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MECHANICAL SHEAR DEGRADATION OF POLYMERS IN SOLUTION : A REVIEW ,
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‘: J/Knight~~ ‘m ~~~~~~~~~~ ~
y . .

SUMMARY L $c~j~~~~-~~~~t

A review is given of the breakdown of polymers in solution caused by the
application of mechanical shear energy. The characteristics of different

degrading devices are mentioned together with the factors which determine the

rate and extent of breakdown. The energetics and possible mechanisms of degrada-

tion are discussed . Finally , a more critical overall view is given of the

results in order to list the conclusions which can be supported by the majority

of evidence. .—.,
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INTRODUCTION

Mechanical degradation in this review refers to a chemical scission

reaction of the polymer backbone which results in a decrease in molecular weight

of the polymer with a consequent decrease in the viscosity of the solution .

This Report reviews the literature on mechanical degradation of polymer

solutions up to June 1975 and includes work which has been reported since the

publication of a review 1 on the mechanochemistry of polymers .

The need for the present review arises from interest at RAE on the shear

• degradation of anti—misting additive s used in aircraft safety fuels, the latter

being designed to suppress fire in a crash . One area of concern is the minimis—

ing of unintentional degradation of that fraction of the safety fuel which is

returned to the fuel tanks after being pumped around the aircraft fuel system.

Another major problem is the achievement of a sufficiently high level of degrada-

tion of the additive in the fuel stream to enable it to pass efficiently through

the filters of the fuel control system.

Accounts of some of the papers listed are limited to their Chemical

Abstracts swmnary and papers wholly concerned with ultrasonic degradation of

polymer solutions are not included. The results obtained by different investi-

gators on certain aspects of mechanical degradation are at times conflicting

but they are all mentioned in the main text; a more critical appraisal is

deferred until section 7 where a list is drawn up of the conclusions which can

be supported by the work of the majority of investigators .

2 TYPES OF DEGRADER

2.1 Mechanical shaker

Flasks par tially filled with solutions of polymers such as poly(isobutylene)
[PIB) and polystyrene [PS] were mechanically shaken, producing vigorous continual

splashing against the flask walls. Significant degradation occurred only after

shaking for many hours2.

2.2 Mastication of concentrated polymer solutions

Various polymers were treated with solvents to form swollen masses and

these were then masticated in an inert atmosphere3. Solutions of poly (meth yl

methacrylate) [PMMA] have also been degraded in a vibratory mill4.

I
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2.3 Pump degradation

A power—shearing pump test has been used to assess the degradation of

motor oils5. A vane pump was used to shear power—transfer fluids6 and a hydraulic

test rig, based on an aircraft hydraulic pump has also been employed7. Poly—

isobutylene (PIB) solutions were pump—degraded with a jet—thrus t appliance in

which the thrust tube was mounted on the frame of an analytical balance8.

2.4 High—speed stirrers

Aqueous poly(methacrylic acid) [PMA] solutions were degraded by the

propellers of a Waring blender rotating at l 2000rev/min in a cooled steel con-

tainer. Cavitation was though t. to play a part in the degradation9. An ultra

high—speed air turbine stirrer, able to rotate at 80000rev/min (12500cm/s

blade tip velocity), has been used to degrade PS and Virtis honiogenisers ,

working at speeds up to 45000rev/min degraded deoxyribonucleic acid (DNA)11 
and

organic polymers12 . Harrington employed special thin sharpened blades on his

Virtis homogeniser and assumed that degradation occurred only in a region of

high shear rate extending a distance equal to the molecular contour length from

the leading edge of the propeller 13
. Hydroxy—ethyl cellulose was degraded at

70°C using a high—shear stirrer14, whilst polystyrene (PS) in cyclohexane

suffered degradation after stirring for 20 hours at a low shear rate 15 .

Fujiwara studied the degradation of various vinyl polymers using a high—speed

homogeniser16 t9 and Minoura has recently made a detailed examination of polymer

degradation using a homomixer rotating at speeds up to 30000rev/min 20—26~

A variant on the action of high—speed stirrers is a rig27 consisting of a

pair of identical wheels, each of which rotates at a fixed speed in a mechanically

unconnected casing. The casings contain polymer solution and solvent respectively

• and rotation of the wheels produces turbulent flow of the fluids which in turn

produces measurable torques on the casings . In a similar appliance , a disc

rotates at 700—lI000rev/min in a thermostatted cell28 .

The method of high—speed stirring can generally only give qualitative
• information because the amount of shear depends both on the geometrical form of

the stirrer and of the container vessel. The overall kinetics are controlled by

• such factors as the motor speed , sample, vessel shape (as it influences the

efficiency with which fluid is directed onto the blades), blade shape and

concentration.
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2.5 Capillaries, nozzles, jets and sinters

A more controlled method of applying shear to polymer solutions is to

force the solution through capillaries or orifices either at constant flow rate

(constant shear rate, Y) or under a constant pressure head (constant shear

stress , t). The shear rate in a capillary varies from a maximum value of

s ’ at the wall to zero along the centre line for a capillary of radius

with a flow rate of f~ 
cm3/s . Not only is the shear field inhomogeneous

but the capillary entrance geometry can affect the results .

Since the first experiments on capillary degradation using capillaries with
29—31

platinum nozzles , Bestul and coworkers have done a series of controlled
32—39laminar—flow experiments using a capillary of length 0.635cm and radius

0.019cm . The disc containing the capillary was clamped between two collinear

cylindrical steel tubes, each of which had a close—fitting piston. The piston

was used to force material at a fixed flow rate into the opposite cylinder

through the capillary and successive passes were made by alternating the pistons

which were driven back and forth by a cam. For every other pass, the force

required to produce the given flow rate of solution was measured. These experi-

ments measured the variation in initial load (and hence shear stress) for a fixed

shear rate.

In contrast, other workers have fixed the shear stress by forcing the

solution through a capillary under a constant head of gas pressure and looked at

the variation of shear rate . Thus, solutions were forced by nitrogen pressure

through a capillary of length 7.65cm and diameter 0.033cm joining two identical

thermostatted vessels and temperature and pressure readings were taken at both

ends of the capillary40. Also, polymer solutions were forced under laminar

flow through a capillary of 0.04cm bore and 1cm length at nitrogen pressures up

to 140 000kg/rn2 10 Turbulent flow was obtained by passage of aqueous poly—

acrylatnide (PAA ) through a steel capillary of length 38cm and diameter 0.15cm

• under a constant pressure head . The timed passage of a known volume through the

capillary was compared with the corresponding time for water41 . Toluene

solutions of PS were forced under laminar flow through glass capillaries of

diameter O.O2Sctn, with a 0.020cm brass orifice , under a fixed nitrogen pressure .

• The pressure drop across the capillary was accurately measured42
. Capillary

degradation even at the low wall shear rate of 1 80s 1 was observed after 28000

passes of a toluene solution of PS through a capill ary43. Many other workers

have also studied capillary degradation4 4 5 1
.
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In one experitnent40, the variation in capillary di~~ e~er had no effect on

the degradation for a given stress , whilst in another paper
42 the extent of

degradation at shear stresses between 800 to I 75Odyn/cm2 was independent of the

length:diameter ratio , suggesting that degradation was caused by the higher

stresses at the capillary entrance , rather than within the tube .

• • . • 52
A jet made by almost sealing off a piece of Pyrex tubing was tested with

various oils up to a shear rate of 3.9 x 105s
1
, and was further used to degrade

polymers of molecular weight I x 10~ . Morris and Schnurtnann reported53 that a

high—pressure jet operating up to shear rates of I x 10~~ 
1 broke down polymers

of molecular weight 25000 but few details were given. It was claimed that

tetralin solutions of polyethylene of molecular weight 27000 were degraded when
7 7 • 2expelled through a 0.042cm nozzle at pressures of 2.1 x 10 and 4.2 x 10 kgitn

onto a crash plate immersed in water. Degradation increased when the distance
54between nozzle and plate was short (0.2 to 1.0cm)

A standard diesel injector operating at shear rates of ~~~ 
1 degraded oil

• . . 55solutions of unspecified polymers . Degraded solutions were automatically

recycled , the temperature rose during operation to 40°C and the nozzle was of

the ‘pintle ’ type . The extent of degradation decreased with decreasing breaking

pressure on the spring. A similar appliance has been used to degrade poly—

siloxanes using a nozzle diameter of 0.024cm and breaking pressure 1.4 x lO 6kg/m2.

Different nozzles and rates of flow have been employed56.

Mineral oils containing polymer were degraded both by a needle valve and

by a metal sieve containing 0.06cm holes through which the solution was pumped57 .
Similar devices include a plate containing circular perforations through which a

PAA solution was forced58 and a Pyrex sintered disc of pore diameter 14 microns ,

mounted in a high—pressure gas cell 10. In this case, however, the polymer

became adsorbed on the sinter , causing blockage and a reduction in pore size59.

Another device related in its action to the capillary is the all—g lass atotniser

normally used for spraying paper chromatogranis. DNA was degraded in this

device60’61 ; the results were dependent on the geometry of the atomiser and on

• the air pressure .

2.6 Concentric cylinder rotational viscometers

Undoubtedl y the most controlled way of applying shear to a polymer in

solution is to use a rotational viscometer . The normal arrangement consists of

an inner rotor and outer stator , both of which are therinostatted. The torque

on the outer cylinder is measured at a fixed speed of rotation . The use of nar ow

$
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clearances in the annular gap between cylinders ensures laminar flow and when

highly concentrated viscous Dol ymer solutions are used , high shear stresses are

attainable. Both shear stress and shear rate are readily measurable and these

are uniform for the whole solution if the annular gap is very small , making this

instrument the best one to use for the study of degradation kinetics.

62—68
Johnson performed a series of experiments using 10% PIB solutions in

cetane . The cylinders were 4.5cm long, 2.5cm in diameter and the annular gap

was 7.5 x 10 4cm. In one paper67, the viscotneter was fitted with a flow—through

attachment so that solution could be slowly syringed into the middle of the

annulus , became degraded to a limiting molecular weight in about two seconds ,

and was then collected at the ends of the cylinders. Other workers have used the
2same apparatus

A number of other papers
69 76 

also describe degradation in rotational

viscometers .

2.7 Turbulent pipe flow

• Most of the studies in capillaries and rotational viscometers concerned the

degradation of polymer solutions of greater than 0.1% concentration under laminar

flow conditions , where some estimate may be made of shear variables.

Polymers such as PAA and poly(ethylene oxide) [PEOJ are useful in lower

concentrations as drag reducers in turbulent pipe flow. The shear variables are

not readily calculable here and so the results are only qualitative . Many

workers have studied the degradation caused by the turbulent flow of dilute

aqueous solutions through smooth pipes77 92
.

Organic solutions have been similarly degraded. Thus PIB in kerosine and

in mineral oil was degraded in a circulation system in which the fluid was

pumped through pipes. Degradation from a molecular weight of s x io6 to 0.4 x 106

occurred while passing through a centrifugal pump for l 5tnin. Less degradation

occurred at the gear pump93’94.

2.8 Other methods

A special device has been used to force fluid at high pressure through the

narrow annular region between a close—fittin g piston and cylinder. The extent of

degradation greatly increased after lateral grooves had been scored on the piston
10

surface

‘S

,—‘ •—. — —~~~~ — . ~~~,~~
--- - — —v - -

~~~ 
- - --

~~
-
~~~

- —.
~~-—~~~~

-•—— ,- - --• - — ..—•

~ 

- - - - - - .— •-. ~~.‘



~~~~
—-

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - - -  •--—

~~~

8 073

When polymer solutions were agitated in the presence of solid particles ,

the polymers became adsorbed on the particles and degradation occurred by
95,96collisions

PS of molecular weight I x IO~ was degraded in the columns of a gel

permeation chromatograph97.

3 ASSESSMENT OF DEGRADATION

Several papers express degradation in terms of directly observable para—

meters such as the reduction in flow time of a polymer solution through a

capillary43 or the decrease in sedimentation coefficient for DNA degradation98.

In the turbulent flow of solutions through pipes, degradation is often expressed
78,79,82,83,85as the percentage reduction in drag—reducing effectiveness , whilst

other workers measured the reductiot~ of solution viscosities
9’5~ ’

55 ’56.

In most investigations, the degradation was followed by measurement of

the intrinsic viscosity of the polymer and use of the Mark—Houwink relation
,r, ~~ . 2,3,10,13 ,19—22 ,24—26,35—40,42,44—46,LflJ ~M ,j to compute the molecular weight
62,63,72 ,93 The values obtained, and the molecular weights quoted in Table 1 ,

are viscosity—average molecular weights and they can give a somewhat misleading

• impression of the progress of degradation if the molecular weight distributions

of degraded and undegraded polymer are very different. Thus , viscosity—average
26,35,36,38values have been used in place of number—average molecular weights

to calculate the number of moles of scissions, n , per unit volume of solution

using the formula n = w(~j 
— ~L) , where w is the weight of polymer in unit

volume of solution and H and H
0 are the molecular weights of degraded and

undegraded material, respectively.

Apart from DNA, undegraded polymers normally have a distribution of

molecular weights and degradation often results in a different •orm of this

distribution . For this reason, a clearer picture of the degradation reaction is

obtained by studying not just changes in average molecular weights but by

observing changes in the distribution as a whole. Batches of 500-600 degraded

polymer molecules have been individually measured by electron microscopy4’ but

the technique most commonly used was gel permeation chromatography
8’15’65 67 ’76’

• 80,97

4 RESULTS

There is wide agreement that the shearing of polymers in solution can

cause a reduction in molecular weight at a rate which is at first rapid but

I
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then progressively decreases with increasing time or number of passes until it

approaches a limiting value ML , characteristic of the shear conditions .

4.1 Rate equations

Several workers found that the degradation data fitted a first—order rate

law with respect to the number of cleavable bonds. Harrington1° stated that the

rate of bond breakage was proportional to the number of bonds available for

breakage and this leads to a rate equation of the form

S 

(c~
_
~~~~~
)
exP(~~kt)

where k is the scission rate constant and t the time. In degradation of

2—5% (w/v) solutions by stirring, the results21 fitted both the first—order

rate law proposed by Jellinek ,

= k(M — m) ,

and that proposed by Allen

-

~~~~~~ 

= k (M_M
L
)
~~~ ‘

where ti
M 

is the number of moles of polymer of molecular weight M per unit

volume of solution, dn
M/dt is the rate of scission of molecules of molecular

weight M per unit volume, and m is the molecular weight of the monomer.
25,26 36 38The latter equation also fitted the results of other workers and Bestul

also assumed first—order kinetics’ for capillary degradation.

In another paper ’9, the rate equation was given as

-

~~~~~~~~ 

= k(M-ML )
2

• and it was postulated that degradation was affected by the presence of adjacent

polymer molecules. During turbulent flow28, a rate equation of a different form

was found , namely

=
dt

.. ‘_
___ _i
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4.2 Onset of degradation

In the degradation of poly(vinyl acetate) it was claimed that degradation

started not in the polymer backbone but in ester linkages at the branch points
17
.

The following simple rule
101 

was put forward for predicting the start of

degradation t

solution viscosity X shear rate x (molecular weight)
2 

~ io 14

It was postulated that the shear rate necessary to cause rupture of a long chain

molecule was inversely proportional to the square of the number of segments in

it. Hence very high molecular weight polymer could be degraded at low shear

rates . The extending forces on polymer molecules were thought
102 

to increase

with the square of the molecular length , so that under stress longer molecules

ruptured preferentially. In another paper , the onset of degradation was inde-

pendent of concentration87.

As a guide to the shear conditions necessary to start degradation of

polymers of different molecular weights , the following examp les are given. PIB

of molecular weight 2.3 x 1o
6 began to degrade 103 at a shear rate of 156s ’,

whereas the same polymer with a molecular weight of 8 x 10~ was not degraded at

a shear rate of 1045
1 but began to degrade63 when this was increased to

3 x io5~~
1 . For the same material , the minimum necessary value of the parameter

shear stress/temperature was found67 to be 60dyn/cm2 (K) 1 . P18 of molecular

weight 50000 was not degraded in capillary experiments at shear rates of

105— 10
6
s

1
, but material of molecular weight 2 x io

6 began to degrade94 at a
shear rate of 6 x 105s and shear stress 2000dyn/cm2.

According to Morris53, polymers of molecular weight 25000 were not degraded

at a shear rate of I05s
1 
but were broken down when this was increased to

Polysiloxanes of molecular weight 57000 did not begin to degrade until a shear

threshold of 8 x IO 5dyn/cni2 was reached56.

• 4.3 Effect of shear rate and shear stress

As noted in section 4.2, there appears to be some relationship, though

perhaps not a well—defined one , that as the molecular weight of a polymer

decreases , progressively higher shear rates are necessary to cause scission . In

a capillary experiment it was found that the ratio of the number of bond ruptures

to the molecular weight after a certain number of passes was proportional to the

shear rate49. Other investigations with capillaries have also indicated that an

- - - •-
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increase in shear rate gave larger molecular weight reductions
34’51 . An increase

in the rotor speed of a stirrer from 10000 to 30000rev/min lowered the limiting

molecular weight , showing that the extent of degradation increases with increas-

ing shear rate21 .

However, the shear stress, not shear rate , was said by several workers to

be the parameter controlling the extent of degradation
10 ’62’65’67 and this view

• • 76
is supported by the following example for a polymer solution whose viscosity

was changed by changing the temperature : the solution at 40°C did not degrade

under a shear stress of 1.2 x lO 4dyn/cm2 and shear rate of 1.15 x 105s but

degradation did occur at 25°C with a shear stress of 1.43 x lO 4dyn/cm2 and shear

rate of 4.2 x 104s 1 . ~~ increase in shear stress gave an increased rate of

degradation and a lower limiting molecular weight. Also, the highest molecular
• 40weignt present after shear, M , was found to be related to the shear stress,

T (dyn/cm2), by the relation

3.59 x io
8

H (0.41)

4.4 Effect of temperature

For many degraders operating at a fixed shear rate , the extent of degrada—
• . • 3,12 ,34,35,40,65,73,76,85tion was found to decrease with increasing temperature

For a constant shear stress, however, temperature variation had no effect

on the degradation40. No temperature dependence of degradation was observed

either in a concentric cylinder device in the range _500 to o°~ 
71 or in a glass

atomiseró1 . In a study of the variation of the limiting molecular weight, ML
with shear stress and with shear rate at various temperatures, the ML—shear

stress relationship was independent of temperature but the ML—shear rate

relationship was temperature dependent62.

• In contrast to the above results , degradation increased with increasing
• . 54 . • 44temperature when solutions were passed through nozzles and capillaries

4.5 Effect of initial molecular weight

For a given rate of shear , the rate of degradation increased with increasing

• initial molecular weight2’3’40 ’80’94
. Several workers also found that polymers

of different initial molecular weight were degraded to the same limit for a
3,26,40 ,62 . . .given shear stress • In two cases , different limits were obtained , but

S
. these apparently conflicting results may have been caused by the inadequacy of the

$
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viscosity—average molecular weight results to describe the course of degradation

for polymers of different polydispersity
21 ’34.

The z~pp lied shear may often be insufficient to cleave all the molecules

making up the initial distribution of molecular weight , and , in this case , only

those molecules having a chain length greater than a certain critical value will
• . . • . 11 ,19 ,37,55,61 ,76,80rupture , leading to a narrowing of the distribution

4.6 Effect of solvent

The degree to which polymer chains are expanded in a solution depends on

the nature of the solvent. The so—called ‘poor ’ solvents give solutions of low

intrinsic viscosity in which the polymer coils are relatively unexpanded ani

here there are quite strong polymer—polymer interactions . ‘Good ’ solvents give

solutions in which the polymer coils are well expanded. Several workers have

found that polymers degrade to a greater extent in poor solvents than in good
• . 10,12 ,19 ,2I ,24,25,46 ,51 ,~ 8solvents , other variables being equal . In degradation

by mechanical agitation in flasks, the more viscous solutions of PIB in cyclo—

hexane showed less degradation than the less viscous toluene solutions under

similar conditions; degradation in toluene was similar to that in decalin2.

Other investigations showed that the solvent quality had little effect on
• • • 104 19

~egradation either at high or low concentrations and a series of polymer

degradations in mixed solvents indicated that solvent composition had little
44—46effect on the degradation rate

In one account using dilute solutions , degradation was more extensive in

good solvents26.

There was no obvious correlation between rate of degradation and other

properties of solvents such as vapour pressure, heat of vaporisation or density25.

Indeed , the use of volatile solvents such as hexane did not markedly alter the

degradation rate , suggesting that cavitation did not play any important part in
28,37these cases

• 4.7 Effect of polymer concentration

• Numerous papers describe the influence of changes in polymer concentration

on the extent and rate of degradation. The results appear to be conflicting

and may be different for different ranges of concentration , making comparisons

difficult.

1 
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The degradation by stirring of PEO and PMMA at different concentrations
• covering 1 to 5% (w/v) showed that the extent of degradation , expressed as the

number of scissions per molecule , was independent of concentration in this

range21 23. A similar resul t was obtained for capillary degradation of PS and

PIB in the range 5—20% 38,51

In the concentration range 0.04—2%, the rate of degradation of PS and
• PMMA in various solvents was higher and ML lower as the concentration decreased ,

• . 26this being especially marked for concentrations lower than 0.5% . Moreover ,

the effect of concentration on M
L was large for good solvents but small for

poor ones, in contrast to earlier work at higher concentrations
25. In other

degradation experiments by stirring , the extent of degradation increased with

decreasing concentration ’7’49 and a similar trend was found for other

degraders 2’83’104. For a given stress , the limiting molecular weight decreased

with decreasing concentration40. At constant shear rate, more concentrated
solutions exhibited more degradation but at constant stress, they showed less

• 63degrad~ tioti

In contrast , other workers found a decrease in extent of degradation with
• 28,34,38,76decreasing concentration

During the mastication of swollen gels , degradation decreased rapidly with

an increase in the proportion of solvent3.

4.8 Type of polymer

Many polymers have been studied , both in organic and aqueous solution. PIB

was studied most because of its reluctance to undergo branching or crosslinking

• reactions.

Polysiloxanes are more resistant to degradation than viny l polymers because
of their stronger silicon—oxygen bonds ~fl the polymer backbone and because of

56their greater flexibility

4.9 Interdependence of shear variables

Most of the variables mentioned in sections 4.3 to 4.8 cannot be individually

• changed without affecting others . Thus the effects of temperature, ir,itial

molecular weight and concentration on degradation could be regarded simply as a

result of their effect on solution viscosity . At a constant shear rate , a decrease

in temperature or an increase in in i t ia l  molecular wei ght  or concentration leads
to a higher viscosity, a higher shear stress and consequently more degradation76.
However, this simp le interpretation of the experimental results may not be a
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sufficientl y accurate one . The limiting molecular weight obtained for a given

stress ~io~s vary slightl y with temperature and concentration and the variation

has been described in terms of the reduced variables stress/temperature and
• 63 ,65 ,67

stress/(temperature x volume fraction of polymer)

The various effects of initial molecular weight , concentration and tempera-

ture on the degradation have been combined
10 

in a single parameter representing

the average force per molecule needed to degrade it to its final state . The

force f was calculated from the expression

(Ti — ri )
~L s

C

where 
~L’ 

n ,  Y , n and z are respective ly the solution viscosity after

degradation , the solvent viscosity, the shear rate , the number of moles of

polymer per unit volume of solution , and the mean extension of the polymer

molecule normal to flow . Calculated values of the degrading force for PS in good

and poor solvents were 3.5 x lO 6dyn and 4 x IO 7dyn , respectivel y. The value

for DNA in phosphate buffer was 2.7 x IO 5dyn ~ Similar calculations of

critical stress values have been made for the case of a high—speed stirrer
13
.

In another publication
40

, the force was expressed by the relation

(n —~~~~)tt&L s t~f — (N is Avogadro s number)c rlLNO
zn 0

• and a plot of ~_L_ — 
~~~~~~ 

against ~~~
— gave a straight line through the

origin. Hence for every molecular weight , there exists a critical value of the

parameter 
~~~~~~~ 

(r~ 
— n )  below which no degradation occurs and this parameter

was used as a~criterion for degradation .

5 ENERGETICS

The work of degradation was calculated for PIB in mineral oil ’05.

Bestul , in a series of experiments with a cap illary, has used values of

viscosity—average molecular weights to compute rate constants for the scission
33 ,35,36,38,39 .reaction . He then found the following relationship between the

rate constant , k , an~ the rate of energy app lication per unit volume of solo—

tion , r’~ , the latter being estimated from the pressure drop across the

cap illary :
a

‘4
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k = C exp [—~~~~ .L aTYJ

The coefficient a is a factor such that at is some function of the

average amount of mechanical energy temporarily stored in the chemical bonds of

the system; E is the activation energy required for bond rupture and C is a

constant. In the temperature range 60°—80°C, the rate constant decreased with

inc reasing temperature , whereas at lower temperatures there was no variation of

t.c rate constant with temperature . The energy input requirements for degrada-

tion showed an increase with increasing temprature . Thus at a shear rate of
- 4 — 1  . • 5 o10 s , tne degradation energy was 3.6 x 10 kcal/mol at 60 C and

4.67 x IO 5kcal/mo l at 80°C. The variation of the rate constant with the rate of

shear—energy app lication decreased with increasing initial molecular weight but

did not vary with concentration , in agreement with a first—order rate law.

Other workers have also identified the energy discharged per unit volume

as a parameter which determines the amount of degradation62 ’83.

A concentric cylinder viscometer specially fitted with a flow—through

attachment has been used to estimate the efficiency of degradation67. The

results indicated the inefficiency of bond rupture, with over a million times the

energy being required to produce a mole of broken bonds as compared with the

activation energy of carbon—carbon bond rupture (50—8Okcal/inol) . Again , the

efficiency decreased with increasing temperature .

A very crude comparison of the results obtained from the capillary and

rotational—viscometer experiments may be made as follows:

(a) For 10% FIB w/w of M
v 

9.1 x 10~ in cetane sheared in a capillary

at a shear rate of 66000s at 40°C, the degradation energy per mole of ruptured
5 39bonds was 3 X 10 kcal

(b) For 9.7% w/v of FIB of 8 x in trichlorobenzene sheared in a

rotational viscometer at a shear rate of 172 000s at 40°C, the estimated

degradation energy per mole of ruptured bonds was of the order of S x lO 5kcal ,
• assuming an aver.~ge flow rate of 0.075cm

3 per minute and a degradation time of

2s 67 This means that, despite the different conditions used in the two cases,
• the estimated efficiencies are in the same order of magnitude .

6 MECHANISMS OF DEGRADATION

t Mechanical degradation can be regarded as a chemical—scission reaction

whose activation energy is supp lied mechanically . However, the average mechanical

‘4
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ene rgy supp lied to a volume occup ied by two covale nt ly—bound methylene groups is

much smaller than the activation energy . This was demonstrated
33 

for capillary

degradation where the required activation energy could only be developed in a

volume of 3 x 1O~~
9cm3, whereas the covalent—bond volume was 10 

23
cm

3. Since the

volume occupied by the high polymer molecule in solution was at least 3 x 10 18 cm 3 ,
a bond only breaks if the energy developed in one tenth of this volume can be

concentrated into a single bond as temporarily stored potential energy . It was

estimated39 that about 4000 bonds were involved in concentrating energy into the

ruptured bond , both as potential energy and as configurational entropy .

When polymer molecules in solution are sheared , their configuration becomes

extended in the direction of flow62. The limiting molecular weight was regarded

as the chain length short enough to adjust to the stress by moving with respect

to its sheath of solvent molecules , than by breaking bonds in the polymer

backbone ’2. The stretching forces tending to cause rupture reach a maximum for

the central chemical bond and , for a given shear stress , they increase with the
53,102square of the molecular length • Larger molecules are therefore ruptured

preferentially. These stretching forces have been calculated for molecules
13 10sheared near the leading ed ge of s t irrer blades and other types of degrader

The force distribution along the polymer molecule was thought to be ideally

parabolic , with the maximum in the centre . However , because of the variation in

stress along a polymer molecule due to inhomogeneous shear fields around the

stirrer and capillary , the maximum force could be shifted nearer to one end of the

molecule, resulting in a molecular weight distribution broader than the ideal one .

Polymer molecules , on entering an area of turbulent flow, can also be caught in

eddies moving in different directions28

One aspect of the mechanism of polymer degradation which remains unclear

is the role which entanglements play in concentrating mechanical energy . The

polymer concentrations used have varied from a few parts per million , where it

may be assumed that polymer molecules are virtually isolated one from another ,

to highly concentrated solutions where the molecules are highl y entangled. Since

degradation can occur even at the low concentrations , it is clear that entangle-

ment is not a necessary condition for the occurrence of degradation . This was

shown by Minoura and coworkers22 ’23 ’25 ’26’46 
who found that the degradation was

unaffected by a change in concentration in the range 1—5% . This would not be

expected if entanglement were involved as an increase in concentration should

give more entanglements thereby leading to more degradation . In this case ,

‘4
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degradation was regarded as occurring by polymer—solvent interact ions , not by

pol ymer—polymer interactions . In a shear field , some segments of a polymer

chain which is somewhat expanded move at high speed whereas other segments move

at lower speeds , producing a tensile force on the polymer chain. Polymer

molecules were ruptured to a constant hydrodynaxiiic volume, ~n]M , regardless of

solvent ([n] is the intrinsic viscosity of polymer of molecular weight M).

Bueche has put forward a theory of degradation which involves the partici-

pation of entanglements 106 . As a molecule rotates under shear it alternately

stretches and contracts in a sinusoidal oscillation . At very high shear rates ,

the molecule rotates so fast that the chain is not able to distort much in

response to the applied shear. This would normally give little degradation .

However , entangled molecules must disentangle from one another for flow to

occur. Even for low shear rates , segments must move swiftly to release entangle-

ments without developing very large forces . Under high shear, such large forces

are built up as a result of entanglements and this leads to rupture . Again, the

maximum force is built up at chain centres and in the ideal case, where scission

always occurs at the centre points , the limiting molecular weight distribution

would span molecular weights from ML’2 to ML : a chain of molecular weig
ht

slightly larger than ML will still have a chance of breaking, giving a chain

of molecular weight slightly larger than

The results of other workers appear to be consistent with this theory41 ’

• 
61 ,76 

However, the observation of the presence of very low molecular weight

polymers after degradation at high shear stresses could only be explained by

saying that the chains ruptured before they had time to extend to their equi-

librium conformations65’76
.

According to Johnson63’65’
67

, degradation occurred at entanglement points

on a network of polymer chains rather than via individual molecules.

An increase in initial molecular weight and a decrease in temperature both

led to an increased efficiency in the process of temporarily concentrating

mechanical energy by means of entanglements 35’36.

There is good evidence that the chemical mechanism of degradation involves

the formation of free radicals. Thus PEO radicals formed by hi gh—speed stirring
under nitrogen were used to form block copolymers with other monomers and the rate

of polymerisation was proportional to the square root of the shear rate, suggest—

ing a radical mechanism20. In another experiment
!2
, radical production was
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estimated by the addition of radio—iodine . During degradations in air , radicals

formed by shearing will normally be prevented from recombining by the action of

oxygen molecules as fast and efficient radical acceptors . This is perhaps why

many investigators found that the addition of chemicals , as radical acceptors ,

did not greatly affect the amount of degradation. Chemical additives used
• . • • 13 ,72 • 3
included the coloured radical diphenyl picry l hydrazy l , thio—B—naphthol

• 26,34and phenyl—B—nap hthylamine

7 CONCLUSIONS

The papers quoted in this  review span the period 1930— 1975 and they vary
greatly in the depth in which the subject of mechanical degradation has been

examined. In some, a detailed quantitative examination of the results is given,

whilst in others only qualitative statements are made . In the years before the

development of gel permeation chromatography, no accurate data on molecular

weight distributions were available and so the course of the degradation was

more difficult to follow. For the purpose of summarising the results it is ,

therefore , reasonable to p lace more emphasis on the more recent detailed studies

than on some of the earlier publications whose findings conflict at times with

later work. Particular note has been taken of the series of reports by
• 32— 39 • 10 ,13 ,59 62—68 . 20—26 . 40Bestul , Harrington , Johnson , Minoura and Kadim in

drawing up the following list of statements about mechanical degradation which

are supported by the majority of the evidence .

(a) Mechanical shearing of polymers in solution can result in cleavage

of the polymer backbone producing free radicals and a reduction in molecular

weight.

(b) For given shear conditions , the rate of reduction in molecular

weight is rapid at first but slows down with increasing time or number of passes

until a limiting molecular weight M
L is reached , characteristic of the shear

stress.

(c) The rate of bond breakage is proportional to the number of cleavable

bonds

(d) The extent of degradation for a given polymer is determined more by

• the shear stress obtained than by the rate of shear. Thus , a hi gher shear

stress degrades the polymer at a higher initial rate down to a lower limiting

molecular weight.
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(e) At a f ixed shear rate , the extent  of degradation decreases wi th

increasing temperature , but at a f ixe d shear stress , temperatu re variation has

l i t t le  or no e f f e c t  on the degradation .

(f) For fixed shear conditions , the initial rate of degradation increases

with increasing initial molecular weight but a common limiting molecular weight

is eventually obtained .

(g) For polymers with an initiall y wide distribution of molecular weight ,

a narrowing of the distribution may often be obtained after degradation.

(h) Polymers degrade to a greater extent in the so—called ‘poor ’ solvents

than in ‘good ’ solvents , other factors being the same.

(i) Polymer degradation is affected by changes in concentration of the

polyme r but in a manner which is different for different polymers and different

ranges of concentration .

(j) For mechanical degradation to occur , the mechanical energy must be

concentrated into the bond to be broken, either by an entanglement mechanism or

by the development of large forces on a molecule of polymer when different

sections of the chain move at different speeds in response to the applied shear.

(k) The efficiency of the process of temporarily concentrating mechanical

energy into bonds is very low but increases with decreasing temperature or

increasing initial molecular weight. Thus the lower the temperature , the less the

energy input to achieve a given amount of degradation .
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Table I

EXAMPLES OF SHEAR CONDITIONS

Device Polye.er Conco. 8 SoLvent 1°C 1 ~ 1* M~3 ( l 0
5)* H (x10 5)* Ref.

1
A~itatiofl P18 Various Toluene etc. 30 I • 120 30 2

Stirrer PS, DNA 0.01—0.12 Various 25 3~ 7 0.64 30

Stirrer P15 3—20 Cetane 40 1 x l0~ 17.4 I 12 .4 II

Stirrer PS, P15 1—4 Variou s 5—40 17 2 .8 12

Stirrer PS, DNA Various 25 30 2 13

Stirrer PEO 2—5 Various 25—40 • • 7 3 .3 2:

Sti rrer PRO , P~*IA 1—4 Benzene 20 • 6.4 1.33 22

Stirr er PS, P4tA. PIE 2 Various 30 9.3 1.46 25

Stirre r PS, P~84A 0.04—2 Variou s 30 36 1 .51 • 26

Cap illary P15 5—15 C
6
H4C12 

40 6.6 IO~ 20 16 32

Cap illary P18 5—3 5 C654
C1

2 38 6.5 x 1O 4 23 5 33

Cap illary P15 5—20 Cetane 20—80 6.6 x 1O~ 
• 

2 .2  11 .3 34

Cap illary PIB 10 Cetane 60, 80
’ 
1.34 x 10~ 17.4 13.7 35

Cap illary P18 5—15 Cetane 30—50 6.6 x 25.2 8.6 
• 

36

Capillary P18 10 Cetane 40 6.6 IO~ 17 .4 11. 5 37

Cap illary P18 10 Cetane 40 5.0 x 10~ 17 .4 12.4 38

Capillary P13 5—20 Cetane 20—80 6.6 x ~Q4 25.2 • 7.4 39

Cap illary PS 0.04—0.06 Various 25 ~_ io 6 • 
107 30 

• 

10

Capillary P18 0.26— I Decalin 30, 60 1.5 x ~Ø4 • 64 7.5 40

Cap i l l ary PAA 0.004 Water 25 70.4 3 41

Atomiser DNA Water 25 33 12 60

At o,niaer DNA 0.03—0.08 Water 0—60 i- ~I0~ 35 10 61

Vi.coe,eter P18 Various Decelin 30 9.6 x l0~ 1.7 a 3~ 4 22 20 2

Viscometer P18 10 Cetane 25—80 3.4 a IO~ 3 .3 a I0~ 22.4 — 4 62

Vi scometer PIB 4, 10 Cetane 60 3.3 a 10~ ~~~~ 8 2.7 j 63

Vi acometer P18 10 Cetane 20—60 7 a IO~ 106 8 .5 65 1
Viscumeter P18 10 Cetane 20—60 7 .15 a I0~ 1.67 a I0~ 8 • 2 67

Vis comet.r P15 2 Cyc lohexane 3u 1 0~ 22 20.6 72

• Viscometer P304k 0.56—1.7 Various 23 3420 3760 38 21 .5 71

Vi ucometer PM 0.2, 0.7 Wa ter 2 5 , 40 1 . 15 a ~~ 5.7 a I0’~ 22 19

Pipe Various 0.004 Water 20 4 a 4200 70 
• 

10 83

Pip. P15 0.015—0.06 Kerosine 
• 
5 •5 , io~ 50 93

Disc P18 0.1—0.25 Kero sjne ~~— 3l 0~ 20 4 .85 8

Piston PS 0.06 25 4.4 a 106 307 16 30

• Stn t.r PS 0.06 Toluene 25 107 ~.4 10

* Shea r rats, and shear atres.e . are the maximum values qu o ted and the un its are resp e cti ~ e1 y s~~ arid dyn/ca 2 ;
solecular wei ghts , H , for degraded pol ymers are the mi n in u m quoted v a lues .
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SYMBOLS

C constant

E activation energy required for bond rupture

M molecular weight of polymer at a particular stage of degradation

M highest molecular weight present after shear
M
L limiting molecular weight of the polymer

M
0 molecular weight of the undegraded polymer

N
0 Avogadro ’s number

PAA polyacrylamide

PEO poly(ethylene oxide)

PIB poly isobutylene
PHA polymethacrylic acid

PMMA poly (meth yl methacry late)

PS polystyrene
DNA deoxyribonucleic acid

k rate cons tant of sc iss ion
m molecular weigh t of monomer
nM number of moles of polymer of molecular wei ght M per cm3 of solution

rate of scission of molecules of molecular wei ght M

w weight of polymer per cm3 of solution
z mean extension of the polymer molecule normal to flow

f critical force required to cause chain scission
C
y shear rate (units: s )
T viscosity of the solvent

solution viscosity at the limit of degradation

In] intrinsic viscosity
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