ below* The 
tap changes are performed by means of microswitches, operated 
by quick-acting relay movements, which are controlled by an 
electronic *sensor1 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*

Furthermore, during the brief period of tap changing, 
a resistance-condenser network, which is bridged across the
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micro-switch contacts, is employed to eliminate surges and 
contact arcing*

P. Power Control*
The R*F. output from an ultrasonic generator is usually 

controlled hy either of the following methodsj 
(i) variations in grid drive; 

or (ii) variation in load matching;
or (iii) variation in filament emission;
or (iv) variation in H*T* voltage*

The first of these methods, as a means of varying the 
output from an R*F* generator, is "beset with severe limit a- 
:tionso Load matching on the other hand relies upon reson- 
:ance effects in tuned circuits and consequently depends on 
critical adjustment* Furthermore, it can easily permit over
load conditions to prevail*

It is not an uncommon method to control the power 
output hy varying the voltage applied to the filaments* This 
method, however attractive it may look, is not altogether 
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 built 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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offer 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„ voltage, this method provides a rough 
estimateof the power input to the quartz transducer0

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

Gr® Metering®
In a push-pull circuit, where it is required that the 

two similar valves should he 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
uous 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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Ho Efficiency,,
A loaded piezoelectric quartz crystal can be repre

sented by its equivalent electrical circuit shown in Fig*
14, where

R^ represents the load imposed by dielectric 
losses in the crystal and its holder;

CQ is the simple capacitance between the two 
electrodes;

R^ represents the mechanical frictional resistance 
in the crystal and holder;

R^ is the acoustic load to which the crystal 
is coupled;

Cm and 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-
:ance at resonance

R^ ( s Z^) is given by
. a2t2 p0 v0/4 62 S

where a is the compressibility of the crystal,
t is the thickness of the plate,
pQ is the density of the medium irradiated,
vQ is the velocity of sound waves in the medium 

irradiated,
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6 is the piezoelectric constant of the crystal,
S is the radiating area.
Since the resonance frequency for a quartz plate is

given by t s  2Z§2 KC/sec. where t is measured in millimeters, 
Rtherefore, the motional resistance falls off rapidly as the

frequency is raised,, Consequently the same power can he
obtained from crystals with lower applied voltages*

For X-cut quartz plates in thickness vibration the 
radiation resistance, at resonance, is given by

o _ 69 ,3 . i°17- ohms.
L S. f

where S is the effective area of the radiating surface
of the quartz crystals,

and is the resonant frequency of the crystal.
This radiation resistance will be shunted by the reactance
of the condenser CQ which will be considerably lower in
value. This reactance is given by

Y 1 1.18 x IQ17
e = 2* %  Go = “ S T ?

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 energyG
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Furthermore, the efficiency drops off rapidly for a 5 per
cent change in frequency away from the resonant frequency*

By using a coil to neutralise the static capacitance
of the crystal, the region of high efficiency can he extended
over a wider frequency range, and the absolute efficiency of
conversion can he made considerably higher,, This ,-can he

(3)done by using either a series coil or a shunt coil ' 0 The
series coil gives a low impedance circuit while the shunt 
coil gives a high impedance cricuito

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 out- 
:put of the crystal. The crystal, after inserting the series 
coil became a much more efficient radiator transferring at 
least least 70 per cent of the electrical energy into acoustic 
energy over a wider frequency band centred around the resonant 
frequency of the crystal, compared to 10$ energy transferred 
without the use of the coil* Outside this frequency band 
the amount radiated falls off more rapidly than for the crystal 
alone*

I® Design Data and Operating Conditions,,
Valves used - 2 Mullard V„HoF0 power triodes

type TY3 - 250*
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Valve ratings - limiting values -

With a circuit transfer efficiency of Q0%o

Va lo5 KVo

Vg -120 Vo

d« Co
400 m0A«

■*«'do Co
80 m.Ao

Vin(pk) 295 Vo
Pdrive 22 watts

Pa 175 watts,
Poutput 425 watts,

> 71 %

P2load 340 watts,

Operating Conditions.
A sample of the calculations for designing the push- 

:pull oscillator, shown in Pig. 13, is summarised below:
Duration of anode current = 20. ■ 140'

i s 30 9x400 » 1660 xruAo
V .

Prom valve characteristics v * 175 V„
®taax.
v = 230 V.
nnin.

i s 400 m0A0
gpk

e s 80 m.A,
doC.
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M V
Eb

0 = 3<> 0
V„ m -120 Vo8
R ss 2o0 K SI
8

Par Tank Circuit Components
Q coL £= « 4040 ohms<>

For a frequency 0o5 MG/sec0 and Q ss 12, tank coil inductance 
is given by L s ~ 107 >“*h«
Required tank circuit capacitance at resonance = 935 p0Po

iv.-ci.quencies o f  0*vd> l,n d p

■ mB usually in nuah & aa.q Pu
lionid meoPn IPP'aoqjn;C P
a-„ P  r

i - x - o c o n  a iP e o  n: n a p  a-: a n  /an  

■ids pioapated • s o o o p a  a ~ a- a;.:P ' • / <
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So CRYSTAL TRAITSDUCERS0

Ao In t r o d u c t io n s

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 temperatures0
Although it has a relatively small piezoelectric constant,
it can be effectively employed as a powerful generator at
resonant frequencies*

Crystals of ltf diameter were obtained from the quartz
crystal company* Both faces of the crystals were silver
plated, leaving an annular ring 1/16,f wide at the circuim-
:ference unsilvered* The crystals were X-cut for thickness
vibration having resonant frequencies of 0*75, 1, 1*25,
105 and 2 Mc/sec*

The crystal was usually mounted in such a way that it
could be immersed 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 applied voltage
and operating frequency* High intensities are usually limited
by an .'upper frequency limit of about 2 Mc/sec* Above that 

!limit the quartz plate is liable to mechanical fracture due



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 applied 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 loading on the radiator should be concentrated 
on one face only* In other words, the other face of the 
crystal has 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 surface 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 intensities such 

as required for the process of degradation of high polymer 
solutions, the matching of acoustic impedances is a necessity* 
The specific acoustical resistance 9pc* for quartz is 146x10^ 
while that for a polymer solution in benzene is about 11*6x10^ 
giving an acoustical resistance ratio of 12*5e For such a 
ratio only 29% of the mechanical acoustical energy will be
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transmitted through the polymer 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- 
:ical 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 magnesium 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 quartz using silver cement HxR*72*
This method resulted in a discontinuous monomoleeular 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 he
th~ suppression of arcing across the crystal on applying the
high frequency A®C. voltage to its faces® Methods suggested 
hy Noltingk^^, Gutmann^^ and Crawford^^ were tried, hut 
these all failed to give satisfactory results® These results 
left no option hut 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 hy Melville and Murray to provide 

the maximum circulation of oil at the edges of the crystal 
was tried out® The crystal, as shown in Pig® 16, is held hy 
lugs projecting from the main holder® The lugs, A, B, and C, 
are those on the upper half of the perspex holder, the lugs 
B, E, and F, shown hy dotted lines are those protruding from 
the lower half of the holder® The lugs in each half of the 
holder are placed ISO0 to each other, and the two halves are 
assembled to give a 60° spacing between any two lugs® This



arrangement provides a secure support to the crystal and at 
no point are both faces of the crystal in contact with the 
holder® Two grooves 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.

In use the crystal holder was supported 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 
cavitation took place at both faces of the crystal® Only 
those bubbles 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 bubbles formed from escaping® The output from 
the crystal was noticed to increase continuously as a conse- 
iquence of the accumulation of air under the crystal® The 
continuous increase in output reaches 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 applied 
voltages but it failed at higher voltages® Arcing started
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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 crystalo 
Obviously this holder had the inherent disadvantage that the 
maximum acoustic output cannot be immediately obtained on 
applying the voltage to the crystalo

Finally a simple crystal mounting was usedo This type 
of crystal holder is a simplified version of the holder devel«

(a):oped by Stumfv , Its simple design made it possible to 
use the crystal under different experimental conditions. The 
holder in its simplest form is illustrated in Fig,17, 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 leakage. For experi~ 
:ments conducted under atmospheric conditions, the air com- 
:partment is simply connected to a breathing tube open to the 
atmosphere, ^he purpose of this breathing tube is to proviC® 
direct communication with the atmosphere, thus avoiding any 
pressure rise in the air compartment which may cause a break 
in the seal at the crystal-compartment interface. Such a



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 as it cools 
down and thus forces the transformer oil to leak inside 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 ?/ire is soldered 
on the upper face of the crystal near the periphery, using 
low melting point solder, provides the HoT, lead while the 
earth lead is connected to the breathing tube,

During the experiments the holder was fixed to the base 
of a travelling microscope while the reaction vessel was mounted 
on a platform fitted to its moving arm. This arrangement 
proved very satisfactory in repeating 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 oil in which the crystal holder and base were immersed. 

This simple type of crystal 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 essential in order to 
effect any degradation* As mentioned in Chapter I, such 
experiments were carried out by previous workers, each conduct
ing 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 
flexibility of operation under conditions which would not raise 
any doubt about the significance of the results obtained, as 
was the oase with previous investigations® After completing 
the apparatus preliminary experiments were condcuted to ensure 
that each part was 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 polymers, as mentioned above®

The new approach to the problem was to investigate the 
frequency dependance of the degradation of addition polymers®
It was thought that this approach would ultimately lead to the 
estimation of the role of cavitation in the process of degra-



sdation of long chain molecules by ultrasonic waves, and that 
the results obtained from these experiments would be more 
significant since they were not dependent on the effectiveness 
of suppressing cavitation; a condition which cannot be fully 
guaranteed due to the incomplete theoretical treatment of 
cavitation0 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 along similar lines0
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CHAPTER III.

MEASUREMENTS TECHNIQUES AND APPARATUS.



1. BTTENSITY MEASUREMENT.

A. Energy Measurement.
The measurement of ultrasonic energy is an essential 

factor in assessing quantitatively the results obtained when 
applying ultrasonics to a specific process. Fundamentally 
it is possible to estimate the power output of a crystal 
transducer from the electrical energy input and the electro- 
:mechanical conversion factor. With a known conversion 
efficiency the intensity of ultrasonic^radiation at the rad- 
:iating face of the transducer can be calculated. This value 
however, is of little significance since attenuation and.beam 
divergence can appreciablycfecrease the power intensity at the 
point of application; of the wave energy., In most of the 
previous work done on the degradation of!; high polymers by 
ultrasonic waves, a calorimetric method was usually applied. 
The method measures the overall power dissipated, since theo
retically all sonic energy propagated into a liquid 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 previous works was, therefore, employed 
for absolute measurements, and was accepted by most investi- 
:gators as a rough estimation of the radiated power.

The sound intensity I (either in ergs/cm^ or in 
mW/cm^) for progressive plane sound waves can be represented
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by either of the following relations:-
(X)

where A is the amplitude of particle vibration in cms*

u is the particle velocity in craa per sec*
Obviously sound intensities can be measured by measur-

sing any of the involved quantities, A, u, or pe
The mechanical elongation produced in thickness vibra«

stion when a potential difference V e.s.u, is applied to an
X-cut quartz plate having a thickness t cms. parallel to the

(l)X axis is given by Voigt' .7 to be:
e =: V for the longitudinal effect*

where e is the elongation produced,
V is the applied potential across the faces

sp is the density of medium in gm* per cm 0
od is the angular velocity of the particle and 

= Sxf,
C is the velocity of sound waves in the medium 

in cm* per sec*
p is the pressure amplitude of the sound waves 

in dynes/cm^o

of the crystal in e*s«,Uo
and d ^  is the piezoelectric modulus for this mode 

of vibration*
For an X-cut, thickness vibration, crystal

6„9 x 10~8 
300 cm/volt
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( 2)as recommended "by Cady' * For a quartz crystal vibrating 
in a liquid medium the particles of the medium at the liquid 
quartz interface have the same amplitude as that of quartz, 
i0©o, A ss e„ Thus the equation for intensity can be 
rewritten as:

I a ££ to2 V®/9xl0^ ergs*/cm2*
The density of transformer oil used is pgQ ss 0*85 
Velocity of sound in transformer oil is C = 1420 metres/secG
Substituting in the above equation for intensity we get the 
relation:

I = 136 x fSE2. x ICf15 ergs./sec/cm8. ........(3)
which gives the acoustic intensity as a function of the 
applied voltage and frequency*

An approximate value of the maximum output voltage of 
the oscillator can be obtained using a valve-voltmeter con
nected to a known non-inductive resistance which is connected 
in series with a known high-non-inductive resistance across 
the terminals of the oscillator* The maximum output voltage 
measured by this method was found to be SO KV across the 
crystal at a frequency of 1 Me/sec0

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

pI s ilo 34 watts/cm * at a frequency of lo0 Mc/sec0 
Since the crystal is mounted with one face coupled to air,
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all the energy from this face will he reflected and the total 
intensity from the radiating face will he doubled* i.e.* 
acoustic intensity in transformer oil = 2 x 11.34 = 22.68 
watt s/cm8 o

The effective area of the crystal (i.e.* the area of
Qthe silvered faces) is 3.88 cm . per face, so that the maximum 

acoustic power radiated from the crystal into the liquid 
should he about 88.3 watts.

This calculation is based on the assumption that the 
amplitude of the liquid particles is the same as that of the 
quartz at the liquid-quartz interface. In addition* it is 
assumed that Voigt's formula e = d^.V can he applied to a 
vibrating quartz. This assumption* however* is justified in 
the case of a piezo-electric crystal vibrating at its resonant 
frequency. At resonant frequency the mechanical strain is 
in phase with the applied electric stress.

However* this method provides only an approximate esti- 
:mate of the acoustic energy output from the crystal. A 
calorimetric method was used to measure the output acoustic 
intensity from the crystal as a guiding estimate. The arrange- 
sment used is shown schematically in Fig. 18. The glass tube 
is filled with glycerine which practically absorbs all the 
ultrasonic energy radiated. The output power from the crystal* 
as a function of the heat developed due to absorption* was



measured calorimetrically from the equations
P = p V e J (4r) watts. (3)dt t=o

where p as density of the glycerine;
V as volume of the glycerine;
8 as specific heat of glycerine;
J as joule’s equivalent;

(~) sc Temperature time gradient at time t»o.
d t  tssO

B. Radiation Pressure*
It is known that the propagation of plane sound waves 

is always accompanied hy a direct, unidirectional pressure 
component due to radiation. This sound radiation pressure is, 
theoretically, a consequence of the quadratic terms in the wave 
equation. There is also a hydrodynamic streaming, associated 
with the propagation of sound waves in liquids, which causes a 
movement of the liquid away from the transducer.

The radiation pressure, therefore, provides a steady 
force against a “body immersed in the liquid and is given hy 
the relation:

3 s. |(r + 1) § = |(r + 1)B = KE (4)
where r is the ratio of specific heats;

B is the sound energy density;
K is a constant.

Prom equation (4) the radiation pressure ’s’ is proportional 
to the sound energy density E. The value of the constant



*KS is equal to 1 for liquids under normal operating eon- 
iditionQo

However, in the course of this work five methods for 
the direct measurement of intensities were tried. The dev- 
rices used in these attempts which will "be discussed in 
detail below are:

(i) A ’point source* probe,
(ii) A radiation balance,
(iii) An inverted funnel.
(iv) A condenser microphone (capacity gauge),
(v) A thermo-element.

(i) The ’point source* probe.
The probe built was almost similar to the ’point source’ 

probe devised by Fein^*^. In agreement with Fein the perform 
:mance of the probe proved that:
a. It offered minimum distortion of the acoustic field,
b. It has good non-directional characteristics accompan-

:Ied 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,

do The ammonium dihydrogen phosphate (ADP) temperature
:characteristics in the temperature range of the exper
iments was less erratic than other types of sensitive 
piezoelectric materials, namely barium titanfcte.
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This probe was built from a piece of AJP crystal*, As 
shown in Pig*19 it is in the form of a truncated right cir
cular cone with its apex intercepting the sound field* The 
axis of the cone is parallel to the 45° line between the X 
and Y axeB 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 axis of the cone was such 
that the resonant frequency of the probe was about 1 Me. The 
speaker and transducer were two 1 Mc/seCo X-cut quartz crystals 
suitably mounted to suit the specific purpose of calibrating 
the probe* A sensitive valve voltmeter was used to measure 
the microphone output voltage and a thermo junction Rd?* ammeter 
was used to measure the input current to the transducer when 
used as a speaker*

G-reat troubles were encountered in screening the elect- 
:rical components of the receiver circuit to eliminate the 
electromagnetic pick-up from the oscillator and the high tension 
lead to the speaker* Every instrument and every component was 
externally earthed* Earthed brass gauge screen* with a hole 
in it to permit a free undiffracted passage of the acoustic 
beam* served as an efficient under-liquid screen* An earthed 
aluminium sheet across the top of the tank produced effective 
screening of the receiver’s side from the H0T0 lead to the
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crystal, This screening when carried out was found to cut 
almost 90% of the signal originally received by the prohe 
before the screening was undertaken.

Results of the calibration of the probe gave a value 
of the sensitivity of 4,19 x 10“® volts/dyne/cm^0 at 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.
Owing to the great difficulties in screening the piezo- 

:electric probe and the receiver circuit it was thought 
advisable to try some other device which provides less 
complications and enables direct measurement of the intensity, 
independent of the frequency of the ultrasonic waves, By 
this method screening troubles would be avoidedo

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

Fig, 20 shows the general arrangement of the system.
The intercepting body acts as a perfect reflector for the 
ultrasonic waves, One factor must not be overlooked; the 
intercepting body must be completely immersed in the liquid,



A
C

O
U

S
TI

C
 

IN
TE

N
S

IT
Y

 
W

A
T

T
S

/C
M

!

23

10

l-V

10

IOO 2 3X10' 200 
SOX IO ‘

3 0 0  4 0 0
73 X IO  IO OXIO '

P. D .C . POWER INPUT WATTS. 
V2 [D .C . A N O D I VOLTAOCr VOLTS

FIG.2 1 . INTENSITY MEASUREMENT BY RADIATION 
BALANCE METHOD.



otherwise the surface tension forces round its cylindrical 
surface - which are comparable in magnitude with the radiation 
pressure - may render any results obtained highly erratic0 
The terylene membrane just below the reflector acts as a 
shield preventing the hydrodynamic forces, set up by the stream- 
:ing of the liquid, from affecting the deflection of the rad- 
siation balance [Cady and (Sittings^ ]«

A typical sample of the values of ultrasonic intensities 
as obtained by the radiation balance method are shown in Figo21 
as a function of the D»C* poY/er input to the push-pull oscill- 
sator and also as a function of the square of the D0Co anode 
voltage*

Theoretically, the radiation pressure is proportional 
to the intensity of ultrasonic waves, ioe«, proportional to 
the square of the DeC* anode voltage» This seems to be rea
sonably the case, up to the highest values of intensities needed 
for this work* For higher intensities, however, the linear 
relation between radiation pressure and the square of anode 
voltage will not be maintained due to the occurrence of cavi- 
:tation*

(iiij The inverted funnel.,
This method wasoriginally suggested by Richards(5)0 

Its operation depends on the ear trumpet principle, i0e0,
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concentrated sound energy provides a more sensitive means of 
estimating the radiation pressure measured as hydrostatic pre
ssure, ^he possibility of using this method as a means of

(6)measuring intensities was investigated by Murrayv © A small 
funnel was blown on the end of a fine capillary tube and immer~ 
:sed in the liquid irradiated© Murray encountered some troubles 
due to oavitation taking place in the liquid column in the 
capillary© As 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© ^he mouth of the funnel should always be placed in the 
standing wave field in a position which would produce maximum 
height of the liquid 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- 
:aries should be perfectly clean and completely free from grease© 
Capillaries used must have a bore not less than 0© 5 m/m„ 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 a 
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©



FIG. 22. INVERTED FUNNEL CONFIGURATIONS 
FOR ACOUSTIC INTENSITY 
MEASUREMENTS.
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In the course of this work the design of the funnel 
was modified, to secure (1) no loss of acoustic energy from 
the walls of the funnel; (8) minimum interference during the
propagation of sound waves in the funnelc The different 
configurations shown in Fig* 22 were tried, which gave incon
sistent resultSo The results obtained were not reproducible* 
It is worth mentioning in this respect that there is an inher- 
:ent defect in this method* Awareness of this defect from 
the beginning urged the configurations in the shape of the 
funnel to be considered* Since the amount of upward displace
ment 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 limit is controlled by two 
factorss- (l) the ratio between the area of the mouth to that 
of the throat of the funnel; (2) the threshold of cavitation 
inception in the irradiated liquids

However, high intensities of ultrasonic waves, of the 
order of magnitude usually used in degradation processes, are 
very difficult to measure due to the occurrence of cavitation, 
and this method was tried with the hope that it would prove 
amenable to absolute calibration* Due to unreliable perfor- 
:mance it was rejected as a method for measuring the intensity 
in the course of this work*



(ivj The condenser microphone*
Since degradation experiments can he 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 required for the successful operation of such 
a microphone it involved many unforseen difficulties*

Many types of microphones, serving different purposes,
(7)have been described in literaturev » At the time when this 

condenser microphone was designed in 1953 none of these micro- 
:phones was operated to measure the radiation pressure assoc- 
:iated with propagated sound waves* Nevertheless in 1953, a 
condenser microphone was developed by McNamara and Beyer 
to measure the modulated pressure amplitude in liquids, which 
was produced by a modulated input voltage applied to the crystal* 
The condenser microphone, descriped below, operates in a slightly 
different way* The radiation pressure itself intercepted by 
the microphone causes a change in its capacitance* This 
change in capacity offsets the balance of a very sensitive 
capacity bridge* The out-of-balance signal having a frequency 
of 3000 cycles per second is then modulated by a carrier wave 
of ^ 5 0 0  KC/sec* The resultant modulated signal is there-
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: after 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, by its design, can he used to measure the 
radiation pressure and consequently the intensity of ultra- 
: sonic waves in a liquid® The liquid may he under normal 
atmospheric pressure, any applied pressure, or any maintained 
negative pressure (vacuum)®

Fig023 shows the details of construction of the gauge® 
Its dimensions are governed by the small size of the crystal 
transducer and the large size of the gauge required for a high 
degree of.sensitivity®

The capacity bridge of the proximity metre used in con~
: junction with the gauge is extremely sensitive® In that 
respect the gauge, by its design, provides an earthed ’shell5 
which shields the live electrode of the gauge effectively from 
any external interference® The adjustable live (inner) elect- 
erode 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®

Air is allowed to reach the interior of the gauge head 
at the back of the diaphragm® Aq this air is automatically



kept at the same pressure applied to the liquid, it follows 
that the net differential static pressure acting on the dia- 
:phragm is very nearly equal to zero® Consequently, the gauge 
can he rendered sensitive only to the radiation pressure, irr
espective 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® Many difficulties arose due to such high 
sensitivity® It was found for instance that the successful 
performance of the gauge depends upon the 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- 
Jization effect in the dielectric® The continuously increasing 
deflection of the meter due to this creep can reach values far 
in excess to those produced by the radiation pressure®

However, it is surprising to notice that McNamara and 
Beyer in describing their capacity gauge forgot to mention any 
of the limitations of its use in measuring large acoustic in- 
:tensities®

In developing this gauge, diaphragms made of different 
materials were tried® These diaphragms could be classified 
in two groups®



(a) Non-metallic diaphragms®
(b) Metallic diaphragms®

(a) Non-metallic diaphragms®
Mica diaphragms 0.0015,t thick®
Terylene ,f 0.0005*1 thick®
In both cases a thin film of chromium (50 A®U®) was 

evaporated on the diaphragm as a first coating® This coating 
served as a backing for a thin film of silver ( ^ 1 0 0  A»U.) 
evaporated on top of the chromium® Furthermore, this pro
cedure is known to improve the adhesion of the metallic film 
to the non-metallic diaphragm®

This arrangement gave satisfactory results at acoustic
ointensities less than 1 watt/cm ® However, at higher intent' i

:sities the pointer of the meter started creeping® This was 
found to be due to the destructive effect 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 caused a continuous disinte
gration of the evaporated 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 is the acoustic 
energy absorbed by the membrane® This absorbed energy will 
effect a continuous increase in the temperature of the conduct-



: Ing membrane® This rise in tempera tire will cause a contin
uous expansion of the membrane which results in a continuously 
changing capacity indicated "by the creep observed*

Under these conditions it was difficult to say if the 
creep was a result of one factor or the other, or both*

(b) Metallic dlaohragms®
0*001511 Brass diaphragms®
0o002fl Berillium Copper diaphragms
Since evaporated films on non-metal lie diaphragms showed 

signs of disintegration with the inception of cavitation, 
metallic diaphragms were tried since any erosion resulting 
from cavitation will not affect the capacity of the gauge®

Although calibration of the gauge with a static pressure 
proved to be successful, yet when the gauge was used to measure 
the acoustic intensity an anomalous behaviour of the metre was 
observed® These metal diaphragms showed to be temperature 
dependent and deflections several times that corresponding to 
the true intensity ?/ere produced® This fact was further 
confirmed by the gauge showing similar behaviour when exposed 
to a slow stream of hot air in a closed compartment® Temper- 
:ature compensation devices including a water jacket were tried 
without any positive result* It was concluded that capacity 
gauges could not be used to measure high ultrasonic intensities
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unless the diaphragm is made of a metal which has almost zero 
coefficient of expansion,, It was, therefore, decided to use 
a diaphragm made of a nickel alloy known commercially as 
’Nilo 36’ which has a coefficient of expansion l08xlO“S per °C. 
The diaphragm used was 0.003” thick.

Using the 0.003” Nilo 36 diaphragm, the capacity pressure 
gauge did not show any creep provided that the temperature of 
the surrounding medium (transformer oil or polymer solution; 
was thermostatically controlled and kept constant within &Qo2°G0

A typical set of calibration curves of the gauge is shown 
in I?igo24 in which the sensitivity is given by the setting of 
the sensitivity coarse control followed by the setting of the 
fine control. It can be noticed from the curves that the 
metre reading of the P.M.4 is directly proportional to the 
applied pressure below 2 cms. of water,, Por pressure exceed- 
:ing this limit the linear relation is no longer maintained.
This is attributed to the non-linear change incapacity due 
to the curvature of the diaphragm.

Vo The Thermoelemento
Two pairs of thermo junctions were made of 40 s.w.go 

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 terminals 
on the perspex block which could be connected to a sensitive 
galvanmeter and series resistance#

One pair of thermocouples were left bare, while the other 
was coated by a cold setting resin Araldite D as an absorbing 
substance. When this device - shown in Fig. 25 - was used 
for comparing intensities, the coated junction was situated 
along the line of propagation of the ultrasonic beam. This 
device proved quite useful 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 
it 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 bubbles adhering to the absorbing 
sphere before taking readings.



The degradation process of high polymeric solutions is 
better followed by observing changes in the molecular weight 
of polymer or changes in intrinsic viscosities* without apply- 
:ing the Staudinger equation, than absolute viscosities® 
Obviously both methods involve measuring the viscosity of the 
solution at different concentrations, a process which necessi
tates disturbing the conditions inside the irradiated chamber 
of the viscometer® To avoid altering the conditions inside 
the chamber a single measurement of specific viscosity was 
sought from which the intrinsic viscosity could be deduced®

(q )Martin^ * suggested a technique for measuring viscosities 
of cellulose under conditions such that a constant viscosity 
was obtained 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 solution® 
However, it was extremely important to choose a solvent with 
uniform viscosity and with uniform solvent power at the constant 
[ ? ] C value chosen in his equation:

= [ ? ] C e k^ ^ C ...........(5)
Lindsley^*"^ pointed out that this method was not suitable 
for calculating 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:
/gp^Q s  [ ? 3  (1 + k  ̂ gp) .............................00(6)

t? ] - f ( 7r - 1) .............(7)
By rearranging and -.expanding in power series, and discarding
higher powers of the product [ 7 ] C, which is legitimate at
sufficiently low concentrations, the equations can be put in
the following respective forms: ^

1 0 g { ™ ^ )  SS 1 0 g [  7 ]  +  —  [7 ] C o o o o o « o o o o « o o e o ( S )  v m .

and log(-g^) ss log[ ? ] + ? ]C .o..oo0.oo9 9oo0{9)

where %KU in the modified form of Huggins equation asss 0o35
and ’a8 in the modified form of Baker’s equation «ss 8

Substituting these values in the above two equations 
gives the following relations:

logC&E) = log [ ? ] +  0.15 [?}C Huggins.... (10)

and log(*~p) =* log [ ? ] + 0.19 [ 7 ]C Baker0.0000 (11)
The value [ 7 3 0 must be kept sufficiently low so that the 
above two equations could be valid* At low concentrations 
(00 22-0*1® both Baker and Huggins equations were found to be 
in good agreement with the values of [ 7 3 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



representation proposed by Martin, i0e0,

. [ 7 ] e k[ ̂  ]C

or log = log[ ̂  3 + k [ ) ]c
O O O O O O O O O O O O O (12)

where 7Sp ss ^  - I s specific viscosity

C s concentration of solution in gms/100 c0c0 of 
solvent|

and K s a constant which depends on the polymer solvent 
combination and on temperature®

(11)Roseveare and Poorev ' suggested a simpler mathematical
interpretation of Martin’s equation® This method was adopted 
in this work as any error in estimating the intrinsic viscosity 
would be the same for all polymer solutions regardless of chain 
length and concent ration*

Considering Martin’s equation (18) which holds good for 
high concentrations, it can be rewritten in the parametric 
forms

where X is a variable parameter® To carry out any referee 
viscosity measurement the value of the constant ®k® must be 
determined in advance, for the polymer-solvent combination at 
the specified temperature required! and for the specific vis- 
:cometer used, in the conventional wayQ

[7 ] r. X/KS o o o o o o o o o « o « o o o o o (13)
(14)o e o o o o e e o o o o o e o o o
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The first step in obtaining the intrinsic viscosity 
is to determine the value of Xex by substituting k and 
in equation (14), then the value of X for this value of Xex 
is read from a graph plotted for Xex against X (PigoS6)e This 
value of X divided by kC is the intrinsic viscosity, as 
indicated by equation (15).

This method of determining the intrinsic viscosity 
should not be used at too high a concentration because of 
possible uncertainty of the value of the constant fk? or at 
too low a concentration because of increased errors in specific 
viscosity determination* However, it was found quite satis» 
sfactory for most of the range of concentrations envisaged in 
this work, viz*, 0o5 - 2% wt0/vol*

Bo 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 polymer solution, it was decided 
to use the following two types of viscometers for viscosity 
measurement s *
(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*
(h) A modified Ostwald viscometer, for experiments on the 

degradation of high polymer solutions conducted under 
vacuum as well as under normal atmospheric pressure*

(a) The Rolling Sphere Viscometer*
3-° General* It was apparent from a brief survey of

the literature that the most suitable type of viscometer for
measuring viscosities of liquids under varied operating con-
sditions is the rolling sphere viscometer* It was first con-
:structed by Flowers^*^ and he calculated the viscosity from
the expressions

*7 V —  C  C ̂  ”  P) oo«o©ooo®ooo«*o**oo( 15 J
in which v is the velocity and €T the density of the sphere;
the ’constant* C of the instrument was found by calibration
with liquids of known viscosity* His calibration showed
that the value of *0* varied slightly with the viscosity*

(13)Ilersey' , on the other hand, preferred in calibrating 
the viscometer to plot the function S0T against 9 /S obtained 
from a dimensional analysis of the probelm; where 

T is the roll time;
j ~ is the kinematic viscosity; 1

and S is a function of the density s ( ™  - 1)®.P
The relation between these two functions was found to be linear 
except at high v elocities when flow became turbulent, as will



be discussed in more detail later*
Many such viscometers were constructed, mostly for

tests on oils at high pressures and both methods of calibra-
(14):tion were adopted* Sagex 9 for example, described an 

apparatus for studying the effect of dissolved gas on the 
viscosity of crude oils at pressures up to 200 atms0

A theoretical and practical investigation of the system 
has been made by Hubbard and Brown^®^ who deduced a general 
equation for the motion of the sphere, valid only for the 
streamline region of fluid flow,

7  = !g g. Bin e„ K.a„(D + a) .........(16)

where s fluid viscosity in gm/cm/sec*
D#d = tube and sphere diameters in cms0 
<T,p b densities of metal of the sphere and fluido 
V s Ball velocity in cms/sec*
K a Constant*
0 = The angle of inclination of the tube to the 

horizontal*
This equation can be simplified for any one instrument used 
under constant conditions to:

7 «  c     ....(l?)
Calibration data can be substituted directly in Equation (17) 
to obtain the value of the coefficient C0
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In the streamline region the factor should he a 
constant* It was found to decrease slightly as the fluid 
viscosity increased., The coefficient ’C* of equation (17) 
was found to he affected hy changes in the temperature of the 
instrument*

A viscometer having the same dimensions as those adopted 
hy Hersey and Shore^®^ was used hy Dow^*^ for pressures as 
high as 4,000 atms* Dow followed Hersey*s method of calihra~ 
:tion against liquids with known viscosities*

If y = kinematic viscosity i

determine the function (f) a straight line relation, as shown 
in Fig. 27, was obtained from which the constant of proportion-

€ V!5 =s a function of density s - l)
T s roll time in secs*
6 s density of the steel of the hall in gm.

per cuo cm*
p s density of the liquid in gm. per cu0 cm*

By plotting function ST against for the known liquids to

sality between ST and could he determined:
9 ST = fe ( | ) o •  o (19)

for long roll times,



Solving equation (18) for the viscosity ^ » pp 
. _ 2 _ s^T
y ~ p ~ k
7= pi 5 -1] 3 <7o56 - p) ?  .............(20)

K k
where 7*36 is the density of steel.

For a viscosity of 1 poise the time of roll was given
by;

a secs.
'h T

• o | 3  (p o o o » o o o o o « . o o o (  2 1 )

Thus the confutation of viscosities could be done in one of two
ways;
1st. If the roll time is short - region where the calibra- 

:tion curve departs from linearity - the kinematic 
viscosity in equation(l8) should be obtained by 
referring directly to the curve*

2nd. If the roll time is long, i.e., where ST varies linearly 
with I* , equation(80) can be used directly to give ^ , 
provided the value of 'p' obtained by interpolating 
the pressure-volume-temperature data of the fluid 
under consideration, is 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 viscometer*
2* A change in the diameter of the hallo
3* A change in position of the electrical contacts*

The first two effects were shown hy Hersey to have almost 
negligible effect, while the change in position of the elect- 
srical contacts was appreciable*

In the design of the rolling sphere viscometer to he 
described later* The position of the contacts was chosen 
such that any error arising from change in position will have 
the same negligible effect as the change in length*

Correction for initial acceleration in Dow's experi
ments was computed from the equation:

sr = o.si t i  -  ( i  -  ]  . . ..(ss)O KTo
in which T is the observed roll time and K is a constant o
equal to 8*3 for liquids of specific gravity 0*8 to 1*0*
This correction is negative and amounts to 16*8 percent for 
TQ 8 1 sec*, but is less than 0.6 per cent if TQ^ 6 secs* and 
it is about 2 per cent for TQ ~ 2-3 secs*

In all the viscometers mentioned, the inclination of 
the tube to the horizontal was of the order of 15°, and it was 
notieed by Flowers that rolling of the sphere may not be uni- 
:form at small slopes either due to roughness of the tube wall
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or irregularity of shape of the sphere* This difficulty seemed 
to him to disappear at higher slopes and consequently higher 
velocities*

Hoppler^1^  used a short* nearly vertical glass tuhe
of large diameter (11 mm*) and closely fitting halls either of

( 1 9  )glass or steel, Hisey and Brandon^ 7 described measurements 
on an instrument of this type*

For the purpose of measuring the molecular weights of 
high polymeric materials* one will he dealing with specific 
viscosities and reduced viscosities and no absolute viscosity 
measurements will he needed. This being the case* the errors 
inherent in these viscosity measurements will he minimised 
appreciably, '̂ he 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*

iio Viscometer., The viscometer tube itself is of 
•Veridia’ glass having a bore of 6*8 m/m. +0.01. It is enclosed 
in an outer brass tube (Fig*88)* so that if the chamber is 
pressurised* the glass tube will be under the same pressure 
both inside and outside and practically negligible change in 
its length, due to pressurization, will take place. Four 
electrodes on the glass tube were provided by sputtering silver 
on to the glass tube* The electrodes have relatively large
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areas and t?<ro of them are malting a sliding contact with spring 
loaded "brushes connected to Bosch type sparking plugs which can 
stand up to a pressure of 8000 Ib/sq.. in* These plugs are 
fitted in the outer brass tube and are then connected to the 
time recording circuit.. This sliding contact was provided so 
that any change in the position of the sparking plugs due to 
strain in the braes cylinder resulting from pressurization 
would not affect the effective length of the tube and consequent- 
sly errors arising from a change in either the length of visco- 
smeter casing or the position of the electrical contacts which 
are liable to affect the operation of the viscometer were almost 
eliminated., A thermostatically controlled flow of water 
through the water jacket ensures a constant temperature in the 
viscometero

iiio ^ime of RollP In the course of these experiments 
the time of roll was expected to vary from 90 secs, down to 
about 5 sees, in each run, and time recording in the low range 
has to be very sensitive. For this purpose a tektor type 
circuit, Fig.S9, was used incorporated with a multispeed record- 
:er. The maximum speed of the recorder was 16 cm. per sec., 
and that reduced 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



any restrictions which may he imposed hy the experimental set 
up.

(b) Modified Ostwald Viscometer.
A modified Ostwald Viscometer v/as constructed to meet 

the following requirements:-
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 ultrasonic intensity by reflection from 
its base. For that purpose a terylene membrane as thin as
0.0005” under the commercial name ^elinex* was used as a 
base and the dimension of the base was chosen so that the 
membrane could stand the highest degree of vacuum obtained.

ii. The viscometer could be inserted in a Unicam spectro-
:photometer in order to pursue the degradation process photo- 
smetrically by measuring the absorption of light waves by the 
polymer solution after adding to it a toiown amount of 2, 2*, 
diphenyl-1-picryl hydrazyl (B.P.P.H.) a free radical detector.

In order to measure 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
cesses; a difficulty which was reported by many previous 
workers.

The final shape of the viscometer is shown in Fig. 30*
The eaplllary tube bore was chosen so that the time of flow of 
the pure solvent is not 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 viscometer to investi
gate the dependence of fkf on the type of viscometer usedo

The viscometer is a simple type of a free fall visco- 
:meter A, provided with a reaction compartment B surrounded by 
a cooling water jacket C« The base of the reaction compartment 
is fixed with aral&ite adhesive type 101 to a brass arrangement 
D, Which enables the use of a 0.0005” terylene membrane and at 
the same time secures a reliable seal. The use of the terylene 
membrane was preferred to the ordinary glass bottom as the thin 
terylene membrane is practically transparent to the ultrasonic 
waves compared to glass which reflects a considerable 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- 
sies. This proved that the arrangement chosen was superior to 
and more efficient than other previous arrangements used by 
previous workers. The side tube is about l,fdiameter, a
suitable size to fit in the carriage of spectrophotometer type
Unicam Sp„360 when measuring the absorption of the DoPoPoH, in 
solution.

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

The apparatus built especially for evacuation consis
ted of a two-stage mercury diffusion pump backed by a rotary 
oil pump. The two pumps were capable of pumping down to a

epressure of 10 mm. of mercury, A liquid air trap was inserted
between the main vacuum line and the mercury pump. Taps and
traps were introduced in the system to allow for flexibility 
of operation and any future developments. The pressure was 
read on a Vacustat in the main vacuum line.



Co Calibration of the Rolling Snhere Viscometer*
■MiMr><awi«r»m«n̂~ngiiM>nm̂iwnwrtnTnnn̂rm*rTrT»»<r*ln«i«crtMTT»ti«rwm»—>n» irriMiiMH<r»1inn*riiiTmi-'iTrrwfr«wrtr7rirtr*rrfTf»rr-«iwfi man‘Trnir-rr-r̂ *"

As mentioned earlier the viscometer has to he calibrated 
against liquids of known viscosities. For this purpose 10 
different samples covering a wide range of viscosities were 
prepared® Apart from the first sample which was pure analar 
benzene, each of the remaining nine samples was a solution of 
liquid paraffin in benzene® The ratios of benzene to liquid 
paraffin were chosen so as to provide a uniform increment of 
viscosity® One advantage of selecting these solutions is that 
they had the same density which was practically the 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 -|r as 
mentioned earlier, it was sufficient to plot T against 9 $ 
since S ss (—  - 1) was effectively constant for this series

r

of solutions®
Furthermore, since the multispeed recorder, used to 

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 P the kinematic viscosity®

The kinematic viscosity 9 of the ten samples was 
determined using a calibrated set of Ostwald viscometers at a 
temperature of 85° + 0.1 0® These values of ^  9 were clotted
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against their corresponding times of roll, as shown in Fig031o 
The diameter of the steel sphere used was 6.35 m/m + 0.01 and 
the inclination of the axis of the viscometer to the horizontal 
was 40°o The distance of roll, i.e., the distance between the 
two pairs of electrodes was SO cms0

The calibration curve for the devised type of rolling 
sphere viscometer shown in Fig. 31, is exactly similar to the 
calibration curve given by Dow and represented in Fig0S7o

D. Referee Viscosity Measurements.
Viscosity measurements on a 2% parent solution of poly- 

:styrene in benzene were carried out by three different visco
meters, viz., an Ostwald viscometer, a modified Oatwald visco
meter (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- 
jcosities. The value of the constant K varies from one visco
meter to the other, as shown in Table I.
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TABLE 1,

Dependence of K on Viscometer shape.

Viscometer type. Value of 9K*a
1, OBtwald Viscometer 0*198
8. Rolling Sphere Viscometer 0.279
3. Reaction Vessel 0.227

:n&?- 'uO -v'; ;":-
ot r̂ ivrhv



So MEASUREMENT OP NUMBER Off BROKEN LINKS
The number of broken links resulting from degradation 

were measured by measuring the decrease in the absorption of

S£« S DiohenvI-l-Picrvl Hvdrazylo ( D* Pc P* H* )
A substance which when added to a monomer forms a non- 

radical product, or a radical of low reactivity incapable of 
adding monomer, will suppress normal polymer chain growth<>
Such a substance is an inhibitor if it reduces the rate of 
polymer growth initiation to zero* If, however, it only slows 
clown the reaction, then it is known as a retarder* If the 
inhibitor is a free radical, then the reaction product with a 
growing polymer chain has no unpaired electron and is therefore 
a stable molecule incapable of adding further monomer* ^t 
should be noted, however, that the inhibitor free radical should 
be of low reactivity, otherwise it will initiate polymer growth, 
as well as terminate it* Such a compound is 2, 29 Diphenyl- 
1-picryl hydrazylo

it reacts stoichiometrically with
radical chains, one inhibitor molecule being consumed by each
chain radical. Similarly, during polymer degradation process,

2, 2 , Diphenyl-1-picryl hydrazyl

This compound is a stable free 
radical giving no evidence of the 
undesirable initiator properties}



free radicals are expected to be produced whenever a scission 
of a chain takes place0 However, the number of free radicals 
released by such scissions is equal to number of inhibitor 
molecules consumed* Consequently, the number of inhibitor 
molecules consumed will be equal to twice the number of sciss- 
:ions (or cuts}* The consumption of the inhibitor molecules 
coincides with the removal of the inhibitor coloration, which 
can be detected and followed by absorption measurements in the 
range 4000 A.U. to 7000 A, XI. in the absorptiometer.

B° PREPARATION OF D.P.P.H.
This oompound was prepared according to RoH.Poirer,

EoJo Kuhler and 3?. Benington^^. This method is a variation 
on the original method of S.Goldschmi&t and K. RexucS^K

The hydrazine was prepared first. A solution of 10 
grams unsymraetrieal diphenyl hydrazine hydrochloride in 185 ml0 
of absolute ethyl alcohol was treated at room temperature with 
9.5 gmSo sodium bicarbonate and then with 11.3 grams picryl 
chloride. When evolution of 00g was completed, the solution 
was boiled under reflux for 15 minutes; an equal volume of 
chloroform was then added and the solid residue filtered off 
while the solution was still warm. The filterate was then 
washed with two 115 ml. portions of water and was concentrated 
on a steam bath to about 70 ml., then diluted with about 70 ml.
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warm absolute ethanolo The solution was allowed to crystall™ 
:ise out overnight, when about 15 gmse of brick red hydrazine 
crystals were obtained*,

:duced. 501 gms. of the above substance# 501 gms. of anhydrous 
sodium sulphate, and 31.4 gms0 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 about 5. 8 gms* of violet 
crystals of D0P« P.H. were formedo The overall reaction takes 
place according to the following equationss-

CgHB picryl
° ° chloride

Prom this half-way product the final hydrazll was pro~

NO,2

2

no,2 DePoPoHo
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C0 Absorption and Calibration Curves.
A solution of D.P.P.H. in moisture-sulphur-free benzene 

was prepared* 0.395 gms. of D0P. P.H. were dissolved in 100 ml0 
solvent. This gave a 10”® M/litre solution.

1 ml. of this solution was made up 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 spectrophotometer type SP. 600 was used for 
absorption measurements. The cell carriage was replaced by 
another which was specially constructed to accommodate the 
reaction vessel described in the previous section.

A preliminary test was carried out on the benzene sol
ution. The absorption of the solution was determined for 
different wave lengths of light in the range 4000-7000 A.U. 
in the absorptiometer. A maximum or peak absorption was 
obtained at 5800° A.U. as shown in Pig. 33. All further 
investigations of the degradation process were carried out 
at this wave length.

Benzene solutions with different D.P.P. H. concentrations 
were prepared and a calibration curve for the absorptiometer 
was constructed. The instrument was first checked for 0% 
transmission and for 100$ transmission through air.



O 0 .2  0 .4  0 . 6  0 . 6  1 .0  1.2 1 .4  1 .6
LO G . A B S O R P T IO N .

FIG. 3 4 . MOLAR CONCENTRATION OF O.R R H. IN 
BENZENE VERSUS LOG. ABSORPTION.



An identical tube to the reactionvessel*s was used 
for balancing* This tube was filled with benzene alone and 
was used for initial adjustment of the spectrophotometer* The 
reaction vessel containing the benzene + D.P.P.H* solution was 
then introduced* The absorption measured was that of D*P0P0H0 
alone*

The absorption measurement was carried out for the 
above mentioned solutions, which vary in D.P.PoH. concentration 
from 0 Mol*/litre to 1(T4 Mol*/litre. Results of these measure- 
sments are illustrated in Fig034o
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CHAPTER IV.

DEGRADATION OP ADDITION POLYMERS 
BY ULTRASONIC WAVES.

THEORETICAL



DEGRADATION OF ADDITION POLYMERS 
BY ULTRASONIC WAVES.

THEORETICAL.
A. Introduction.

Most of the previous work on degradation was carried 
out on samples of polymers without any attention heing paid 
to their initial size distribution. Schmid, Parret and 
Pfleinderer^ considered 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 waveB. Polymer 
samples at different stages of the degradation process were 
fractionated and the resulting weight distribution curves were 
plotted and compared with the weight distribution curves for 
the same polymer sample obtained at different stages of thermal 
degradation.

Although Schmid was the first to derive a simple thecry 
for the kinetics of degradation of long chain polymers by 
ultrasonic waves yet he did not consider, in his treatment, 
the initial size distribution of the polymer sample. Never
theless, he found that his experimental results can be correct- 
:ly interpreted if there was a limiting chain length below 
which no degradation takes place.



( 2)Jellinek and M s  co-workersv ' considered the size 
distribution during the different stages of the process of 
degradation by ultrasonic waves. In their work a theoretical 
solution by induction methods was established for an initially 
homogeneous polymer, ^heir assumptions were based upon 
Schmid* s work and that polymers under the effect of ultrasonic 
waves do not degrade to the monomer but only to an intermediate 
(limiting) chain, lengths

B, Assumptions,
I, Random degradation, l,e,* all linkages in a chain have the 
same probability for scission independent of their position in 
the chain.
So The rate of degradation is dependent on the chain length 
decreasing progressively with decreasing chain length and 
reaching a zero value at a definite intermediate chain length,
3, Initial sample is heterogeneous having a known distribution:

Nx = HopX"1(1 " p)S 
The second of these assumptions has to be modified at a later 
stage due to the complexity of the resulting solution.

Go General Solution,
The general rate equations at any time during the de

gradation process are (compare Sirnha^ and Jellinek^):



aHn/at = -k(nf-y>(nfl)Ha n — *-oo

aHn.-l/dt “ 2k(n-y;Nn-k(n^y-l)(n-8)Hn.1 
dN^g/dt = 2k(i^y)Nn+Sk(n-y-l)Nn_1 

-k(n-y-2)
o o 4 * o e « o o o 6 o » e * o o « o o 6 « o « o o « « o e o t o o 6 o « o « « o o « « « * « « o o * o

dNg/dt = 2k (n-y ) Nn+2k ( n-y-1) Nn_ .j+2k( n-y-2) +«••.
+ 8k(z-y+l)rrz+1-k(z-yKz-l^Nz

® y +l/«

ciHy/at

00«90t00<

dNg/dt m 2k(n-yilTn+2k(rb-y-l)Nn^  + o  <> ®

+ 4kKy+8+8kNy+1 (8)

where n, n-1, a,, z,0«Qy+1,. • *2 represent chain lengths in mon« 
xomer units, Nn, 0 Ny°*oKg represent the
number of molecules having chain lengths n, n-l,«. „ z,0««y+l,
y,•o o  2»

k is constant but is related to the rate constant of 
degradation by the relations 

Kz s k(z - y) 
as suggested by Schmidt )e

2k(3>-y;Wn+2k(n-y~l)Hn-i +
+ 4kNy+g-kyHy+1 (1)

2k(n«y)Nn+2k(n-y«l)Nn-1 + 0.0
4* 4kN rt+2kN „ y+2 y+1



For simplifying the mathematical treatment by matrices 
the rate equations (1). can he written as: 
dX^/dt m a11X1 
dXg/dt » aixi+a22x2 
dXg/dt s alXi4'a2X2+a33X5 
^ 4/ ^  ~ alXl+a2X2+a3X3+a44X4
o o o 0 e t o o o o o 4 o o o o o « o o « « o a « e e « » o o

d X ^ / a t  =  a i x i + a 2x 2+ " •  • + a t a - l 3!i n - l + a iH n3Sn ( g )

where the following transformations are valid:

Xi s Nn : all * *
a^ « 2k(j>-y)

X8 “ Hn-1 5 ®8S = -^(n-y-D(^8) :
&2 « 2k(n-y-l)

Xr s Nn-r+is arr 55 -k(nr-y^r+l)(n-r> :
ap = 8k( n-y-r+1 j (4)

Equations (3) are concisely expressible as the matrix equation:
dX/dt as AX

where X is the column matrix representing the value of X at
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and A is a triangular matrix given 'by*

Formally:

all
*1 H e

al ®8 a33

al ®8 a3 ••••

ax/at - a x a o

(a)

Ct,r .-At
at[e x] s 0

,X = eAtXo (6)
where X0 is the column matrix representing the Initial conai* 
itions of X, ioOof at t » 0:

y(0)’

4°>
a o
x(0) 
r

© o

4 0)
for a homogeneous polymer sample;

fa

X. * o 
© o
0



for a heterogeneous polymer (addition polymerization):
l/l>
1/P2 
l/pS

xo*dJopa(l"p) • 1/p4

l/p;m (7)~ mm
^he solution of the rate equations as expressed by 

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

A triangular matrix as A in equation (5) can be expressed 
in terms of its eigen columns matrix and eigen rows matrix, 
i.e., A = P_1A P
or: a QAQ-1
where Q is the eigen columns matrix, Q is the reciprocal eigen

—±columns matrix, P is the eigen rows matrix, P is the recipro
cal eigen rows matrix, and A is the diagonal matrix of the 
distinct eigen values of the triagonal matrix A, i.e„*

o o o o 0all 0 0

0
0 0 a33o o o o
0 0 o o a n iluJM



IQ!,

Generally speaking:
An S P_1..aTp  (see Elementary Matrices "by Fraser, 

Duncan and Collar, Chapter III)0
* Q7?Q_1or

and:
eAt a 2 *  (Antn/n.') a P"1 2 *  (/?tn/n' )P

a P-1LP (8)
where

e
alxt

a28t
ea33t

ea, nj 'tiiroi

since:

where K is a unit matrixfl
PQ ss K

P_1 a ir1^ * QK~-1 (9)
Therefore from equations (8) and (9) we obtain the relation

eAt a QK”1LP

where
m QHP

H a f h j (10)



lOSo

(1) to find Q:
For triangular matrix A (equation 8) the eigen values 

are obviously the diagonal elements, a ^ f a^g, • a^.
The eigen columns matrix Q for the triangular matrix 

A (see appendix I), worked out by conventional methods can be 
expressed by:

1

C*31 *
aSla31 a32

e •  e o ♦ o ♦ o o
a81a51a41 **• R32<x42ct5S

a
Rrs = aBB "

a - a  rr S8

(u)
(12)

i.e., «ra can be explicitly expressed in terns of any set of
coefficients as given in the rate equations,,

(S') to find P:
The eigen rows matrix P of the triangular matrix A 

(see appendix II) worked out in a similar way as in the case 
of Q can be expressed by:

1

P21
P31Y32
P41y43Y43

1
& $2

|342Y43 ’43
o o o

•  o o

pmlYm8** °Ym,m=l r̂n2Ym5‘

QO O

i • o 
0*0

O f o • • o
o o o (13)



where: 

and:
6 a « aQ/ ( -  a„_J rrQ s  ' rr s s

^rs * ^arr *" ass + as ^ arr ~ ase^

(14)

(15)
Equation (6) can now be put as:

QLPX.
where

QL s

1

**31
**31**31 a32

“si* •" “ml **32* t '“as * *' 1

e■ u *
.‘‘SB*

a t
.  mm

e•u*

a31e
au t

e■as*

a21a32e
•u* **33®

‘‘sS* ea33*

**31*31' ’“ml® 11 **33̂ 43° °**MB® e

Postmultiplying QL by PXQ we obtain the explicit value of X



(17)

where XQ is the column matrix representing the initial, condit*
: ions.

The solution obtained by substituting for &rr and a^
the values given in equations (4j was found too complex to 
serve any practical purpose? especially if the number of rate 
equations is more than ten (for six or ten rate equations each 
equation can be considered to represent a fractionated portion 
of the heterogeneous polymer sample)0

It was decided to make the same simplification carried 
out by Jellinek and White^, namely that all values of va# are 
equal down to chain length y+1 and are zero for chains of length 
y and smaller, i«e0,

al * ®g = a3 •
n-y+l n-y

= an-y+S - a = 2K 
**' = V 1 =  an  = 0

aH  = -K(n-l) agg = -K(n-2) arr = -K(n-a?) (18)
With this modification of the second assumption all 

values of ay where r is any integer greater than y+5,
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are equal to zero, thus reducing the complexity of the final 
solution.

To obtain an explicit value for Xp, say, from the product 
matrix, we find that all values of a in the rth row of the QL 
matrix vanish except the last three elements j therefore:

X
0..0. .a.r-l,r-2 ap,r-2 ®ar-2,r-2tr w

Yr~l,r-8*° ?r-3,r»5̂ r-l,r«S, l*p-l,r-2 -
Yr,r-1# 8 ^jr-3Yr,r-8Yr,isL, r̂,n-2̂ nr-l, ^r,r~l, 1

(19;

x
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Do Applications.
Case 1; Homogeneous Polymer Samplec

Applying this result as obtained, in equation (19) to 
the case of an initially homogeneous polymer sample of chain 
length n and number of molecules X̂ °̂ =: Nn « N^, we obtains

Xr s ^ a x^l,r-2 a r,3?-2^^j>«)l V 2sS ,*Vs,r-3  ̂ 6 * 2

+ ar,r-l^r-l,lYr-lt2” Yr-l5̂ 2 )
+ B y  y  y  arr^ i x(o)+ prl pB r3” ’ r,p-l ® 1 \

Substituting the appropriate values of cc, T, and a, we
obtains
Xr . x<o)[r-2)e“K<n"r+s)t - B(P-l)e*K(nrr+1)t + re"K(n-r)t]
Considering the transformations in Equations (4) we obtain: 
Nn_r+i = x(°)[(p-S)e-K(n-I,+s)t-2(p-l)e-K(n-r+l)t+ re-K(n-r

if n-r+1 s x* we obtain a value for N sx
Nx = H1[(M .l)e-K ( w ) t - 2(&-X)e-Kxt+ (n-X+lie-K(x-ln]

which is the same as that developed hy Jellinek and White '*, 
provided the following transformations holds

e o » e M Uw-a o a „o o »
X *  c e r « •  o S- M~»» »i x __o o o *  „o  « <j ■



Ci|sej2! Heterogeneous Polymer Sarrooleo
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 chains0 No
links at all are broken in chains of length y or less.

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

Nx * K0 P*"1 (l-p)S
where N is the number of molecules of chain length x,

Nq is the total number of monomer units,
p is a probability factor which, for addition

polymers is always less than 1 andis given 
by the relation:

i  »  ̂ + Ap A + P
P being the average degree of polymerization of

the samples

a° Number and Weireht Distribution Functions*
Following a treatment similar to that of a homogeneous 

polymer sample (see Appendix III) we find that:
p*”1 e*K(x"1)t[1-P e“Kt]s (31)A U

In terms of the initial average degree of polymerization or 
the number average chain lengthen is given by:



10 8<

- V f e / " 1 e"X(x‘1 H  [1 - e -** i (22)- M f c r )  [1 - 3T7 e-«;8
This equation gives after a time t that part of distribution 
which lies between the intermediate chain length y and Infinity, 
i. e., for a chain length y <  x <  oo 0

For values of x below the intermediate chain length 
limit, i.e., o < x  <y, we have from equations (1) and (2):

f k  » S t  * - ? W  + K(y+2) M' .at at at y+1
Nx = Ny+1 + K(y+2) / Uy+rat + C.

- N0 py [l-pe“Kt]8 + K(y+2) / h q py

[X - p e“KtJ .at + C (23)

If we consider the initial value of Nx, i. e., at t»o
Nx ■ No pZ_1 <s4)

From equations (23) and (24) the constant of integration C 
can be calculated:

C = 2»0 py [itogjgy).] + Mo p*"1 (1-p)1
Thus the part of distribution representing chain lengths less 
than y, i.e., o < x  <  y, can be expressed as:

\  = i y ^ T  [l+y(l-p  ̂- e_Kyt (l+y-Pye"Kt} ]
+ N0 px~1(l-p)2 (25)

^he whole of the number distribution is obtained by dividing 
equations (22) and (25) by pNQ and this gives the number of



moles of any chain length when the whole polymer sample repre* 
:sents one "basic mole of polymer*,
Hence,

nx = yi^lT tl+y(l-p) l+y-pye”Kt) ]
+ px"S (i-p)S (26)

for chains of length o <  x <  y
a n a  n  s  p x ~ 8  e “ K ( x " '1 ) ' fc [ i - p  e -*K t ] 2  ( 2 7 )

for chains of length y <  X <co
The weight distribution, which gives the amount of 

polymer in grams of a certain chain length contained in one 
gram of initial material is obtained by multiplying equations 
(26) and (27) by x; hence;

mx “ yf^TJ™ [T+y(l-p) “ (1.+y-pye ^)3
* xpx-S (l-p)2 (28)

for o <.x y, and
a s x px"s e-K(x“1}t [1-p e"Kt]S 2

f°r y < x ^  oo o (29)
The two results represented by equations (28) and (29) 

can be represented in terms of the initial number average 
chain length P, viz®»

%  " H y + I ) y~1[l e"Eyt(l+y- f+T e“Kt;]
pX-2+ x
(P+l)x (®^



no*

for o <  x < y, and 
x-2

(31)
for y < x < 00o

ho Weight-Average Chain Length.
Only the weight-average chain length after a time t 

will he calculated here, since all average chain lengths in this 
work are deduced from specific viscosity measurements,,

The general expression for the weight average chain 
length is given by:

and mx is the weight fraction of chains of length x if 
the total initial mass of the polymer sample is 
1 grrio

t/00* dx o/ ” * mx dx 
_ _  —

where P is the weight-average chain length after time t

where o y and y ^  co
Substituting the values for m^ and mx from equations (30)1 3and (31) and assuming that:

10g(l + i) S |
since i is very small, we obtain for the weight average 
chain length at any time t, during the process of cbgradation



3.11.

the expressions
p _ 2 ~£l . (-£_/“1 ri . _X, _ e-^fl+v - £2- e_Xt)] pwt = 3 y+1 lP7P 11 + P+l e u+y P+l“ e 11

py-l o p+ SP - -*-.. (BP* + y + SyP)
(P+l)y

+ (-£-/~2 p e~K ŷ~ljt fl P-e~Kt)S[ S SyP . --c■;+ (??P PKt+1 11 P+l ' ly + PKt+1 (PKt+1) ^
(as;

—Kt —KtIntroducing the relation c = 1 ■=■ e” or e = 1 - a, the 
weight average chain length can be explicitly expressed in 
its final form, vizj

P*t ‘ I  j

t 2 P  ^  1 (SP® ♦ j* + SyP)
(P*l)y

+ £y..- — (l+ap;2[y2 + p'lff'f + 8P '"g] (33)(P+l)y PKt+1 PKt+1 (PKt+1)

After an infinite time of degradation, i« e0, t = co

Pw00= ! y ^  ( l & / " V  f) + W  - -[SPS-y8+2yP] (34)

Bearranging the terms, the equation can be put in the form:

p*fl0- sp ” SP (f+I^ [1 + I f + ̂  1 (35J

or 2P-PW{o» 8P(pfI)y [1 + | £ + jjs ] (36)
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Expressions (35) and (36; give the v/eight- aver age 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 by:

wo woo" 'wo pw00+ 8 »-Pw0 3 ( }
where P is the initial weight average chain length of the o
polymer sample.

For an addition polymer %  a 2PS a relation which can 
he deduced from equation (53; by considering the value of P

tat the start, i.e., at t s o.

Eo Discussion^
The general solution given in this Chapter is hoped to 

be of value in solving any kinetics problem which involves
similar set of rate equations. It only involves the substi
tution of the new values of coefficients a « a„„ to determinez zz
the values of a ’s, and Y fs. These values and the boundary 
condition at t s o when substituted in the general matrix 
equation (19; give an explicit solution of the specific kinetics 
Problem. This was attempted by the author to solve a few 
other cases which are not relevant to the work undertaken in 
this thesis.



X
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FIG. 35. FINAL NUMBER DISTRIBUTION.
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FIG. 36 . FINAL WEIGHT DISTRIBUTION.



The general solution* applied to a heterogeneous- 
addition-polymer sample* shows two points of interest which 

differ from solutions given by other authors*
(i) The first result shows that the number of chains for 
chain lengths 1 to y at the end of degradation* i.e. at ts=oo, 
is not equal hut depends on the chain length, as seen from 
equation (26):

% = i f f e ) [1 + y(1_p):| + px"sd-p)s
■ A + B px

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 ^ y.

Furthermore, the final weight distribution is a curve
(Fig036) 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 controlling the
value of the limiting chain length ®y% below which it was
assumed that no degradation takes place.

(a.)Compared with Jellinek s results'1 ~/ obtained after nine 
hours of degradation the shape of the curve in Fig.36 seems 
a better fit 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 case was a homogeneous sample 
(fractionated sample)0 The difference “between the two results 
is mainly due to the boundary conditions considered for the 
determination of the constant of integration C in equation (S5^0

(ii) The second result as expressed in equation (55) shows
that the final weight average chain length P depends mainlyoo
on the intermediate chain length y below which no degradation
can take place, and to a certain extent on the initial weight
average chain length P 0 However, all previous work reported

o
indicated that the final weight average chain length is inde
pendent of the initial weight average chain length provided 
all other factors were unalteredo The author is inclined 
not to disagree with this statement as it was observed that 
the final weight average chain length varies very slightly 
with changes in the initial weight average chain length of the 
polymer sample.

However, it is of interest to see the significance 
of the term P representing the initial average chain length 
in the formula giving the weight average chain length on the 
above mentioned basis0

Considering equation (55) and assuming that P^oo
is independent of P, we get;



dP T y d P - s'
Working out the relevant differentiations we gets

Equation (38) gives a negative value for ^  and substituting
some of the experimental results obtained, v/e get:
for P B 1620 = -Oo 0048, and j
for P = 1208 = -0.012147 ) (39)

This indicates that as the initial average chain length 
decreases the value of the limiting chain length would slightly 
increaseo This slight increase can be interpreted in the
light of Schmidts mechanism for the degradation of polymers 
by ultrasonic waves0 In other words, as the initial average 
chain length decreases the effective frictional force per 
monomer unit would decrease* Therefore, in order to break 
a 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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CHAPTBR V.

DEGRADATION OP ADDITION POLYMERS 
BY ULTRASONIC WAVES-

EXPERIMENTAL.



IIITKQDUCTI ON.
The investigations 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*
B0 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 sli* and *yf as a prerequisite for a 
better understanding of the mechanism of ultrasonic degra
dation. This part of the investigations covers the 
following points.
A0 Effect of intensity of ultrasonic waves on the rate 

constant of degradation and limiting chain 
length ’y**

B. Effect of initial value of chain length on the rate 
constant of degradation fKf and limiting chain 
length *y ’ *



Co Effect of frequency of ultrasonic waves on aggra
vation parameters K and y with special reference 
to cavitation.

Do Effect of suppressing cavitation on degradation 
parameters*

The role of cavitation is discussed whenever relevant 
to the interpretation of results. It should he pointed 
out that a simplified solution of the rate equations has 
been developed to enable the determination of the rate 
constant of degradation *Kf at the beginning of degradation 
without carrying complete runs (35 hours)0



PART 1.
VERIFICATION OP THEORY*

A. PRELIMINARY.
(a) Sample preparation:

The polystyrene samples used in the investigations to 
follow were prepared in the conventional way* Styrene 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 + 0.5°C. 100 ± 0„5°C. 80 ± 0.5°C. and
65 ± 0.5°C.

The polymer was separated from styrene monomer by pre
sparing a very dilute solution of the re stilting polymer-monomer 
mixture in benzene and then precipitating the polymer using 
methyl alcohol as precipitant* The polymer extracted was 
then dried in an oven maintained at a temperature of 40 + 0® 5 C* 
for 48 hours®

fa) Reproducibility of results*
The care taken in designing and constructing the push— 

spull ultrasonic generator was to ensure a stable performance® 
furthermore the crystal holder (Pig®17) mounted on a base of 
a travelling microscope and the reaction vessel (Pig® 30) 
fitting in a platform fixed to the stand of the microscope
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made it possible to carry out any number of tests under 
exactly the same conditions.

In order to check experimentally the reproducibility 
of results under the above mentioned conditions and conse- 
:quently the consistency of the process of degradation ten 
1% wt/vol® polystyrene in benzene samples were irradiated 
by the ultrasonic beam. The volume of each sample was 25 ral0 
and viscosity measurements were taken at various stages of 
degradation. The results of all the different tests are 
compiled and represented in Pig®37. It is apparent from 
this figure that the ultrasonic generator performance is very 
stable and that a high degree of reproducibility has been 
achieved*

EXPBRII.ISNTAL ~ DEGRADATION PARAMETERS0
25 ml® of a 1% polystyrene in benzene sample was intro- 

i duced in the reaction vessel of Pig®30o The sample was 
then irradiated by an ultrasonic beam of frequency 0.75 Mc/sec® 
and intensity 12.5 watts/cm8. in the solution proper® The 
degradation process was followed viscometric ally by measur- 
sing the specific viscosity at different stages of degradation. 
The corresponding weight average chain lengths were calculated 
from these referee viscosity measurements as mentioned in 
Chapter III. The weight average chain length Pw  ̂changed
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with time of degradation in the manner shown in Fig* 38.
Details of degradation results are given in Table II.

It can be seen from Fig.38 that the weight average
chain length fP ’ decreases rapidly at the beginning of w
degradation, consistent with a random type of degradation,
and then slowly approaches its final value of 494.
(a) Detenninatlopt of v .

The weight average chain length at the end of degra-
sdation, i.e., at t s oo, is given by equation (87) in Chapter
IV. Introducing the appropriate values of P Y Pw , namelysco wo

P *s 495 and p « 5940
00 o

equation (57) from which the limiting chain length *y* was
determined is given by:

8745 <xis)y = 8840 + 8430 + I < 3 3 ^  J I1*

The solution of this equation gave a value of 744 for 
fy 9 the limiting chain length. It should be mentioned that 
due to the nature of equation (l) and all similar equations 
a seven figure logarithmic table was found necessary for 
working out all calculations.

fk) Determination of K.
The value of the weight average chain length P atwt

any time *tf during the degradation process is given by
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equation (S3j Chapter IV, where a is a function of time.
Values of Pw were therefore calculated from equation 

wt
(33) for assumed values of a after substituting the above
mentioned values of P and y, The times corresponding to

othese calculated values of P„„ were then read from the degra-
wtsdation curve in Fig. 38 and the rate constant K, at these

values of and t, was calculated from the relation? 
wt

K = t l0g (2)
The results of these calculations are 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 Figc 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 IVo It also indicates, 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 sslect the value that offered the
best agreement with the experimental results*. The value of
K s So 6x10“^ (hr. was therefore selected. This value of
K was used for determining the theoretical values of Pwt
at different stages of degradation., These calculated values
of P are plotted against time of irradiation as shown by 

wt



the dotted line in Fig. 38. The agreement with the experi
mental curve appears to he satisfactory. As it was anti
cipated the initial part of the theoretical curve lies above 
the experimental since the average value of K used in equation 
(33) is less than that determined for this part of degrada
tion. The actual degradation appears, for this reason, to 
be more rapid at the early stages of degradation while at 
the later stages it is slower than theory predicts since the 
theoretical value of K is greater than the experimental.

0. WEIGHT DISTRIBUTION ANALYSIS.
85 c.c. of 1% polystyrene in benzene sample was irrad- 

siated in each run. In order to facilitate the process of 
fractionation it was decided to repeat each run twice to 
provide a sufficient amount of polymer for fractionation.
Each fractionated sample was 40 ml. of 1% wt/vol. polystyrene 
in benzene, i.e., 0.4 gnu of polystyrene.

The usual fractionation procedure was adopted, using 
benzene as solvent and distilled methanol as precipitant, to 
fractionate a 85 ml. sample after 35 hours degradation. The 
procedure proved satisfactory for the first fraction but the 
other fractions gave some trouble as they showed a tendency 
to gel formation.



Particulars of the first fraction were:
Weight of fraction decanted » 0*0166 gms*
7 of a 0*5$ solution in "benzene » 0*282fsp
and t?] « 5o52

The procedure of determining [7 3 is discussed in 
Chapter III* Using Staudinger Equation [73 = K*Po where 
K is a constant a 8*0xl0”3 for polystyrene in benzene solution, 
an approximate value of Pw for the first fraction was 690a 
This is in agreement with the theoretical value of 744 cal
culated for the limiting chain length below which no degra
dation takes place* ^his 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°C 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 evapon- 
:ating the remaining solution under vacuum keeping the tem
perature of the solution below 40°C* This method was pre- 
:ferred as the loss of very low molecular weight polymer from 
the fraction was avoided since such molecules are not usually



precipitated on adding methyl alcohol* Each fraction was 
carefully dried to a constant weight in an oven maintained 
at 40°C* Fresh 0*5$ solutions in benzene were prepared from 
each fraction and the intrinsic viscosity determined follow- 
sing 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

culated by graphic differentiation of the integral weight 
curves (f dW) which were derived from the weight fractions 
(dW) 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 summing 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 / dW are shown in the last 
column of Table IV*

The theoretical weight distributions were calculated 
from equations (30) and (31) Chapter IV, which give the weight 
distribution functions m and m for chain lengths

xi H
° < x1 ^ y, and y < Xg < oo respectively* The results of
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these calculations are shown in Table V0
The theoretical weight distributions at t=o, j|t 2* 4, 

and 55 hours are shown in Pigo40e ^he figure illustrates, 
from theoretical considerations, the way in which the process 
of degradation would affect the chain length weight distri- 
sbuttons at its different stages,, Figs* 41, 42 , 45 , 44,
45, show the theoretical weight distributions, the integral 
weight distribution curves and the deduced experimental weight 
distributions at the above mentioned stages of degradation,.
The area under the weight distribution curve is normalised 
to represent 1 gnu of polymer0

Inspection of the above figures shows that there are 
discrepancies between the theoretical and experimental distri- 
: buttons* ^hese discrepancies are thought to be due to the
fact that the rate constant of degradation actually decreased 
in value with time while it was considered to be constant* 
for chain lengths between y and infinity at all times* This 
may account for the smaller number of long chains in the 
experimental weight distribution curves at t = g- and 2 hours* 

The sudden discontinuities at P s 744 in the theoretical 
curves are a consequence of the assumption made in the theor- 
:etical treatment undertaken* It was assumed that there is 
a discontinuity in the rate constant at the intexroediate 
chain length y*



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 verification of the theoretical 
treatment undertaken in Chapter IVa

Do MEASUREMENT OF HUMBER OF CUTS.
As mentioned in Chapter III, the use of D.P«P«Ho was 

contemplated in the hope that it would throw more light on 
the mechanism of degradation and termination of broken long 
chain moleculesQ Moreover, it was hoped that further evid
ence 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

Equations (25) and (21), Chapter IV, give explicit values of
and N respectively* By difforentiating with respect 

X1 *8to time the following relations are obtained, viz*,



X~1 (l -pe“Kt)e~K x̂~l^t[l4pe~K^~x(l-pe=’K1')] (S)

and

Introducing the *a? transformation* the total number of broken 
links per unit time in chains o < x < y in terms of P 
will he given by:

The sum of equations (3) and (4) gives the total number of 
newly created molecules per unit time which is the total

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 degra
dation can be calculated from the theory while the same 
number of cuts can be measured experimentally from the change 
in the absorption values of the D*PoPoHo

The relation between the calculated and measured

/ “Zl ax* = g|£&(i-a)y (i+PaKpfj) (3)

Similarly for y < x < oo

(4)

number of Bcissions per unit time0 Hence the average rate



values of the number of scissions should he linear only if 
the mechanism of degradation is purely mechanical. If, on 
the other hand, the mechanism of degradation is complex, i,e0, 
there may exist some chemical reaction - peroxidation or other
wise taking 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 9 decreases with time in the manner shown 
in Fig,39. Because of this decrease in the value of fK f 
with time, it was decided to calculate the number of cuts by 
three different methods, vis,,
(ij Integrating equations SI and 25 with respect to the 
chain length x, between the appropriate limits, gives the 
total number of molecules at any time, 3?he difference between 
the total number of molecules at any time t and the number of 
molecules at t«o, 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,
(ii) Using the average value for ,KI obtained previously, 
equations 5 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 be obtained and
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and consequently the number of links broken during this perioc 
can be caXculatedo
(ili) The same as method (ii) but using the appropriate 
values of K given in £*ig«39«

The results of these calculations are shown in Tables 
VI, VII and VIII.

As shown in Table VI the number of cuts were calculated 
over a period of two hours only* This is due to the fact 
that during two hours of irradiation most of the DaP*P„H0 was 
exhausted and any measurements of absorption below that low 
level would be erratic*A blind run with a solution of DCP„P0H0 
in sulphur and moisture free benzene was carried out* The 
solution was irradiated by 0*75 Mc/see* ultrasonic waves of

ointensity 1SC5 watts/cm0* (in the solution proper) for two 
hours and the absorption was measured every half hour*

1% weight by volume sample of polystyreiie in sulphur- 
moisture~free benzene with D0PC P0H0 was then irradiated by 
ultrasonic waves of the same intensity* and absorption and 
viscosity measurements were carried out at different stages 
of degradation* - ^he results are shown In Table IX as well 
as the accumulated calculations of number of scissions*

Pig*46 shows the relation betireen the number of broken 
links determined experimentally as a function of DoPoP,,H0 
exhausted against the corresponding number of broken links



calculated from theory as a function of the initial total 
number of 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 was used* ^hey both differed quantitat- 
lively 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 irradiation 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 
predicts* Phenomena* associated with cavitation* seem to 
be a possible cause for such behaviour* ^hese 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-scission reactions (peroxidation,)# which would
consequently affect the rate of D0P. P.H© exhaustion during
the initial stages of degradation*, It is most unlikely#

ofjudging by the shape/curves# that competitive reaction between
a free radical of a broken chain and a similar free radical#
or between it and free radicals of the D0P<>PoH„ has been
taking place at the later stages of degradation and consequently
affecting the slope of the curves0

5‘ig„47 shows the effect of adding the D0PttP0H0 on the
specific viscosity of the polymer sample during the degrada-

(1 ):tion process* It was pointed out by Grassie' that the 
termination of chains during other degradation processes is 
mainly by combination and disproportionation* Very little 
comment on this particular aspect has been mentioned in

( o )literature. Melville and Murray' tried to d etect the 
production of free radicals during the degradation process but 
were not altogether successful . It is clear# however# from 
Pi go 47 that the addition of D.P.P.H. to the polystyrene in 
benzene sample has a significant effect on its specific vis- 
scosity. ^he apparent reduction in the specific viscosity 
values due to the addition of D.P.PoH. indicates that termin
ation of chains by combin ation is substantially suppressed 
resulting in smaller xveight average chain length© further- 
:more, free radicals must have been produced in order to
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133*

effect the observed decoloration of the D.P*P.I1* - 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 decrease, while the pure benzene was pract- 
sically unaffected*

E* INTERPRETATION OP RESULTS ALONG SCHMID*S THEORY.
Schmid^^ developed a theory to express the degradation

of long chain molecules by ultrasonic waves* He assumed that
the rate of breakdown is proportional to the difference
(P^-Pe) between the chain length Pt at time t, and the chain
length P , reached at the end of degradation* However, he e
did not consider the size distributions obtained during the 
degradation process, nor did he make clear distinctions between 
number and weight average molecular weights* Hence a number 
of inconsistencies are inherent in his derivations* His 
initial expression is:

§  = <pt - V  (e)

where X is the number of cuts per litre which is the same
as the number of broken links per litre or the number 
of newly created molecules per litre0

and is a constant of proportionality*



Equation (b) can be put in the forms

I f  - Ke <Pt - V  <6)
where N is Avogadro1 s number;

is the qm 
per mole*

1 flYand is the average number of broken links per minute

and Kg is a rate constant of degradation*
P̂. and P0 can be expressed in terms of molecular 

weights, i.e.,
M. iff

Pt = and ?e = ^  (7)

where and M0 are the respective molecular weights of the
polymer and ML is that of the monomer, m
I f  no ss number of molecules present at tso,
and n^ s number of molecules present at time t from

the start,
o°. n̂. s nQ + X (8)

C
tout nt = H. (9)
where Cm is the concentration of polymer in gram.mole per 
litre.

Therefore, from equations (8) and (9) :
X s N . #  - n„ (10)

pt 0
and substituting for P+ from equation (7)
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Hence 1 dX /i1\
5 at s " „ 2 at lAA/

Mt
From equations (6) and (ll) the following relation is easily 
obtained: -
. CA «t . A Me }

Mt8 dt = 8 ^ ^

aM+ k  m+s . v
or s 4 - -?£ A  (Mt - V  (1S)m
The solution of Equation (13) is given by:

M_ K ,Me A

where 0 is a constant of integration to be determined fro®
boundary conditions, io6p,

at t ss o s M0
Me Me

and hence G =* log (l - sr-) + gp“o o
So, according to Schmid’s analysis the degradation process 
can be represented by the linear relation:

a? + i o « d  - a*> - - aj * + «£ + 1 0 8 ( 1 " (ls)
As already pointed out above, Schmid did not tal® account of 
distributions and did not distinguish between number and weight 
average molecular weights. Inspection of equation (7> shows, 
strictly speaking, that Pt and ̂  are numb9r averaSes »



provided that M. and IT are number average molecular weightscu 0
However, Schmid*s first assumption represented by Equation 
(5) was based on his conception that the long chain molecules 
are broken down by frictional forces 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 
is further affected by the entanglements of the different 
molecules* On this basis it seems justifiable to conclude 
that weight average molecular weights, as obtained from vis- 
Jcosity measurements, would fit in equation (13) better than 
number average molecular weights which will not give an ade- 
Jquate picture of the mechanism of degradation suggested by 
Schmid*

However, this conclusion is not far from the conclusion 
arrived at by Jellinek^ as 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 
analysis, namely, that at the end of degradation, i*e0, after 
a finite time t, Wiix “be equal to MQ and the left hand
side of equation (13) will have a value of -oo corresponding 
to a finite time* ^his point will not be on the straight
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M M
line expressing the relation between + log (l - rr6) and

n» ^  ttime ftf as given by Equation 130 Aherefore, one would 
expect, due to the simple form of Schmid *s analysis, that 
points representing later stages of degradation deviate from
the straight line relation bending the line towards the
M M
JT + log (1 - jr*) axis.

Values of number average chain lengths ’P™ 1 at any
ttime *3?* were calculated from the general relation:

the P ’s represent weight average chain lengths, were calculated 
at different stages of degradation and the results of these 
calculations are shown in Table X*

Fig049 shows the cfecrease in the theoretical number aver« 
sage chain length with time of irradiation, while the two 
functions mentioned above are plotted against the time of 
irradiation in Fig<»60o As predicted, both functions give a 
fairly straight line relation with time at the early stages 
cf degradation, the weight average values being in better

The values of + loir (l » eN) where the P fs represent

) where



138*

agreement, and they "both deviate from linearity at the 
later stages of degradation* The rate constant of degra- 
:dation ,K0f determined from the slope of the line repre
senting the weight average values of chain length was found 
to be t

K0 sr lo6 x 1CT8 mole, litre"1 hTo*"1 .

Xi " ft.' iliftl

ixm s £ o X I  ̂

c . .&
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PART 2,
FACTORS APgECTBTG ULTRASONIC DEGRADATION.

A* INTRODUCTION.
It Is generally accepted that the degradation 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 
concentration and the solvent used which affects the shape 
of the polymer molecules and has a direct bearing on their 
Inertia in the solution* 3?or a close study of the influence 
of these factors on the process of degradation, i»e*, on the 
rate constant of degradation and the limiting chain length 
*y*, it was considered preferable to develop a reasonably 
simplified formula on the lines followed in developing the 
detailed theory reported in Chapter IV0 ^his would malce 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 the first hour only*



Bp SIMPLIFIED FORMULA.,.
It can be assumed for a heterogeneous (addition) poly~ 

:mer sample of initial number average chain length P, that 
after a very short time ft* of degradation the following 
relation will hold, neglecting the terms representing the 
accumulation of molecules: 

dN
3 -K (x - 1) N (14)

CL v

where fN * is the number of molecules of chain length fxJ 
*tunits and *K* is the rate constant of degradation assumed

to be independent of chain length for chains greater than
V  and equal to zero for chains shorter than *y9.

The solution of equation (14) is:
N as N e-K(x-l)t (16)
xt xo

where 'K ' represents the number of chains of length 'x* 
xoat t=o, ana for an addition polymer is given by:

X0 °
where fN 1 is the total number of monomer units and ?p' is a
probability factor given by the relation:

P = (17)V P + 1
*P* being the initial number average chain length, as mentioned
earlier*



The weight average ehain length at any time t during 
the degradation is given by:

</° *S V  “p   —
wt n/°° *  h axXt

Substituting the appropriate values for * from equations 
(16) and (16) and integrating we get: xt

P„ = ST -^-T (18)Wij. K t  * log p

Substituting the value of ®p* as given by equation (17) and 
considering log (l --|j) » as a first approximation, 
equation (18), giving the weight average chain length at 
time t, can be rewritten in the form:

and

Hence

wt PKt + 1

dP P .PK
wt wo
dt (PKt+l)g

K <1W "o t
» - B(_ft ). / p s (20)' dt 't=0 ' w0

Squat ions (19) and (SO) give explicitly the value for the rate 
constant of degradation ®Kf at the beginning o f  degradation, 
strictly speaking at t * o* The value of ft’ in equation



(19) is of the order of a few minutes* This simplified 
equation gave a maximum error in the values of well 
"below 7% for the worst cases* This was considered to he 
a reasonable value compared to errors estimated by about 50$ 
reported by JelllnevS^K

The exact value of the rate constant of degradation at 
the beginning of the process (t=o) can be obtained as a 
function of the limiting chain length fy9 by differentiating 

9 given in equation (53) Chapter VI, with respect to time*
wt

This gave the relation: 
dP 8

< - * t -  *  -K ( ^ j ) y[sp(p+y-i)+ p-( f  -  U+ y(y-g)3

Thus it is possible from a short period of degradation to 
determine the values of ,KI and *y9» 11:16 Procedure recomm-
:ended is as follows:
Ao Prom the value of *P 1 after a short period of

wtdegradation, ,K* can be determined using, equation (19)* 
dPwThe slope ( — can be obtained by substitutingdt “*

the value of *Kf in equation (20)*

The limiting chain length is obtained by solving
equation (21) for ’y* after substituting the values 

dPi
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However# it should bo pointed out that using equation
(21) is not satisfactory in <fetermining absolute values of

dP,•y1# since a small error in/ , Yt\ produces a very large
dterror in ®yf. Ifais can best be illustrated by calculating

dPwrthe change in ( t), due to a small change in y which# 
dt tm° when carried out, gave:

dPw

* 0,082153 (ss)
for y s 744 and P » 1650o

It is obvious from equation (28) that a 1% error in 
dPthe value of (— JLfc). _ will give rise to 45«14$ error in 
dt 'tsa°the value of y0

Although equation (21) does not give accurate absolute 
values of 'y*# yet it can be used successfully for illustra: 
sting the influence of the different factors on the limiting 
chain length provided the procedure recommended above is 
adopted in all the calculations for all the polymer samples
usedo

c“ EFFECT of intensity of ultrasonic wavesl
of rate constant of d egradation 1 

In attempting to explain the dependence of ’K 1, the rate 
constant of obgradation^on the intensity of ultrasonic waves#



it was assumed in agreement with Jellinek^, that the force 
acting on one macro-molecule can he represented by the form: 

f ss tQ sin (wt - 0) (23)

where w s is the angular frequency» T is the periodic 
time and 0 is a phase angle0

This is a reasonable assumption, in view of the fact 
that ultrasonic waves are sinusoidal in form and travel 
through solutions with constant velocity,,

The two eases which are likely to represent the dynamics 
of ultrasonic degradation ares

(i) The number of molecules dJT of length x broken in aX
-time interval dt is proportional to the difference between 
the force acting and the force *Y * required to break a C-C 
■bond, i0eo,

oc (f - y ) Nxdt

(ii) The number of molecules dN is independent of (f — Y)X
during that part of the cycle where f is greater than Y,. 
do 00 ,

dNx OC Nxdt

SmJXii
The total number of molecules broken in a time interval 

dt is given by:



£ —  w

FIG. 51. FORCE EXERTED ON LONG CHAIN M O LECU LE  
AS FU N C TIO N  OF TIM E.



where 0^ is a constant of proportionality and Kx is the 
number of chains of length ze

From the shape of function f shown in Figure 51, the 
times t^ and tg at which the force has a value of r are given 
by the relation:

t s j sin*"1 (84)

hence if sin 0 « rp£~
ro

t fUtJL )• ° *1 s 0) )
}

The macro-molecules will only be broken during these
time intervals when f }Y and it can be shown that the total
number of chains of all lengths broken per cycle is given by!

00 tg 00
WC - V  V *  = s H t{ (f-y)at </ V *

2 0tHn *S . — -*-£ + / (f-Y)at (86)
p + 1

where N is the total number of chains broken per cycle,, c
The number of chains broken per second, i.e., the rate 

of scission will be given by:
-  —  to
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Evaluating the integral, the rate of scission can he expre~ 
:ssed in the forms

M  B . -P-1—°- [ JtZ - Y8 - Y COB”1 ] (87)
dt *(P+1) ■ ° zo

The same rate of scission can he evaluated from equations
(14), (15) and (16). Such evaluation gave:

a w  OD SNtj,3 2 *  / (---- i)dx » -K Nn (28)
at o at

From equations (27) and (28) and assuming that P+l = P, the 
value of ’K* can he expressed in the form:

K 8 [ /f® - Y2 - T cos"1 ] (29)*P v 0 f0

SasaJiih,
The number of molecules 6MK broken in a time interval 

dt is independent of (f - Y) during that part of the cycle 
where ,f* is greater than *r®

ioOc, m 0g 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 * o, is given by:

Xr «*1 YX -  cos f -  (80)



In order to find out how does ?K ? depend on the intensity 
of ultrasonic waves, it is necessary to know how the peak 
force fQ acting on the macro-molecules depends on the inten- 
:sity0 In the light of existing theories for the mechanism 
of degradation, both the frictional forces theory according 
to Schmid^, and the liquid hammer theory discussed by 
Jellinek and White^, lead to the conclusion that:

f o * a Vs (51)
where Vfi is the maximum velocity of the solvent molecules 
resulting from the propagation of ultrasonic waves in the 
polymer solution and 9a 9 is a constant, provided the same 
polymer/solvent sample is used in all the degradation runs 
and the ultrasonic frequency is maintained constant,.

However, for the sake of simplicity under the experi
mental conditions of this investigation, ?VB* the velocity 
amplitude of the solvent is proportional to the voltage 
applied to the electrodes of the crystal transducer, which 
is, in turn, proportional to the DeCo anode voltage V of

ci

the ultrasonic generator^ as can be deduced from Fig. (81) e 
Therefore, fQ = constant (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
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Furthermore, since 'r% the force required to break a C-C 
bond, is constant, the different values of fQ were taken as 
multiples of Yo

Thus equation (29) representing Case (i), can he put 
in the form:

and by taking fQ a 3y , where 3 can take any value greater 
than 1,

A number of 25 mis* samples of a 1% wt./vol. polysty« 
:rene in benzene were irradiated by 0*75 Me. /sec. ultrasonic 
waves. Values of the weight average chain length during 
degradation by ultrasonic waves at different intensities are 
given in Table XI and plotted against the time of irradiation 
in Figure 52.

A preliminary deduction from Fig. 52 is that by increase 
sing the intensity of ultrasonic waves the rate constant of 
degradation fK* increases, while the limiting chain length

(54)

Similarly for Case (ii) :

(55)
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fy* decreaseBo However, the manner in which *Kf varies with 
intensity can easily he deduced hy considering equations 
(32), (34) and (35)0 In Table XII theoretical values of 
the rate constant of degradation calculated for the two 
cases discussed ahove, are given in columns (2) and (3) 
while the experimental values of fX f at different intensities, 
given in column (5), were calculated from equation (19)<>

Since the values of the constants ^  and {3g are 
arbitrary, two values were selected which gave the best agree
ment with the experimental results0 The values ohosen 
were:

0^ * SsjMS dyne”1 hr*”1 for Case (i)j

and pg s 2o645 hro”1 for Case (ii)0
In Figure 53, the values of ’K* are plotted against the

ultrasonic force ?f ’<> The theoretical values of *f_ * are,o o
as mentioned earlier, given by f0 s SY, where *3* is a 
constant and can take any value greater than 1, while the 
experimental values of •f̂ * are substituted by the DoC0 anode 
voltage of the ultrasonic generator,.

It is quite clear from Figure (63) that the experi
mental values of *Kf agree very closely with Case (i) in 
which the number of molecules dJN broken during an interval 
of time dt is proportional to the difference between the force 
acting and the force ’Y f required to break a C-0 bond,



T>» Dependence of Limiting Chain Length ' ? l m  Intemalty^.
The two oases 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 it is 
necessary to Know how the peak force ’f^1 depends on *y*. 
However, this knowledge should be based on a clear picture 
of the mechanism by which long chain molecules are likely to 
be broken. Two such mechanisms were mentioned earlier.

Considering the first mechanism suggested by Schmidv 
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 velootty can 
reach its Tns-girmttn value if the polymer molecule can be 
considered as rigidly fixed^ either due to its own inertia 
or as a result of entanglements with other molecules. However# 
if the polymer molecule is replaced by a frictionless thread, 
having epheres at regular intervals along its axis repre- 
isenting the benzene rings (radius 3 AoU.), the total frict— 
sional force can be calculated from Stoke*s formula:

f s 6%'iv V (36)o **
where 7 is the viscosity of solvent#



r is the radius of henzene ring,
P is the average chain length of polymer molecule, 

and V0 is the maximum velocity of solvent molecules*
Under experimental conditions 6%ir is constant and 

therefore:
t0 = OjW, (37)

•a^1 heing a constant*
Again, if we consider the second mechanism for the 

breakdown of long chain molecules, discussed by Jellinek^, 
the polymer molecules are broken by a liquid hammer result- 
sing from the impact forces set up when the solvent mole- 
scules collide with them. Prom dynamical considerations 
the force acting during collision on the polymer molecule, 
which is assumed fixed at both ends, is given by the relation 

p  «  r a  t

■ — 5 C  1 '
where p is the density of solvent in gnu/c.c*;

6 is the spacing between monomer units in cm*;
d is the diameter of benzene rings in cm*;
1 is the wavelength of ultrasonic waves in cm*
As in the case of equation (36), the value for *f ■ 

given by equation (38) can be put in the simple form:
f* = «2 W b (39)

fagf being a constant*
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The two mechanisms, virtually, give similar dependence
of the peak force ®fofi on the initial average chain length
and the maximum solvent velocity * V ’, as expressed ins
equations (37) and (39), It is safe, therefore, to consider 
the general expression for *f 1 to be of the form:

where *a' is a constant of proportional!ty„
Furthermore, since fY* is the force required to break 

a C-C bond, it is justifiable to assume that the rate constant 
of degradation fK f has a zero value when fQ = Yo Under this 
condition #P* will have the limiting value of chain length, 
i» e», P ss y*

Therefore, Y * a yVg (41)
Equation (41) indicates that as the intensity of ultrasonic 
waves is increased, *V * will 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:

Introducing this value of equations (33) and (30) can 
be written in the form:

(40)

] (43)
for Case (i)%
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and
(44)

for Case (ii)0
•P* the initial number average chain length in both 

equations (43) and (44) is constant and for the polymer 
sample used P « 1650o Theoretical values of JKf for both 
cases were calculated by giving different values of 9y 1 as 
a fraction of i.e„, y = m P# v/here ,mf is a fraction 
which can take any value between zero and 1$ i.e. $ 
o <  m ^  lo

^hus equations (43) and (44) giving the theoretical 
values of for Case (i) and Case (ii) can be put in their 
final forms:

for Case (ii)
In figure (54) the theoretical values of •ic* cal

culated from equations (45) and (46) are plotted against 
9y* and compared with the corresponding experimental values. 
The values of •iv* are given in Table XIII*

TCP
for Case (i) , and

(46)
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Inspection of Figure 54 shows that the experimental
values of the rate constant of degradation are in reasonable
agreement with Case (i)0

Considering equation (57), the product fy V *  is knowns
to he constant. Furthermore, since *V *, the ultrasonics
velocity amplitude of solvent molecules, is proportional to
9V&# the DeC0anode voltage, therefore y s constant, i.e.,
the relation between limiting chain length ,y* and the D.C*
anode voltage fV 1 can be represented by a rectangulara
hyperbola*

Theoretical and experimental values of 5y f plotted against 
fv  in Figure 55 show a reasonable qualitative agreement.

C' 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:

(l) forces due to ultrasonic waves proper, and 
(S) forces due to cavitation which may result in 

shock waves or liquid hammer or otherwise*



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,, ^urther- 
:more, the mechanism of degradation by ultrasonic waves alone 
is still a matter of conjecture if not of controversy*

However, it is reasonably clear from the experimental 
results that the ultrasonic intensity has a marked effect on 
the degradation* ^he experimental values of the degradation 
parameters 9K* and 9y 8 seem to agree qualitatively with 
Case (i)*

For quantitative study of the influence of intensity 
on the degradation parameters ,K* and *y** the constants 

and should be, strictly speaking, constants of propor
tionality between degradation parameters and the ultrasonic
force 9f v/here 'f * can be substituted either by the D*C* o o
anode voltage of the driving oscillator or by the pressure 
amplitude of the ultrasonic wave *P0*o However, in assign
ing values for 0- and 0O to fit the experimental results,1 *5
the effect of cavitation was included* Furthermore, it was 
implied that cavitation intensity (severity; increases linearly 
with the increase of *f0* or ,Va**



That the severity of cavitation increases linearly
with the increase of *£* cannot he assumed without resesvo
svation* The only available information on this subject
was reported by 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-
sically and, consequently, any quantitative interpretation

f  7 )of the results reported in this section along that theory' ' 
is, at the moment, out of the quest ion. However, on the 
assumption that c.avlties maintain their_SPlreric_al shaue.-during 
collanse. Noltingk and Neppiras, from a number of solutions of 
their equation on a differential analyser, predicted 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 con« 
: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 precisely* ultrasonic pressure 
amplitude 9p0* below which cavitation can never occur. Furthers 
-more, an upper threshold in fipQ* appears to exist, above which 
cavitation would, be suppressed.



Considering the polymer solution used in this investi
gation, it will he assumed that the size of nuclei necessary 
for cavitation inception depends on the initial length and 
shape of polymer molecules in solution. Consequently, the 
initial sizes of nuclei (Rq) are independent of intensity 
and can he considered constant,

A qualitative picture for the effect of ultrasonic 
intensity on cavitation severity can thus he predicted. The 
cavitation intensity (severity) increases rapidly, as the 
ultrasonic intensity is 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 pQ « 6,6
atm, as an upper threshold above which destructive cavitation

/

will he highly suppressed due to incomplete collapse of 
cavities.

Although the value of p0 s 6,5 atm, was predicted for 
a hydrostatic pressure in the liquid PA = 106 dynes/cm? 
angular frequency <o = 9 x 10^ rad,/sec, and initial nucleus 
size Ro s 3,2 microns (see Fig, 12), yet according to theory 
they claimed thatthe threshold value of #p0f is independent 
of frequency and not very dspendent on 9 provided that



!Rq® is well inside the cavitation range of nuclei sizes*
It should he pointed out that the prediction of thresh-

:olds in 9po* from the theory was hased on the assumption
that cavities maintain their spherical shape during collapse*
^his assumption is not by any means always valid^8 ,̂ Kornfeld 

(9 Jand Suvorov ' 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 fp f 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~ 
:sity (severity) does not increase linearly with the increase 
in ultrasonic pressure amplitude (considered proportional to 
B.C. anode voltage of oscillator)* If this conclusion is 
accepted, the deviation of the experimental values of '1C9 
in Figure 54 from their theoretical values of Case (i) can 
therefore be anticipated* In addition, it can be deduced 
from the same figure that the upper threshold of *p • is 
greater than 7*5 atm* which is roughly the maximum ultra- 
•sonic pressure amplitude used in this investigation*



d. Conclusions.
The following conclusions can he derived from the exper

imental results and theoretical considerations:

1* There is a minimum ultrasonic intensity below which no 
degradation takes place* This threshold of intensity is 
approximately 3*125 watts/cm8* when the weight average chain 
length of the undegraded polymer sample is 3260*

2. The assumption made in developing the theory of degra- 
sdation of addition polymers by ultrasonic waves, that the 
rate constant #K' is independent 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 waves ̂cavitation inception*

3, The experimental rate constant curves appear to agree 
closely with Case (i). It is the author1 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*



40 Considering the existing means of producing intense 
ultrasonic waves in practice, it seems unlikely that degra- 
:dation of polymer samples down to monomer can he expected*

D* EFFECT OP INITIAL CHAIK LENGTH. 
a* Dependence of v on the initial chain length*

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

However, this change in fy* a change in fP* is very 
small indeed, as illustrated by equation (39), Chapter IV.

b. Dependence of K on the initial chain length*
In order to investigate theoretically the dependence 

of the rate constant fK* on the initial average chain length 
•P1 it is assumed that the limiting chain length y is inde- 
:pendent of P. ^his assunption is justifiable since the



changes in y due to a change in ,P t are so small0 The error 
that may arise from this simplifying assumption cannot exceed 
5% and consequently is unlikely to invalidate any conclusions 
derived from the following analysis*

Equations (45) and (44) gave the theoretical dependence 
that would exist between K, P and y for cases (i) and (ii) 
respectively* As mentioned above y is considered constant 
and P for simplicity will be considered as a multiple of y, 
i.e., P s ny, where n can take any value greater than one* 
io e* p n ̂  I*

With this simplification equations (43) and (44) can 
be put in the form:

K s — L. [ y - l - cos-1 — ] (47)
nxy n

for Case (i);
and 20

K = — | • cos 1 £ (48)n%y n
for Case (ii)* 

c°
Pour samples of 1% polystyrene in benzene of different 

initial average chain length were irradiated by 0*75 Me* per
osec, ultrasonic waves of intensity 12*5 watts/em * in the 

solution proper* Ahe 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 values, while the degradation of the 
4th sample was followed for one hour only. The results of 
the four degradation runs are given in Table XIV, The 
weight average chain length of the first three samples 
decreases with the time of irradiation in the manner shown 
in Fig056, while the early stages of degradation of the four 
samples are presented in Fig*57*

d« Sfacusgfon.
The degradation curves shown in Fig* 56 confirm obser

vations by previous investigators who reported that the chain 
length at the end of degradation is almost independent of 
initial chain length of polymer samples* However* calcula
tion of the limiting chain length fy* for the different 
samples showed that it can be represented by:

y s 750 £ 4$
This value justifies the assumption that y is constant in 
e quat i one (47) and (48).

,j-he experimental values of the rate constant *i£* at the 
beginning of degradation of the different samples were cal
culated from equation (19)* The theoretical values of K 
were calculated from equations (47) for Case (i) and (48) for 
Case (ii;, with dyne-1 hr.-1 and 0g = 1.475 hr."1
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as the best values to fit the experimental results. Both 
experimental and theoretical values of K are given in Table 
XV and plotted against chain length P in Pig.58.

Pig.58 shows that the experimental values agree closely 
with Case (i) up to point A. The rest of the experimental 
curve, i.e., ABC shows an anomolous "behaviour. Similar

C 5)behaviour has been observed by Jellinek and White*' ' 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^®^ showed that a certain relation exists 
between the two curves. In both curves the following re- 
-lation holds reasonably well:

Frequency of ultrasonic waves *f* x chain length Pw
corresponding to point A = constant.

Numerically the product fPw = 4*500 x 0.5 x 10®= S. 15 x 10® 
deduced from Jellinek5s curvej

and = 2650 x 0.75 x 106= 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 fPw 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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gfPw = 2 x 10 or its multiples, therefore the anomolous 
behaviour shown by the part ABC of the curve can be easily 
explained** Approaching resonance the rate constant of 
degradation will gradually increase until point A is reached, 
and immediately after the rate constant will decrease because 
of the ant ires onanc e 0 The increase in rate constant at A 
is not peaky as was the case with the homogeneous sample of 
tTellinek* 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 P & 7980 and so on,w
According to this picture it can be concluded that the occur-
;rence of resonance has to satisfy the condition:

P f = 3 x 109 C (49)w
where 0 = i for the fundamental;

C » 2 for the second harmonic, and
C ss 3 for the third harmonic and so on.

In addition to this resonance effect there is again the effect
of cavitation* Under the conditions of this experiment, 
the frequency and intensity of ultrasonic waves were kept 
constant. The only variable parameter which may have some
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bearing on the intensity of cavitation is the initial chain 
lengtho Horton 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 surrounding liquid are weakest* The inference from 
his conclusion/that it may not be too erratic to consider, 
by similarity, that cavitation occurs most easily when the 
linkage between polymer molecule and solvent molecules is 
weakest* Amplifying this inference it may be said that the 
polymer molecules appear to be potential nuclei for the onset 
of cavitation, ice*, the chain length is related to Rq in 
Holtingk’s theory mentioned earlier* furthermore, this
point of view coincides with Frenkel’s statement 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 liquid, or to the surface 
of macroscopic solid bodies immersed in it* *̂ he latter 
cases are considered as potential nuclei for cavitation*

The conception of cavitation nuclei, 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 3^ and 3g would be 
affected.



e. Conclusion.
The following conclusions can he drawn tip pending 

further experimental confirmation.

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

2. Some resonance effect takes place whenever the product 
of fP is equal to or multiple of 2.0 x 109.

w

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

B. EFFECT OP FREQUENCY OF ULTRASONIC WAVES, 
a. Ifl t t ioflo

A complete study of the dependence of degradation of 
long chain molecules on frequency of ultrasonic waves should 
cover two main aspects; namely;
(i) the effect of frequency on cavitation intensity (severity) 
which play8 the ma.ior role in the process of degradation, and
(ii) the effect of frequency on the degradation parameters 
K and y.

Considering the first effect, it was mentioned in Chapter 
I that there exists an upper threshold of frequency beyond



which no cavitation occurs. This threshold depends mainly 
on (l) the initial size (radius RQ) of the nuclei present in 
the liquid, and on (2) the pressure amplitude fP 1 of the 
ultrasonic waves. Unfortunately the cavitation nuclei 
cannot be controlled neither in size nor in nature. Conse- 
:quently, any detailed study of this aspect is limited by 
the incomplete knowledge of the nature and dimensions of 
nuclei in high polymer solutions.

Gaertner^3,8̂ suggested the existence of an optimum 
frequency at which cavitation intensity reaches a maximum.
He expected this optimum frequency to be below 2 or 1 Me. 
per sec. furthermore he predicted, from a simplified theory 
that cavitation will almost be suppressed when the frequency 
exceeds 2 Me. per sec. On the other hand N0ltingle and 
Neppiras^ 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 
with different initial average chain length should provide 
more evidence about the occurrence of resonance. Schmid 
and Poppe^13  ̂ investigated the frequency dependence of 
ultrasonic degradation of long chain molecules using three 
different frequencies. The three frequencies were 284 Kc/sec



from a piezoelectric transducer and 10 K.c. and 175 Xc/sec. 
from a magnetostriction transducer * They found that the
rate of depolymerisation of polymethylmethacrylate in hen?* 
:sene is nearly independent of frequency in that range* 
However, it is safe to say that their analysis xvas not com* 
:plete, and it is quite likely that their sample was in fact 
affected by the 284 Kc/sec* frequency. That this may he 
the case can be roughly verified from the product Pf forW
their sample*

fl?w = 7000 x 284 I 10® = 2 x 109
This value is the same as that deduced in the previous section*
Inspection of 3?ige 3, after Schmid and Poppe, shows that the
polymethylmethacrylate sample irradiated at 500 Kc/sec*
(284 Xc/see,) responded somehow differently. Mark^*^ and 

(1*5)Crawford' remarked that this sample is very susceptible 
to degradation without giving any reason for their remark*
Could this behaviour be interpreted as a frequency effect?

ho Experimental.
The frequency of the ultrssonic waves was changed by 

changing the tank circuit coil of the oscillator* Two coils 
were used; the first coil gave a frequency range 0*5 - 1*25 
Mc/sec. while the second made it possible to cover a range 
of 0.75 - 2o0 Me. 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 mis. of 1% polystyrene in benzene having 
different initial average chain length were irradiated hy 
ultrasonic waves of intensity 12.5 watts/cm? having a fre~ 
:quency of 0.75 Mc/sec.

^is process was repeated with frequencies of 1.0, 1.25, 
1.5 and 2 Me. per sec. Results of these irradiations are 
shown in Table XVI and represented graphically in figures 
59, 60. 62! and 62, from which values of K were deduced using 
equation (19 )0

g» DifiQ.uss.lon.
It was convenient for easier interpretation to represent 

the results in the form given in Pigs. 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:

(l) irradiation by 2 Mc/sec. ultrasonic waves resulted
in a very slight degradation taking place.

(ii) Increasing the frequency of the applied ultrasonic
waves from 0.75 Me. per sec. caused an increase in
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resulting degradation. Maximum degradation seems to 
take place at a frequency of 1 Mo« per sec, A fur- 
sther increase in freguency caused a reduction in 
degradation.

However, it can be easily deduced that the optimum fre
quency at which the cavitation intensity reached its maximum 
and consequently produced maximum degradation is about 1 Me, 
per sec, ^his result agrees with the predictions of Gaertner 
and differs quantitatively from thepredictions of Holtingk 
and Heppiras.

The rate constant of degradation K in each of the above 
mentioned degradation runs was calculated from equation (19)0 
Calculated values of K are shown in Table XVII in a conven
ient way for their interpretation,

Hypothetical values of Pw which s atisfy the condition,
f P_ = 8 x 109 Cw

were entered in red print in the table, while the mode of 
vibration is given in blue type, ^he values of 'K* shown 
in the Table are plotted against chain length in Pig.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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Comparing the different curves in Pig. 67 which includes 
the experimental curve in Pig. 58, it can he 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 
la not affected by the conjectural way In which the different 
curves are drawn.

However, this observation was 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 ultrasonic 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 A.U., 
represenging the benzene 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
gation of plane ultrasonic waves. This assumption differs
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from the assumption made by Schmid^ ̂  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 probability of the other 
endo
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 simplicity.

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
forces 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* increasing and decreasing in quick
succession. Since about 1000 cal.per mole is the energy
required to cause a change of 10° in the bond angle from its
minimum energy value* therefore a restoring force will come
into action to maintain the minimum energy configuration of
the chain molecule.

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- 
:tudes are in phase. Under these conditions the equation 
of the undamped motion of the nth benzene ring will be given 
by;

** . ^ yv»n, 1m yn + «(yn - ■■■' g *** ) « 0 (60)

where m is the mass of the benzene ring or mass of monomer 
unit; yn+i# yn> are the displacements of the n+1, 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,,
o0 o

if y =. A eiwt (61)n n
Vl+YAh + An+l " 0 l m

where y = SLSj£ - 2 (63)

If there are P units in the chain, P such equations 
are needed and since the chain is assumed to be fixed at 
both ends, therefore:

Ao *  A*Vl *  0
^he folloY/ing set of equations will therefore 

represent the motion of the long chain molecule:
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YA^ 4* Ag ooeo«ooae . . . . . oo«ooo

A^ *4" YAg *4* Ag f *»oo»o«»«s»»oo 

Ag + TAg + ........

= 0 
s 0
s 0

0 0 0 0 0 0 0 9
0 9 0 0 0 0 0 0

(54)

Ap_1 + YAp *  o

Equation (64) represents P homogeneous linear equations for 
A^, Ag o«,„ Ap, and in order that they may have a solution,
Y must he a root of:

DpS

Y 1 0 0 0

1 Y 1 0 0

0 1 Y 1 0

0
0
0

O O O O O O O O O O O O O O 0 O    1
 i r

which is the frequency equation* 
Expanding the determinant we get:

D - D  « D « «  s?0P P-l P-2
Such recurrence relation has the solution.

d - sinlP+lie^P - sin 6
where Y « 2 Cos 8
Therefore:

Dp » 0 if sin(P+l)9 ss 0
ioOo (P+l)0 3 C*
or 6 s S2L.

(55)

(56)

(57)



where C is an integer that can take any value between 0 and 
P.

Prom equations (53), (56) and (57)
§ j p £ _  2 « 2 008 g j  

The lowest natural frequency of vibration is given bys

. . .

= -8 Cos (58)

since P is large, by expanding in power series, we get:
* *g Cos sr? « 1 -  S' as a first approximation*P+1 2(P+l)

Therefore equation (58) can be written in the form: 
m cog i?
“ " 2(P+l)2

*  “ - ± t^lt / st
Considering P+1 = P fpr P large, the natural frequency of
vibration is given by:

_ 1 / a
r 88 8 P /2 m

«* - IvffiT (59)
Similarly for the next mode of vibration, C will have a value 
of P—l, and following the same treatment we get the frequency 
of the second mode of vibration as :
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4 /f 1 Ax 
85 P /  2 m

«  - /jfe (60)
Hence, the frequency of vibration of the undamped long chain 
molecule is given by the general expression:

"  = l y / S  <61>
where C is an integer which can take any value between 

1 and P depending on the mode of vibration; 
andj| ygTjjj is a constant that can be evaluated*

Comparing the theoretical condition for the occurrence 
of resonance given by equation (61) with the deduced condition 
from experiment, i.e0, fP_. « C x 2 x 10g, it seems that the

W

similarity between the two conditions is unlikely to be a
mere colncidenceo However, for numerical evaluation of the
theoretical value of the product fP, we consider the value
of fm l and ®a*0

m s 1.7 x 10“SSgmB. for a benzene ring.
The value of the deformation constant 'a' varies

considerably and it depends on the type of molecules whether
triangular, pyramidal, tetrahedral or symmetrical chain
molecules* For an energy of about 1000 cal*/mole required
to cause a deformation of 10°, the calculated value of 

4a * 10 dyne/cm*.



For the fundamental mode of vibration of a long chain 
molecule, the theoretical value of the product fP is given by:

fP = i / ---— -- » S. 71 x 1018 (62)2xl« 7x10
Qcompared with 2 x 10 as determined from experiment* Obviously 

the theoretical value of 'fP1 is far greater than the experi- 
:mental* However, 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- 
:blem* Moreover this review should account for the diserep- 
:ancy between the two values of efP* and the assumption that 
the chain length is fixed at both ends*

Szalay^16^, 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 velocity of colloidal particles, due to ultrasonic 
waves, as the cause of degradation* According to his con- 
• ception macromolecules having greater velocities than 
solvent molecules will have greater kinetic energies* He 
believed in the transformation of this vibratiQnai energy ̂



by unknown methods, into the activation energy of depol.vmer- 
iisatlon.

(17)Thiemev 7 in another attempt to explain the mechanism 
of degradation, suggested that collisions between macromole- 
scules are strong enough, due to their increased kinetic 
energies in the presence of ultrasonic waves, to cause degra
dation, Comparing the length of a macromolecule 
( 6 x 10*"® cms.) with the wave length of ultrasonic waves
( 4 x lO*1 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 cause degradation.

Schmid^ suggested a third mechanism for the degra
dation. In view of the fact that it lsacc.ent.sAj*£-_-a 
possible mechanism by which long chain molecules can be rupt- 
.Lurefl. it is relevant to discuss his suggested mechanism in 
detail especially if it is likely to elucidate the discrep- 
;ancy between the two values of 9fP®.

Basically, Schmid analysed two extreme cases repre
senting the behaviour of a long chain molecule in an ultra- 
isonic field.
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case I,U..
In his first hypothetical case* he represented the long 

chain polystyrene molecule (D*P0 « 1000) with one henzene ring 
associated to every second carbon atom by a frictionless thread 
with spheres representing the benzene rings (radius = 3 A,U.) 
attached to its axis at equal intervals of 3*0 A0U0 (distance 
between two successive benzene rings)0 He then considered 
one end of the molecule fixed and the other end free to 
follow the ultrasonic vibrations* The total friction coeff
icient is the sum of the Stoke9s friction coefficients of 
the single spheres, which will be 6x?r x 1000 a 6 x 10~6 gnu

cat n O  n  ̂  M 18ec0 , for 1000 spheres, and 7 - 10 ©**• om0 see* »
Considering the maximum relative velocity between solvent and 
spheres to be egual to the velocity of solvent particles 
(spheres fixed) *  4 0 cm* sec*”1, the maximum 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*

Saas (U L
In this case he considered the macromolecule free at 

both ends with no entanglements to constrain its response to 
the ultrasonic waves* Considering the whole molecule.as .P.n& 
Blass mj,. its motion was represented by the equation:

+ * 0 {63)
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where
£ is the total Stoke*s friction coefficient » 6̂ '7r0P,

P being the D*P. of the chain}
Vg is the velocity of the long chain molecule; and 
Vr is the relative velocity of the molecule with respect 

to the solvent molecules, i0ec, * (VK - V), where 
V is the velocity of solvent given by V = elwt0 

The solution of equation (63) is given by:

Substituting the numerical values, Schmid found that:

The inference from equation (65) is that for a mobile molecule^ 
free from entanglements, the relative velocity ,Vp* will be

SgStfgquently the frictional force de.veloped..will be .flfaPJaft

i(a>t-0)

where 0$ the angle of lag s tan”1 rr^r \

(64)

fT" * ILJLJLSm m which can be neglected compared to 10

Therefore, Vp . . VQ eiV(W* p ' (65)

equal to 6 x 10“® VQ for a frequency of 884 Kco/sec* and

5. x 1Q“8 times that required to break a C-C bond.



Howeveri Schmid discussed the effect of entanglements
and aggregation in the light of modern theories of high poly-
:mer solutions. Changing the effective length of the chain

%by entanglements will have no effect on the ratio and
wrru . p

consequently the value of -jj— will remain unaffectedo Hence
it 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

aits effective mass proportional to the (radius) while the 
increase in the friction coefficient will he proportional to

nu—*srthe radius only and therefore -g- will increase as the square 
of the radius of the sphere.

In conclusion he visualised that the value of -|j— 
would eventually increase from 5 x 10”8 to more than 10-3°

OMrf r~ ciMthat the quantity +  f* will he approximately s 1.
£ , Concurrently the free mobile molecule will become entang®

sled enough to justify his hypothetical case
smolecule fixed at one end only. (Why one end only? Why
not the two ends?).

Reverting to the discrepancy between the experimental
ISvalue of 2 x 10® and the theoretical value of S. 71 x 10 

for fP, it is obvious that the discrepancy in this case, 
which is of the order of 10®, is far less than the discrepancy
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in Schmidt case v/hich is of the order of 108.
Following Schmid1s reasoning it seems equally logical 

to consider that the entanglements and aggregation of macro—
:molecules may modify the macromolecule's response to ultra
sonic waves, so that it can he 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 faots about high 
polymers and their degradation.

The value of the deformation constant 'a* may change 
slightly 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 ,<x' will have practically no effect on the 
theoretical value of fP.

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 'fP1 to about 2 x 10®, then the effective 
chain length will be comparable to the wave length of ultra
sonic waves. Obviously, the effect of ultrasonic waves 
would be to allign all such entangled molecules with their



lengths parallel to the wave fronts of the pressure wave, 
with the consequent dissociation of the entangled ends, with
out 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 fPf1 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^®^ and as shown in 
Fig. 58.

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 'P1 will yield a 
theoretical picture which can illustrate the experimental 
results observed.

Finally, confirming that an increase in the value of 
,rof in equation (59) is the outcome of the entanglements and 
aggregation in the polymer solution, it should be emphasised 
that an increase in fm f is the only logical modification 
that will render the macromolecule dynamically liable to be 
ruptured by ultrasonic waves, yielding results in agreement 
with experimental observations. Further discussions of this
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mechanism are given in Chapter VÎ  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 of 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 
agrees 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 damping has to be considered.
In attempting to solve this part of the problem, the mathe
matics 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 frictional forces



which cause alternate changes in the bond angles, which 
ultimately result in scission of the most vulnerable link^®?

Furthermore, considering the degradation curves, Figs0 63, 
65 and 66 it is obvious that frequency has a definite effect 
on the final weight average 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 - S Me. per second. 
Increasing the frequency beyond 0,5 Me. 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.
^huB the limiting chain length fy f below which degradation will 
not occur is dependent on the frequency of the ultrasonic 
waves; a fact which was ignored by most previous investi- 
:gators.

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 0.76 - 2 Me. per sec. as a
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FIG. 69.
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consequence ox* cavitation intensity. X increases up till 
the optimum frequency is reached and then decreases9 as shown 
in Fig. 69 9 while y decreases reaching a minimum at the optimum 
frequency and then increases.

2. Superimposed on the continuous change in the value of 
aX is/cyclic change corresponding to resonance effects. A 

similar cyclic variation in the value of y should be expected 
purely on a theoretical basis.

S. Resonance phenomenon occurs whenever the condition 
fff . B x  109. C.

4. The optimum ultrasonic frequency at which cavitation 
intensity (severity) reaches a maximum is about 1 Mo. per 
second.

5. Degradation of long chain molecules decreased markedly 
as 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 8 Me. per second or more.
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COMBHT„
It 1b the authorf8 hope that the outcome of the above 

investigation of the effect of frequency of ultrasonic waves 
on the degradation of long chain molecules will he considered 
more informative as pointed out in Chapter II,

F. EFFECT OP CAVITATION. 
a. Introduction^

As mentioned in Chapter III the reaction vessel was 
designed so that reflection of ultrasonic waves from Its 
"bottom would he virtually eliminated. The fixing of the 
0» 0005” terylene membrane at the bottom of the reaction vessel 
was therefore to ensure that the ultrasonic energy would be 
transmitted through the polymer solution without any loss.

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 be 
completely suppressed when the frequency of ultrasonic waves 
is 8 Me./sec, or more, degradation of polystyrene in benzene

msolution was carried out under vacuo, he optimum frequency 
for cavitation intensity was chosen for the ultrasonic waves
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used in this investigation in order to provide the most 
informative experimental conditions*,

b. tosrlmeiyfcaln
85 mis. of a 1% polystyrene in benzene solution of 

initial weight average chain P « 3260 were introduced in
W

the reaction vessel. Pig. 17, and its BIO quick fit cone was 
fitted to the two stage 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 Me. ultrasonic 
waves of intensity 12.5 watts/cm8. Viscosity measurements 
were carried out at different stages of the ultrasonic 
irradiation which continued for 2 hours, without disturbing 
the vacuum.

Results of the irradiation process which are given in 
Table XVIII show how the weight average chain length *P_*

W

decreases during irradiation.
In Pig.70, the weight average chain length is plotted 

against time of irradiation. Two more curves are included 
in the figure for comparison. The intensity of ultrasonic 
waves in the three cases was the same, i.e., 12.5 watts/cm8,
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It Is of interest to mention that the huhhles which 
used to appear in practically all the previous experiments 
did not appear at all in the hulk of the polymer sample when 
irradiated in vaouo0

Co PlsouBsion.
Pull mathematical treatment of cavitation, i.e., cavity 

growth and collapse, was always complicated hy the many factors 
involved; surface tension, liquid compressibility, thermal 
transfer, gas and vapour transfer and diffusion, etc., which 
have to he considered. However, only the aspect of supp
ressing cavitation is of interest in connection with this 
work. It is an established fact that destructive cavitation 
can he suppressed either hy applying, directly to the liquid* 
an external pressure greater than the pressure amplitude of 
the ultrasonic waves or hy thoroughly degassing the liquid 
and maintaining vacuum on top of its free surface. Both 
methods were adopted hy previous research workers to investi
gate the cbgradation of high polymers hy ultrasonic waves in 
the absence of cavitation. ^heir results were not always 
in agreement as is discussed in the critical survey, Chapter I.

Pig. 70 shows clearly that high polymers can he d egraded 
hy ultrasonic waves alone in the absence of cavitation. The
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role of cavitation in the cbgradation 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

associated cavitation. Quantitatively the rate constant of 
degradation, calculated from equation (l9j was found to be
1.008 hr. in the absence of cavitation, compared to 12.88:
- Kto jjhr. when cavitation intensity (severity; is at its maximum.
In other words the rate constant of degradation due to ultra- 
:Bonic waves alone is only 8.23$ of its 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 dbgradation 
represented by curves 1 and 11. Curve 1 shows the change 
in the weight average chain length P of the polystyreneW
sample when irradiated by 2 Me./sec. ultrasonic waves of
intensity 12.5 watts/cm8, at atmospheric pressure, while
Curve 11 shows the change in P when treated by 1 Me. sec.w
ultrasonic waves of the same intensity but in vacuo. The 
degradation in both cases is almost of the same order of 
magnitude, with the rate constant of degradation 
K s 0,952 x 10~4 hr.-1 calculated from curve I, against
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1.008 X 10 4 hr© ^ for curve 11. The small difference between 
the two values of #Kf is attributed to the effect of frequency 
on the attenuation 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
tion is generally given by the expression:

-ax
P = P0 e

where pQ is the pressure amplitude at the surface of 
the source, and

a is a combined attenuation constant representing 
the effect of viscosity and heat conduction.

The attenuation constant 'a* is dependent on the wave length
of ultrasonic waves. Under the experimental conditions
mentioned above, it is 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
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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 Rj 
it can be emphasised that cavitation is completely suppressed 
in liquids under normal atmospheric conditions, when the 
frequency of applied ultrasonic waves is 2 Me./sec. or more. 
In other words, in the absence of cavitation degradation of 
high polymers will be effected by ultrasonic waves alone 
when the frequency is 2 Me./sec. or more.

d. Conclusions.
1. Below 1.5 lie/sec. high polymers are dsgraded by the 
combined action of cavitation and ultrasonic waves, with 
cavitation playing the main role.

2. At a frequency of 2 Me./sec. or more, cavitation is 
suppressed and degradation is effected by ultrasonic waves 
alone.

3. ^avitation is suppressed when degradation is carried 
in vacuo. The re stilting degradation is about 10# of the 
degradation produced in presence of cavitation at a 
frequency of 1 Me./sec.



TABLE Ho
Variation of chain length »P" with tima 0f 

irradiation Ht"» '"..

Time of 
irradiation

(hrBo)
%p *v

0 4.36 32400*1667 3.45 27710«5 2.465 22031*0 1.834 17551.5 1,505 15092.5 1.186 12533.5 1.0152 10965o 5 0,8461 9417*5 0.7477 8439,5 0,6862 78011.5 0,621 71713.5 0,5866 68815,5 0.5606 65417,5 0,5255 61720,0 0,5014 58522,5 0.472 556 I25,0 0.455 539 [27.5 0,446 52230,0 ] 0.432 51232,5 t 0.422 49935,0 I 0.420 494

TABLE IIIo
Bate oonatant of degradation at different 

stages of degradation*

o
r-.... — ■

t(hours)

i
w <■—s IT o li
•

0.0001 2887 0.15 6.6 x 10"*0.0QI 1260 2.34 6.2735 x 10**0.002 811 8.00 8.5x10**0.003 643 16.00 | 1.8778 x 30** J



table iv.
Fractionation of Polystyrene Sanplea*

Tina of 
irradiation J 
(hours). J

Fraction
[ Chain 
I length
.rPVr. n

Weight
FractiondW

Integral weight 
/dW _ _ _

0 1 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 0o2094 0*3453
7 992 0*1426 0*1693
8 472 0*098 0*049

0*5 1 4828 OolOSO 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
6 848 0*2599 0,26516
7 300 0*1352 0*0676

2 X 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 0.1249 0*06245

4 1 2035 0*0750 0*9625
2 1300 0*1098 0*8701
3 951 0*1152 0*7976
4 715 0*1301 0*63495
5 523 0*2449 0*44745
6 320 0*1748 0*2376
7 1 150 | 0*1502 0*0750.

35 x j 751 0*0596 0*9684W 4/ 705 0*1888 0*8460
3 I 632 0*1696 0.6668
4 1 558 0.1300 0*5170
5 ! 468 I 0*1804 0*3618
6 352 0*1104 j 0*2164
7 222 0*1612 0*0806

* ! ........ * 5 S



TABLE V<,
Thaoretloal Weight OlatribatlonBo

1 Tims of I irradiation 1 hours*
Chain
length*

JBg X  1 0 * Remarks*

1 0 500 1*399 y  a  744
1000 2*053
1620 2*271
2000 2 .2 1 8
4000 1*292
6000 0*563
8000 0*2188

10000 0*0795

0 *5 500 2*3285 o <  x  < 744
744 2*8765
744 2* 5911

1000 2*8434 744 <  x  <  00
2000 2 .5 7 5 5
4000 1*0566
6000 0*32507
8000 0*088902

10000 0*022795

2 500 4o63
744 6 *5 9 9 ______ < <
744 4*848555 744 <  x  <  a>

1000 4*65138
2000 2o4918
4000 0*35753
6000 0*038478
8000 0*00368085

4 500 7*9842541

aHe

744 11*5891
744 6*75415

1000 5*4155 744 x  <o
2000 1*43969
4000 0*0506744
6000 0*00134831

35 500 17*906 o x  744
744 26 .35646
744 0.0857625 744 x  0D

1000 0*004277663

............................................... -
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TABLE So 
Application to Schmid* a Theory*

Humber Average Weight Average.
Time of Pnt JPw Time of p p '* W__ *1g
irradiation JSSL ♦ log(l - ) irradiation JSs ♦ iog(i - J5® )
hourGo V  p"t hourao PVt PWt

0 -0*03071 0 Oo01302
0o25 -0*03803 0*5 -Ob 0310o5 -0*050715 1,0 -Go04861 -Oo07754 lb 5 1 -Oo 06932 -0*1426 2o 0 -0oQ885 14 -0*33307 2 b 5 -0*109510 -lo245205 3 b 0 -0*1302 1
20 -2*3275 3 b 5 -0*1477 j
28*7 -4o9X82 4*0 -0*1675
35 - m 6 -0*24128 -0*331 110 -0*4255 |15 -0*6555 !20 -1*033

25 -1*58330 2*569235 • OB
......... 1



TAULS SIo
Degradation of polystyrene at different Intensities.,

I - 4*89 watts/cif o I 9 9.53 watts/on? <,
Time of Tine of

Irradiation P irradiation Phourso w hours* V
0 3260 0 32600o5 2987 0o5 24201 2867 1 20302 24 74 2 15903*5 2181 4 12935 1944 6 10797<>5 1687 8 97110 1553 10 89512 o 5 1480 12 843
15 1336 14 797
17*5 1273 16 768
20 1198 18 736
22.5 1147 20 71725b0 1114 22 69427o5 1084 24 68430 1061 26 65432*5 1033 28 64335 1004 30 63532 61634 60535 603



TABLE II. (Continued) <,

1------- ,— —
I as 12o5 watte/ctf I « 15o8 watts/cn?
Time of Time of

irradiation irradiation
hours© hours®
0 3260 0 3260
10 Din* 2771 0*25 2350
0*5 2203 Qo5 1900
1 1755 1 1469
lo5 1509 2 1164
2 b 5 1253 5 825
3o5 1096 7o5 711
5 b 5 941 10 608
7o5 843 12o5 549
9 b 5 780 15 511
Ho 5 717 17o5 459
13 b 5 688 20 447
15 b 5 654 22o5 422
17o5 617 25 402
20 585 27o5 394
22o5 556 30 388

1 25 539 32o5 383
27*5 522 35 380
30 512
32o5 499

« 35
i....... .

494



TABLE XJX»
Effect of Intensity on Hate Constant »K* *

Pl = 5aSS3 dyn*"1 te,'1 03 = 2«»5 ̂ o'1

Theoretical Experimental
s K Case (i) 

x Id* bpT1
K Case (ii) 
x 1Ĉ  hr. "1

\  volts. K x 10*

1.25 1*1 6.45 500 1.286
1*5 2.79 8.41 700 4.30
2.0 6.85 10.47 800 6.768
2.25 9.08 11.1 900 9.731
2.5 H.4 H.6



TABLE XXXI.
Dependence of Uniting chain length *y8 on intensity.

P » 1630 ft 2«5*3 . -I . -1
1 53 ”°Y~~ ĉ ne Pg = 2.345 hp."1

m
Theoretical.

K x 10 
(Case i)hr'.1

K x 10
Z k x 10* hr-1

0.2 35.315 13.685 1539 1.286
0.3 19.02 12.78 912 4.30
0.5 6.354 10.466 744 6.768
0.7 2.243 7.972 572 9.731
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TABLE m
Effect of Initial Weight Average Chain Length* 

on 'JKat«' Constemt ■“  ......

750  e  1 = IsSZt cSsmo-1 hr.”1 Bg » 1 .4 7 5  hr.-1

a

Theoretical®
K Case ( i )  

xld* hr!1
K Casa (ii) 
x 10* hro"1

Esporiraantalo
P„ £*10* hr."1 o

X 0 0 750 0
lo2 0o80 6 o l0 1505 4b49
1©5 So 31 7 b 00 2460 7b 59
lo 7 3o20 6o90 3260 6b768
2oQ 4o29 6b 55 3744 7©97
2o5 5*67 5o 8
3s0 6 b 67 5b 14
3«5 7o40 4o57
4o 0 8o00 4 .1 2
5b0 8082 3o42
6o0 9o38 So 92 j
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COMMENTS.
In the preceding Chapter a few conclusions were drawn 

out regarding different aspects of the degradation of long 
chain molecules by ultrasonic waves0

It became clear that although degradation can he 
effected by ultrasonics alone, yet within a certain frequency 
range (0o5 - 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

Qand weight average chain length reaches a value of 2 x 10
or its multiples, i*e*,

f P = 2 x 109 x Cw
where C is an integer*

In the light of the conclusions reached a brief comment 
on the theoretical and experimental aspects 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:

(l) the size and nature of nuclei present in the polymer 
solution, essential for the inception of cavitation, 
which plays an important role in degradation*



(2) The entanglements and aggregation in the high polymer 
solution without which long chain molecules will 
follow the ultrasonic waves and consequently no 
degradation will take place*

la-Mnafris&.pf Pqgpaflaĵ ojQa.
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

dNto the term (Z - I) in the general equation for •tt® * Thisat
term implies that each bond in a long chain molecule has the 
same probability for rupture under random degradation condit
ions* 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 is 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*



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 t from each end 
where the forces developed at any of its bonds are not suff
icient to effect a scission* Consequently, the rate of 
degradation of a chain of length Z will be proportional to 
(Z • where (Z - 2l) represents the central length of the
chain which could be ruptured* Hence the general term in 
equation (l), modified to express the degradation caused 
by ultrasonic waves alone, would be : 

dN SsOO
s 2 2(R-Z-i) N ~ K(Z - 2i)Nm  (l)

az R«Z+£+l r z

It can be deduced from this modification that y m 2£ 
since no degradation will take place if the length of the 
chain is 2/ or y (the limiting chain length)* The terms 
representing the cumulation of molecules have to be modified 
and they are represented by the Siam:

R=od
2 2(R«Z-I) where Z > £

R=rZ+/+l
Obviously, as represented by Equation (l) the degradation of 
long chain molecules by ultrasonic waves in the absence of 
cavitation will not be a 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 he 
mathematically intractable in explicit terms*

s* Eas.ftagg,.
The effect of a few factors on the degradation of 

polystyrene by ultrasonic waves has been studied and the 
results obtained discussed in Chapter V0 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 s f sin(o>t « 0)o

Bo Whether due to frictional forces or impact forces, the 
mechanism of rupturing the long chain molecule can be 
represented by the general relation:

f « a V_ [Equation (31); Chapter V, ]O 8
The first postulate is valid for degradation by ultra

sonic waves in the absence of cavitation, where the frictional 
forces developed can be represented by f s f sin (cat - j2f)0 
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



represented by fQ sin(cot « 0); and (b) impact force due to
bubble collapse which cannot be represented by a simple contin-
suous periodic function and more specifically by a trigno-
metrical function.

Moreover, inspection of Pigs* 10, 11 and 12, which
illustrate 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 (R.J, after a t ime t fromm m
the beginning of the negative half cycle of the ultrasonic 
pressure wave^^* The value of tm depends on the values of 
the controlling factors, namely, RQ, pQ, p^ and <o. Consider-

p*sing the period of ultrasonic waves T to be —  , therefore:
. 1° 3ftS3® 11m co

for RQ as 1 to 3/a ; pQ s 4 x 106; pA « 10S; and co e 9 X 104, 
and tm varies from to slightly less than gjj, when pQ
varies from 1 atm. to 8 atmosphere, for RQ s 3*2/a 9 » i atm*

4and co ss 9 x 10 *
Using a differential analyser to solve their differ-

(2 )sential equations Noltingk and Neppifasv ' represented graph
ically the growth and collapse of a gas-filled bubble when 
P 0 9 4 atm,, co = 3 x 10^, and RQ » 3a2 x 10~4cm, The radius-
time curve showed that the time taken by the bubble to grow
to its mqyiTrmfn size before collapse was about 0*7 of a period,



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 developed
during the collapse of bubbles can be represented by a simple
continuous periodic function* Consequently, the second
postulate which leads to the relation f « a V would have too s
be modified* Such a modification cannot be envisaged without 
a complete theoretical study of cavitation* However, although 
the force acting on a long chain molecule cannot be truly 
represented by f s f sin(cot - 0) 9 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, D, and E, would still be significant, 
notwithstanding the limitations of the aforementioned postulates.

The effect of intensity on the degradation parameters 
K 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 discrepancy between experimental and 
theoretical results was found. As can be seen from Pig, 54, 
the discrepancy is more obvious at low intensities, i«eQ, 
high values of y. This discrepancy should be expected as a



consequence of cavitation inception* That this is the case 
can he shown by considering Pig. 12* Cavitation does not 
occur for values of pQ below 1 atmosphere which is the value 
of p^e When the value of pQ just exceeds that of incept« 
sion of cavitation takes place associated with a sudden 
increase in the bubble radius, and consequently, a sudden 
increase in cavitation intensity. This sudden increase in 
cavitation intensity will result in a greater rate of degra~ 
sdation K as was found experimentally to be the case in the 
low intensity region, as shown in Pig. 54*

3? M.gjgĥ 8ftufi£
It was mentioned in Section D, Chapter V, that the 

anomolous dip A-B«C in Fig* 58, which illustrates the effect 
of initial chain length on the rate constant of degradation 
fK 9, may be attributed to a frequency effect. Further, it 
was shown in Table XVII that changing the frequency of ultra- 
:sonic waves affects the relative values of 9K*. 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 entanglements 
and aggregation is to increase the effective mass of monomer



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 : 

fP » [a/m]1'’’3
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 conclu
sions were reached*

In addition to the assumptions made in Section E, 
Chapter V, it is further assumed that the force acting on 
each sphere (representing a benzene ring) is given by 
0(V — y), where:

£ is Stoke*s friction coefficient and is given by 
6x7r, as mentioned earlier, and 

V is the particle velocity of the solvent and is given 
by V s VQ sin «ot0
Reverting to Fig. 68, the equation representing the 

motion of the nth sphere is given by:



It is easier to find the solution for a particular integral 
of the form S0Voe^(Ô  and then to pick out its imaginary 
part* Hence equation (l) can be put in the form:
an yn + «(Syn»ya+ryn=1) + sp ?n - spvQ eiwt (s)

Putting yn a Y^ where Yn is a complex quantity, there- 
:fore:

< .  tgsi ,  aas, I n .  ,W 2 va<.V l , .  s p  M

If the distance between each two successive spheres in 
Fig. 68 is equal to 6x, then the length of the chain *£* s P.Cx, 
where P is the chain length in monomer units. Dividing both 
sides of equation (4) by (dx)8, it can be put in the form:

K8 Y * * ~m  (5)n (dx)8
where K8 a PprfL-T-MSSB. (6)

a(6x)
spvrtand M s ■-■■■■—«■«» (?)
a(dx)

If the fundamental mode of vibration of the long chain is 
considered, the spheres in any displaced position can be



imagined to lie on a parabolic curve and the following approx* 
simation will hold; viz;

y. 2Y_ + Y_ d8?... n n~i aawaaSi i q \
(fix)8 S dx8 (8)

Hence equation (4) can be transformed to the new differential
equation given by:

d8Y
S + K2 Y_ = -It (9)

dx8 n
The solution of equation (9) is given bye

Yn *> - \  + A sin K x + B Coe K x (10)

where A and B are constants to be determined from boundary 
conditions, and x is the distance of the nth sphere from the 
fixed end of the molecule and is given by X s nOx®

Since the long chain is assumed to be fixed at both 
ends, it follows that:

Y s 0 at x « 0 and x a i e P6x
Therefore,

n - 5L



SOSo

Substituting the values of A and B in equation (10), the value 
of Yn is given by;

Equation (ll) gives the value of the amplitude of vibration 
of the nth sphere in the chain* For the fundamental mode of 
vibration, the sphere at the centre of the chain will have the 
largest amplitude of vibration,, For the sake of simplicity 
the amplitude of the central sphere only will be considered,. 

Hence for the sphere at the middle of the chain:
Yn s ̂ centre “ at x 5 I

Therefore:

(11)

Yc s ^  [Cos - 1 + tan ff sin ]

(12)

From equation (6), the value of K is igven by:

Taking into consideration the relative values of {3, m and cu,
it can be shown that:

(13)
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Hence, + .

Cos jp « Cos ||| [(^) 2 - l(2g) ]

- oo. [ | (̂ )Vs -11 <e*i* i
and considering P B̂coĵ /s ^ ^

Therefore:
Cos Cos Y Cosh Y 4* i sin Y slnh Y (14)

Further, from equations (6) and (7), it follows that:
M  b  _____
K~ " mP-iosP

Hence from equations (12), (14) and (15), the value of #Y ®v
is given by:
Y _ 0 rl°Cos r Cosh r - i eln Y slnh Vi (l)
® mtoS-i«6 Cos Y CoBh Y + i sin r ainh r 1

Rationalising equation (16) once gives:

(16)

Y B -p- O -[Cos Y Cosh Y 4- sin Y » Cosh Y - 1 sin r slnh Yj 
c ma)8-icop Cosh2Y - 8in2Y

oo(!7)
Rationalising equation (17) once gives:

__________ gv»
c (Cosh2Y«sin8Y)(mSco4.HoSpS)

| mco2(Cos Y Cosh Y ♦ sin2Y -Cosh8Y) + cop sin Y sinh Y +

i [cop(cos Y cosh Y + sinSY - cosh2Y)- mco2 sin Y sinh Y ]
.*(18)



Rationalising equation (18) once gives:
2 J»

Y _ ay [(eOB Y GOeh r * Bin8Y- cosh2y ) * aln2Y alnh8r ]B Qi0
0 0 (m2«)44<u2p2 J (oosh2r - oin2r)

o o (19)
where 0  1 b  & phase angle, and is given by:
0 B msfcoar coahY -t-aln2Y- ecelfr )-m(o2 sin Y alnh Y

mar (cos Y cosh Y + Bin Y~ cosh y )+<»P BinY sinhY 
Hence the displacement of the middle sphere in the chain is 
given by:

y s Y_ where Y is given by equation (19)0C © C/
Considering only the imaginary part of y , therefore the
displacement produced at the centre by a force [gVQ sin cot]
acting on the long chain molecule is given by:

2 1
_ _ flv rfeoa Y coah Y ♦ Bin2Y- cosh2Y) * aln2Y Blnt̂ Y-ilT
y® fT* V « W  (coahSY - ain2Y)S J:ein(cot + 0) (21)
which can be put in the form:

yc 8 PVQ R sin (u>t 4- 0) (22)

where 2 «
H _ r (CQS Y cflBh Y 4. ein2Y - coah2Y) ♦aln2Y Binh8Y— ]2 (23^

(m2a)4 + o)8p2)(coBh2Y - sin2Y)
The work done by the force pV0 sin cot in producing a dis~
:placement at the centre of the long chain molecule is
given by:



where ’dyc* can he obtained from equation (22) and is given 
by:

dy s <o(3V R cos (cot + 0) dt« c °
Hence:

%

W0D0 s ooR cos (cot + 0) sin cot dt*
Integrating between o and gjj , the work done is given by*

W# Do — P— (2 cos $ - ft sin 0) (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 required to break 
a C-C bondo

In order to illustrate that the above mentioned energy 
is sufficient to break a C-C bond, the values of Y, 0 , R and 
the kinetic energy of oscillation were calculated for three 
different chain lengths0 These calculations were carried 
out for two values of m and (3, io60,
(i) the true mass of a benzene ring and the Stoke*s 

friction coefficient acting on itj and

(ii) 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*



b.o The phase angle *0' varies with chain length* It has 
a zero value at a certain chain length, depending on the 
mass of each sphere and the friction coefficient. It is 
of interest to notice that for case (î  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).

b0 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.

Co 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^. 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 (ij and case (ii>, and to emphasise the 
important role of entanglements and aggregation in the 
degradation of high polymer solutions.



As ultrasonic waves can effect 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. Without entanglements and aggregation, long chain 
molec\iles will be swept away and follow the ultrasonic oscill- 
:ations whatever the length of molecules. Consequently, 
degradation will not take place. SHirther, as was shown earlier

ftthe quantity -j— must be at least 10 times greater than its 
theoretical 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 (l0eo, its 
effective mass is increased) 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 occu3* so 
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 flm ff and *0* is considered.

Prom the above it is obvious that case (ii) simulates 
conditions which can be realised physically and chemically, 
while case (i) is purely hypothetical, since ®m* and are 
not modified. However, the figures in Table XIX show that



in case (i) the kinetic energy of oscillation can still reach 
the order of magnitude required to break a C-C bond.

It is essential to correlate the theoretical t reatment 
carried out in this Chapter with that given in Chapter V, 
Section E, so that a complete qualitative picture of ultra- 
ssonic degradation (in the absence of cavitation) can be drawn. 
This picture has to be qualitative, since the quantitative 
effect of entanglements and aggregation on 9m® and *0* cannot 
be easily predicted.

At reasonable polymer concentrations, the long chain
molecules will be sufficiently entangled, with 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-
lively greater mass per monomer unit. For a constant ultra-
;sonic frequency, the kinetic energy of vibration increases
with the chain length of the macromolecule. When the chain
length reaches a limiting value, the kinetic energy of vibra-
:tion will be sufficient to break a C-C bond5 and rupture
will be effected. A further increase 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

(4)and consequently the rate of <fegradation will increase steeply' '
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for a homogeneous polymer sample , and gradually for a hetero- 
sgeneous sample (Fig.58; point A), until a peak is reached 
when resonance occurs and the chains are vibrating at their 
fundamental mode.

A further increase in chain length beyond this value 
results in a drop in the rate of degradation due to anti- 
re sonance0 The rate of degradation 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 harmonic j, 
^he rate of degradation will reach its second peak when the 
second resonance occurs where the chains vibrate at their 
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

Qresonance is satisfied, I.e., fP. = S x 10 C0
T»

From the above picture it is clear that the force act- 
:ing on the macromolecule can be represented by: 

f c fQ sin (cot - 0) - i3VQ sin (cot - 0) 
as mentioned in Chapter V, Sections C and Dc

Further, the energies in case (iij are greater than the 
energy required to break a C-C bond. In practice the molecu3.es 
are not exactly fixed at both ends, nor are they orientated



specifically at right angles to the direction of propagation 
of ultrasonic waves. Furthermore, the bond angle is 109° 26f 
and not 180°. All these considerations will modify the 
resulting kinetic energy of oscillation and consequently 
effect a rate of degradation which is of the same order as that 
realised in practice.

Finally it is relevant to mention that all the features 
of ultrasonic degradation can be explained by this suggested 
mechanism, and in particular:
(i) the anomolous behaviour illustrated in Fig. 58

(resonance)o
(ii) the lower rate of degradation at 8 Mc/seo. compared

to that at 1 Mc/sec. in the absence of cavitation#
(K.E. a i for constant P).

(iiij the optimum concentration for degradation (entangle- 
:ments>6
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APPENDIX IP

A S3 all 0 0 0 0

al ®22 0 o

al ®2 a33 0

al a3 an»i ^ n
The eigen values are defined by the equation 

t A - W ] X  = 0 
where I is a unit matrix of the same order*
Obviously the eigen values are simply the diagonal elements.
i o e o i ‘32 n ann
To find ^  in the eigen columns matrix Q:
let %. *= [ *l1) *21}

[ A - \  I ] ^  =
o o
al a23_a:Ll
al *2

.(1) )
“tot )

a33~all

amn“% l

4 1)

4 X)

41}
y(l)n

(1)x£ can be chosen arbitrarily ., say X£(1) = j



then;

(a22“allJ 41] = -al

a2 *2 + (a33“aii^ - “ai

a2 4 1)+ a3 4 1)+ (a44-allj x41} = -ftl

ag 4 1)+ a3 4 1' + • •«+ V l  xn-i+(Btmau! 4 1)= "al

4 1) = - a'-^iT" (1)* a32~ii
By subtracting the rth equation from the (r+ljth we obtain 
the relations;

4 1* ~ â33 “ all^ ^
(a33”aH -a3̂  xg^ 3 (a44 ” an^ * 4  > «to.... (3)
If the following definitions are applied, viz„,

a*
81 ~ ®22 “ all ^ 4 >

a  - - Vl.l-1 ~ all ~ V l  (6)«rl arr -
Therefore equations (l) and (4) give

x2 ^ a aSl ^
Similarly equations (S>, (5; and (6) give



and equations (3), (5) and (7) give:

x4 ^  = et21°ct31°Ct41 
The same procedure applies to the other eigen columns

^ 3 * 000 000
In general, considering the s th eigen column 
i e . <Kj - { xla) x ^  >X o  O #  ,  | / g  —► ^ 1  ^ <*̂ g t o o o o o J t p  ,  o o o o o o j

it is easy to find out from the relation [A - V H s  » °* 
thats

_(e> _ -(b) _ _ _
A j  • »  A g  —* o o o o o o  A g ^  j  —  V

^  4 S) = °»
io©o 0 o Xg8  ̂ * o
x^s^similar to x^*^ can he arbitrarily chosen and is taken 
to be unity, ioe<>, x^8  ̂« 1.
Following a similar analysis used in determining x|^, x ^
o . o  we obtain relations of the form, viz;n

^a6 + l,s + l" asa^ xe+l = ~as , or

xs+ l -  ~ *p— -  (9 )6+1,8+1 SB

The general term for such relations is therefore;

x .  « ar - l . r - l  ~ a88 ar =.t_ ( 10)
A cat flarr ss

of which equation (9) is a special case0
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Following the same notation as before* we get that

*8+1,8 = ---------------------------------(HI
s+l,s+l ss

BnA “ r s  =  ^ l . g - l  ~  a sB ~  * g - l  ^
^ r  “ as©

To mas it is clear from equations (§J, (’f j vat (®j> that;

xi1  ̂= a81 a41 , ,«rlr

Applying the same treatment to any other element in the eigen 
columns matrix we obtain the general term for the element of 
the (rjth row and (sjth column
“  4 B> =  “ 8+1,8* “8+2,8- “ 8+3,8- * ...... “ «



appendix II.



The eigen rows of the triangular matrix A are defined 
by the relation:

PB [A - ^1] = 0 
I being a unit matrix of the same order as Ao 
As in Appendix I the eigen values are the diagonal elements0

Consider the first eigen row:

I r i1'

l y ^ *

4 " y.
y2
(1)
(1) (1)n

n ] o o o

R1 aS2"al.l 0 
al °S a3^all
ll ®2

ll a2

5

since a. o
+ yg1  ̂+

,(i) can be arbitrarily choaen

and y ^  » »Jn-1 4 t}

o
o
o

ann0ll

Consider the seoond eigen row:
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l ^ s) 4 S)

oe o n n - l

all-a82 0 0
o o

ftl %  a3
al %  a3

al **2 a3

4 Z) =

and = o

and y^ a 1 arbitrarily ehoeen*

ana yi8) (an-agg) + y|S) ^  = o
• v8 -o o —

-a-
all-aS2

 ■■'A. mi. ■ — g

a82“all ~ 21

£W a88_

a  o

where the relation asrs :sa -a rr ss
is generally raaintainedc

3„ Consider the third eigen row: 

p3
.My<w y<3'.. . .y<3>]

= ty<3). y<3} .(3)

all~a33 °
al *22

ai aS
*1 ®g

al a2 
-  ,<s)

rn
o
o
o

ann"a33



and y|3  ̂ is arbitrarily chosen, i0e0 y^3  ̂= 1 

and yg0)(a2g-a33) + ag = o
i.e. yjS) = ~aS = **3 = „ ,

a22-a33 a33_a22 32

8114 (a82~a33J y2S) + **2 4 5) - 0 <2>

yl3)(all"a33J + al y2a> + al y33) = 0 (3)
figMultiplying equation (3) by and then subtracting from 

equation (SJ we obtain:

(a22"a33~a2^ y23 "̂ 3^ âll~a33^ “ °
• „(3) a22~a33-a2 _(3)
* * ^  = a2 all“a33
substituting for y|3  ̂from equation (JJ and rearranging the
terms we obtain that:

J3) _ al 
1 ~ a33~all * *33~*22

* ^31 ° Y3S ^
where in general Trfl = arr"ass*asa^-aaQ rr ss
4, Consider the fourth eigen row:

«  -  T v ^  v ^ K  v(4) 1p4 ~ Lyl 9 y3 * ......... yn J
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[y£4; y|4; ....y*4'] all-a44 °
*1 ®88' V

o

o

1
al *2

*8

o
o
o

a4

a afcn*a44
giving:

y(4)yn
v(4;y3

»(4)yn-l »(4>y6
-a,

a33~a44 a44~a33
045

y14)4 1 arbitrarily chosen«

y3 ^ a33~a44  ̂ + a

y24,^fl2e-a44J + y3*4i
5

+ a8 

+ ®u

o
o

ori4)<ai r ‘W  + 44) H
Prom equations (6) and (7) the following relation is 
obtained:

4 * ^ * 2 2_a44^ “ y34^ a33"a44"a3̂  “ 0
. «4> (4) ^  a3S“a44“a3» . yp *» y* t ~ -r— rs--

a 3 aS 22 44
(4)Substituting for y£ 7 and rearranging the terms we get:

(8)

«v>
(7 )

(8)



The following relation can also be obtained from equations 
(7) and (8). 
y(4) (4) fl a22-*44-aS
yl *2 • ag aii“a44

= * 1 . . a44~a3g'l'a3
a44"all a44~a82 a44“a33

■ 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  ̂* ^sr * Ys,r+1 * Ys,r+S  ...... Ys,s«-1 °-
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Consider the case of a heterogeneous (addition) 
polymer with an initial distribution 

Nx = ff0 PX_1 (1-p)2 
The value of the rth row of matrix equation (19) arranged 
in a series form is given by:

xr - Ko 2B ir1 -fff[(r-s-l)eai’-s»p-8t
- 2(r-B)e r“1,r_1 + (r-s+De rr]+ W0 p ^ l - p )2 earrt (l)

where
r-s-l _ Ir=3J.(l-p,r~1j. (S-p)-r(l-p)-pr~1

28=1 ps " pr=l(l„p) * p^ l (l.p)8 ' “ d

+8 l2zPj.-.g(X-P)-pr°1 f ̂
8=1 PB P (1-P) pr-1(l-p)8
2B=r~1 ^-B.4l = P-llzJuI.1.). + (g-PJ-rd-pjl-P1*"1 
8=1 "B Pr_1(l-P) p ^ 1(l-p)“

X_ s N - r n-r+l N0 pn(l-p)S [(r~S)ear“8’r_8t
P (1-Pi (

-  r «*»*!)
+ (2-p)-r(l-p)-pr~1L ar-3.r-8t g^r-l.r-l* 

P5?"1(l-P)8 (
+ . M ]  + N0 pn(l-p)8 (2)

Substituting in equation (3) the appropriate values for 
a_a and applying the transformation n-r+l a x, the value

SB

of Nx can be:



HJC = Ko t-j5̂ E^-[(n-x-l)e“K(x+in-2 (tt-x)e“Kxt
P ( 1 - P )  (

+ (n-x+i;e"K x̂“1‘,tj + (3-pMl-p)(»r*»l)-pn~x [ e-K(x+l)t
) pn"x(l~p)2 (

- 2e-KXt + g~K(X"1)'fc j ] + II pn(l-p)2 e~K(X“l)t (3)
) 0

Since p is less than unity and n tends to infinity, therefore 
pn can he taken as zero, and equation (3) rearranged can be 
put in the form:
Nx -  Nq p * - 1^ 2 e“ K(x+1)t_  g p e-K x t + , - K U - D t ]
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The motion of the nth sphere in the long chain mole- 
:cule is given by:

+ a(Syn-yn+l - W  + 8Pyk  - ***

S 2pv0 eiwt
icot

(1)
Considering yn = Yn e where Yn is complex.
Therefore equation (l) can be put in the form:

20V,
n~I ^ ' a a ~r ”n’ *n+l ~ a

If the length of the chain is P units, then there will be 
P such equation to ejqpress the motion of the chain,, Further

■P+l 0, since the chain is assumed fixed at both ends.

Putting « 2 6, and

a

the motion of the chain can be represented by the following 
set of linear algebraic equations, viz:
« T 1 +  Yg
Yi + 6Ya + Y3

Y2 +6Y3 +  Y4
Y_ ,+ 6Yn-i n + y.n+1

■ Y
« r
■ r
*= r

(2)
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Equations (2) can be put in the matrix form:
MY « r  (3)

where Y and Y are column matrices and M is a symmetrical matrix 
of order P, given by:

Mp
6 1 
1 6
0 1

0
1
6

0 o . 1

and its determinant is given by:
Dp S3 Bln(P+l)e 

sin 0
where:

0 2 Cos 6

(4)

(6)
Premultiplying both sides of equation (3) by the 

1reciprocal matrix we get:

M r (6)
-1where Mp is a symmetrical matrix given by:

**lm
S1 SP "3i SP-1 S1 %-B 
■S1 SP-1 S3 SP-1 “% SP-2
S1 SP-2 SP-

 ±3XS1

•2 S3 SP - 2 ...... ±S3ai
9  •  e •  a •  o © o o « o * o o © o o » o o * o * * o » * * » # » » o o * «  

o o o o o a o « o o o o o o o « o c » » * a o * o o o o a +3PS1

(7)



where s sin r ©r
Hence equation (6) can be put in the form:

(8)

Y1 u 8i « W '3isp " V p-i

Y2 ‘‘W g .......... •° ±S8S10eo 3i3Br»i - V W I ..... * *...tfA

y p k 8a•
^ S 31 S3S1 ...... •••±?p3i

(9)

The general term of equation (9) is given by:

Yr *  ̂ Sf S2+S5*0 0 Sr ̂ 8i“82+S3** • *£%.r^

Substituting the value of 3^ given by equation (8), we get:

sS1-8g+S3..„olSr = Bin[0 + l£^l§±2il] Bin[2i|±5i]/008 § (IX)

and
28l"32+S3'* “ eln 6̂ + ^ £=§ ^ ±£ ]̂

eln[ / cob § (13)
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Hence from equations (10), (11) and (lg) the amplitude of 
vibration of the rth sphere in the chain is given by:

1 ■“ [9 *

*  & W  & ( M i .  *  “ “I*  *  « “ =§“ “ )

sin / cos | (13)
where 6 s Cos0"1 [ ̂ 2JS • Afifi - 1 ]

and r « — ka
and y_ « Yw eiaytr r

co|
a>
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The apparatus designed for studying degradation of 
polymers under applied external pressure includes, as illus- 
strated semi-schematically in Fig.Al, the following components:

1* A pressure chamber incorporating the capacity gauge 
for measuring the ultrasonic intensity with the aid 
of a proximity meter unit (P.M. 4).

2. A oryBtal mounting inside the pressure chamber.

30 A rolling sphere viscometer and the associated
tektor and multi-speed recorder.

4. A pressure transmitting chamber.

1. PRESSURE chamber.
The pressure chamber is a steel tube designed to stand 

a pressure of 1000 atmospheres. The inside of the whole 
chamber is chromium plated against 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 0.0005** terylene membrane which is transparent to ultras 
: sonic waves. A liquid tight seal makes it possible to 
have an air space at the back of the crystal. A chevron



packing between the top cover of the chamber and the capacity 
gauge provides an efficient seal without restricting the move
ment of the latter when required. Brass tubes with simpllfix 
fittings connect the different compartments of the chamber to 
the other components of the apparatus, including the rolling 
sphere viscometers.

20 CRYSTAL MOUIITIiKK
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. A 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 fixing screw. The screw head 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 a brass ring with a terylene mem- 
tbrane (0.0005'* thick) affixed to it by araldite 101. The 
quartz crystal assembly is supported in position by means of



an adjustable liquid tight joint incorporating a steel flange, 
two threaded brass plates to squeeze a leather gasket which 
seals off the transformer oil from the pressurised air at the 
back of the crystal.

It is worth mentioning that by using an electrode in 
the form of a spring, in direct contact with the face of the 
crystal, sparking always took place between the spring tip and 
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 SPHERE VISCOMETER.
See Chapter III> Section 2.

4, PRESSURE TRANSMITTING COI.IPARTMEIIT.
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 directly to the back of the crystal and
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to the hack of the nilo 56 diaphragm in the capacity gauge®
By such an arrangement the pressure in all parts of the chamber 
will he the same, and damage to any of the internal components 
will he avoided®

Other components of this apparatus have been discussed 
in previous Chapters®


