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I am sorry to say that contributions from only half the members reached
me by the deadline for this issue. If I do hear from Ottewill, PoehleinX
Sa’-mders?c Stannett, Hmedestwd, Vanderhoffjl Wallace, and Yelisiyeva in the
next few weeks, I can bring out a Suvplementary Issue in Deczrber.

W¥ill both contributors, defasuliers, and newly elected members make a

note of the deadline for Volume 5, Issue 2 now? If need be,go cut and buy
yourself a 1976 diary instead of waiting in the hope that some one will
give you one for Christmas!

Both Nomura and Piirma have agreed to join the Group but I think they
may be excused from contributing to this issue. I had a contribution in
hand from Ed Collins raising questions about the analysis- of Higher Order
Tyndall Spectra but since he couldn't abhreviate the eight pages of data,
he 1s sending his contribution out directly from Avon Lake. Osmond's
contribution is even longer but he was judicious enough to delay sending
it until the last minute by which time it was clear that the 6 members noted
above were not going to take up their 24 pages!

Although Irv Krieger has had to resort to the use of double-spacing
to pad out his contribution, his student seems to have made a lot of progress
with the preparation of the azo~-sulphonate initiator. Gardon has addressed
letters on this topic to Rhone-Poulenc bhoth to Hew York and {o Paris but

hasn't had any reply yet. The Litt-Waite route from propane sultone may
be the best proposition.

Spring Newsletter The deadline for the second (as distinet from any
supplementary) issue of the year will be Monday 26th Aoril 1976 in my

office. Will members therefore despatch their contributions {up to 3 pages -
single spaced) before the Easter holiday.

Anmual Meeting Friday/Saturday 18/19 June 1976 at Iehigh University,
Bethlehem, Pennsylvania preceeding the 50th National Colleid Symposium

at San Juan, Puerto Rico 21-25 June 1976. Will members let Gary Poshlein
know their intentions as to attendance as soon as possible.

A.5.D.
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D. €. 3lzeldey, Iotionnl College of Rubber Technolopy, The Folitechnic of
North London, liollowsy, Londen, 17 BDB-

THTRODUCTIC:

In reeent yeors, we nove boecme very irterested in the flow propertics of
rubber latices vhece viscosities have been inereased by the overation of fzctors

a
which erec usu2lly assuned to cruse some destabilisction of the lotex 25 a colleid
systeon, Our investips t ions have follien under two mzin hecdings:

(1) Those coﬂccrnel with blends of concentrated soop-sirbdilised non-carbony-
lated S22 lotices and ammonia-preserved centrifuged natursl rubder lotices
(1ﬂ5) The princinrl interest Lere is the observation that o rise in wvic-
CO"luj occurs vaen the blend is first prepored, but thet, on maturing over
a period of o fow heurs, the vircosity folls 4o the level which would be
expectel 10 the Irticez ¢ rclj npized vith no infercetion occurrinzg hetvcen
the pariicles, The ext:nt > the zrlt,31 viscosity rise cestends very much
unon ihe composition of theo blcnu, peing grestest when the volume fracticn

of naturel ruoder in the contained volyner is in the rezisn of 60-70%.

(2) Those cincerned with the grodual thickening which osours vhen 2mporis-
preccrved noturcl rutber letex is compounded with zine oxide cnd aomonium salie
are olso rresent (4-7). This problem is of considershble industri-l inierect,
sincc zinc omide is fresucntly cdded o n-tural rubber lote: os ¢ comrsunding

ingredient, onf cmaoniun sclis ore eitiier added deliberaiely, or are presaznd
amyway throuzh intercction beticen the zumonin preservative and rorious aciéic

uoa+*~-as in the lotesx.

in comaon with many other voriters in the ficld of flow nroperties of metericls.
ve have found thot our dcta for sheor stress (F) os 2 furetion of shesr rote

over scveral decendes of shersr rote con often be acscurztely represented by o
pouver-lowr relationship, wiich we write in the forn ;L-n'G in this euuﬂu_uh, i
is ¢n iné=x vhose v-lue indicoies the desree to which the flov oroveriies devicte
from {hose of o llewtonian {luid (for which il = 1), and n' is a neacure of the
apporent Liewtenion viscosity under conditicons of iven sheor rote {ilote thats
is prized %o cumphasise thet 34 is net a viscosity in +he usuol scnsa, nor ore ixs
uniis Poise, eicept in the specicl cnse when il = 1.)

)

P
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Hitherto, the zorameters I and 7' of the power-law flow esuation hove bzen
regaréed s indejendent maranmsters. liovever, in our vworlt ve hove frzguently noticed
that the chonges in Il as scme vorisble (e.g., tine of moturntion) is varied ceen
to follew thoese of ‘q » in that high volues of the one seem to be associcted with
high values of the otiier. The rurgoce of this contributicih iz to rencrt that, havin
taken o rrnfop select 131 o paiyrs of v*‘un" of il cud u', we fine that there is

P . . ’ . -
indeed 2 sircng ccrrelation opetwesn the twe in that log seens o vary lincarly
with . liovever, the orecise noture of the relatianship betiieen the two despencs
upon the mechanism by which the chenge in flow properties weos ovrought cbout.

Figure 1 summorices the dodz vhich first drew attention to the czlstance of

the cerr:l:técn. T2ic grozh gives @ random selscticn of peirs of values for

logy ' (m* in ezs unids 3 ord ¥ obtrined fron the nrogreomre on the flouw proneriics
of* o cnig cf 032 ond (2 lotices. The viscomober used wes the linelie Qotovisiks with
& bob anl cupn arranzgooernt. neor siress 25 a fuasticn of siesr role wos SLirinzu !
fronm the row emperinentel duta u“‘:; the procclure of Iieger, Loren ond ffrr' (7,7
The releiicnsihdy ootween log 101} and 17 45 clesrly diiery ;f ou~ erclules cerd -
points for latices usving il = i.- The lotier o2re, of course, Iowtonion din u,.tvucur,

end this imuiics thtt Jor scuch Tiuld: 1]‘ ond 1N "rc indecerndsnt naraootors,  For
n

those 1-%icis wlicse flow wehoviour is moriieddy non-ientonizn, ihe rclovicnziip



belieen Y ' ond I can be represeated by the equ-tion
t 5(1; - 4
log,om' = 2.85(1i - 1)

Figure 2 zives 2 few poi

s of resulis for 1051071' and Ii nelected nt randonm
from the progroume on sine oni e

¢ thiciienin Agoin™z conecentiric cylinder viscoreier
7as usel, out in this cosc the insitruuent wos the Joorecht Dhoomot 15, The sone
computzviontl no-ocecdure wis used for outaindng shz-r stress os a function of chesr

.
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rote, Althouzh the dota in tids cose cover o rother sweller ronge of values of n',

end Ii, Figure 2 shews thot opain the relaticnship beiween logiom® 2né if ic liresr,

and also the slope is apsrorinctely the scme os thot for the resulis swaiarised in

Figure 1. iicwever, the intereent is different., Tor e given volue of I, s

appro:zimetely Wvio erders of mognitude lover then in the ceose of the previous resulis.
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-t Figure 1 Figure 2

The pover-law flow equation 25 given chove con be re-written in the form
— rs e = - » - -
F/G = 1]'/?“ 1, Cince /% is ecual to 7 , the onporens ilewtonisn viscosity when
the shecr stress and shenr rate ore respectively I and 3, this cquation shows that:

(L) m' can be intergreted as the apparent Iewtonisn viscosity under conditions
of shecring such that 7 = 1; and

(2) the fluid is shear-thiclkening, ewtonion, or shear-thinning according as
N<i, =1, or i>1.

Scott Bloir (10) hes given a very simple nechanistic interpretstion of the
significonce of i for disperse systens. Ion-iewbonion behoviour is ossuued to
arise essentially from o superposition of two effecta:

(a) The opplicction of & sheer stress is ossumed to encoursre the breckdown

A

of "linlzes" hetween perticles, i.e., to induce de-Plocculation.

Wil

() The presence of the shear rote which inevitably acconpoenies the anpliention
rod
by de-flocculation of cgglouerctos under the influence of the sheor stress.

of a shesr strzss then dircournres re-floccul-ticn of 4he vorticles produced

Thus, wherees the shear siress increcases the concentration of de-Tlocculnted )
particles, which situstion would othersicze be enzccied %0 lerd in 4urn to an incre-se
in the rote of re-Tloceuletion, the sheor rote discowrrges re-flecculztion.
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i Scolt Tlair assunes very sinmple kinctics for the elfect of shenr stress enpd
s shear rote upcn the surber of lintnges, n, nemely dn/é? = -o/F nn& dn/ésr = -/,
vhere o and b ore constants, IElimination of dn follouved by integraticn recdily

Gives a pover-leow relationship between P and G with I = o/%b. Thus is 1ntcr1vetru

a8s the rotio of two guantitics, one of which choracecterices the esse with vhich ¢
system de-flocculntes under the influence of the applied sherr siress, snd the othcr
of which chimracterises the reluctance to re-flocculate becouse of the prevailing
shear rate.

The correlations we have obscrved susgest that IT incresses linesrly with lo;Tl'
end thet the precise rel-tiocnship depends uzon the rmechanism by vhich the insicbility
to which the viscosity voriction is attrihuted was induced. Tor the ¢-ta to which
Figurc 1 refers, the destebilising mechonism is belioved to be tronsfer of aésorbed
stsbiliscr's frem one lotex to the other; for the sccond scet of dota, the dectabilisin
mechenisn i1s believed to be adsorption of cine acnine ions ot the rubber-perticle
interface, with possible chemical reaction between adsorbed cotions and soap icns.

Thus our observsrtions indicate that H varies linearly with the 10 aritho o
the anparent levtonian viscozity ot unit shear stress. If the Scott Blalr 1ntcr—
pretation of Il ic accepted, then the 1rnllcet“on is that the rotio of the pzroneters
_cherecterising auTCSS"LDdUCCd de-flocculation and she :r-nrrvenucd re-Tlocculeticn
increases with log+x' . Thet I should increase with =' is undersionéoble in a
general woy, since a higher 4! implies a higher sheor stress at a given shesr --ie,
ond therefore o hisher rote of de-Tlocculation 24 ony siven rte of re-Zloceulation.
tHowever, the »recice significance of the lognritihnic relationshis is not clerr ot
present, ard is heing given further consideration. That tncsaucrvcuzulzu_unuhla
between Ii ard 7' devends unon the manner by which the stobility of the lotex was
reduced is also understandable, since the nele of desicbilisation would be cirected
to arfect the noture of the lln:ﬂ"es to ve mrolen. It will be intercsting to sce
vhether the clope of the log ' vs.il relitionship is generally independent of the
mode of dest EDlllS“tlon, ond also to vhat extent the relotionships observed for
‘rubber latices apply to other disnerse systens,
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A. 5. DUNN - Manchester

Does the Smith-Ewart Theory account adeguately for the effect of changing
the emulsifier?

Mr W, Al-Shahib, a graduate of the University of Baghdad, has been working on this
problem here for the past year and is now submitting an 14.S5ec. Thesis. I showed
some of the results he has obtained in the course of my lecture at the Trondheinm
A.5.1I, 1 hope that we shall be able to prepare a definitive publication on this
topic within the next few months,

B.D.Peppard (Ph,D, Thesis Iowa State (1974) University Microfilms 74-15,446
Supervisor: #. 0. Abrahan) has recently confirmed the occurence of the oligomeric
Precipitation mechanism of latex particle formation can occur even with styrene
if the latex is sufficiently dilute leading to the formation of new particles
below the c.m.c. of the surfactant in seeded polymerisations. HNevertheless the
classical assumption of the micellar mechanism for latex particle formation is
generally believed to be valid for styrene. The results which Dr M. Stitterlin
(RUhm, Darmstadt) tend to confirm this: he showed that there was a rapid increase
in the number of latex particles formed as the emulsifier concentration was
increased through its C.m.c, with styrene but that this effect diminished as the
water solubility of the monomsr increased. C.P.Roe (Ind. Eng. Chem. 60 (1968) 20)
obtained similar results and additional evidence indicating that the micellar
initiation hypothesis of Harkins should be discounted and that it was possible
to derive the Smith-Evart equatlons (which have by several independent schools
to be quite precisely applicable in the case of styrene) without reference to
this assumption the eritical factor being rather the strength of the adsorption
of the surfactant on the latex particles. Since the concentration of surfactant
molecules in molecular solution is practically constant above its c.m.c. the
concentration of adsorbed surfactant (and hence the stability of the latex
particles) must also be constant. However as the surfactant concentration is
increased beyond its c.m.c. the total amount of surfactant available increases
80 that a greater total area of latex surface can be stabilised. fThis results
in a greater number of latex particles provided the surface charge density
(or steric barrier in the case of a non-ionic) provided by the constant adsorbed
concentration is large enough to prevent particle coalescence, If it is not
addition of salt may increase the concentration of adsorbed surfactant enough
to stabilise the particles despite the simultaneous effect of increasing ionic
strength decreasing barrier heights by decreasing Coulombuic retulsion. Such an
effect would account for the early observation of . 3.Reynolds (quoted by
Fryling in Whitby ed, 'Synthetic Rubber' Ch.8) that s80aps which have an
insufficiently long alkyl chain to be effective in emulsion polymerisation may
be used jf a1t is added: the effect was originally attributed to lowering of
the c¢.m.c. but has not been investigated quantitatively. It looks as though we
need a lot more information about the adsorption isotherns of surfactants on
latex particles at various ionic strengths although Ron Ottewill said at
Trondheim that he had more information of this kind not yet published,

Anyway, Roe still obtains 0.4 0.6
N o P/ M ags)©

and a, the interfacial area occupied by unit amount of soap at the time when
Partic¢le generation ceases is the only factor variations in the consitution of

the surfactant used can be taken into account: it is generally taken as the

area occupled in a supposedly saturated monolayer at the point where micellisation
begins in solution as determined by the soap titration method. However

Dr T.R.Paxtcn pointed out at Trondhein that he had found (J. Coll. Interface Sci.
(1968)) that latex particle surfaces are not, in fact, generally saturated

with surfactant at this point. The values of a vary only from 41.4 for 612 to
23.4 A"/molecule for C in the sodium alkyl carboxylate series, This

variation seems insufficient and in the wrong sense to account for the observed
effect of variation of the alkyl chain length in a homologous .series of
surfactants on the rate of emulsion polymerisations. Several publications

(
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y{(Carr, Kolthorf, Mechan, & Williams (1950) for SBR, Hopff & Falka for vinyl
chloride, Ivanova & Yurzhenko (1960) and Ryabova, Beresnev, & Smirnov {1972}
for styrene) find the rate of emulsion polymerisation increases with the allyl
chain length of the cmulsifier both when equal welghts and equimolar amounts
of emulsifier are used. This is because of an increase of the number of latex
particles formed since it was found in the last investigation cited that the
rate per particle is independent of the emulsifier used, However the equation
and the values of a_ cited above indicate that the number of particles formed
would be expected to decrease with increase of alkyl chain length when equimolar
concentrations are used which seems implausible! Curiously no attempt to
investigate this point experimentally has previously been reported. This is
most probably because the alkyl carboxylic acides are the only homologous series
of surfactants available commercially in high purity. Other series have to

be eynthesised from the alcohols: there are several reports of their colloidal
properties (e.g. c.m.c. ete.).

Initially surprising difficulty was encountered in trying %o determine
conversion-time curves gravimetrically with persulphate initiation because
of irreproducible induction periods., Use of azodiisobutyronitrile initiation
overcame this difficulty but at the expense of inability to calculate
expected rates quantitatively since no theory for oil-soluble initiators is
yet available, The origin of the difficulty was only discovered at a late
stage: although the monomer had be carefully deoxygenated, the water phase
had not been! So the reaction studied was actually the styrene-oxygen
copolymerisation! However its rate was found to increase with alkyl chain-length
for n-alkyl sulphates and n-alkyl sulphonates as well as n-alkyl carboXylates.

When persulphate initiation wes used in a thoroughly deoxygenated system
the observed rate with sodium dodecyl sulphate emulsifier was in good accord
with his observations cn this system and the expected rate calculated from
his equations. However S5DS is a surfactant with a relatively high c.m.c. o
0.0¥1 M which is not neglible in comparison with the total concentration
used 0.0232 M. B.M.E. van der Hoff pointed out some years ago that if, as
assumed by Smith & Ewart and by Gardon, latex particles are formed exclusively
from micelles, then the soap concentration to be used in the equations should
be the concentration of micellar soap found by subtracting the critical micelle
concentration fror the total concentration. The difference is negligible only
for surfactants with low c.m.c, such as potassiunm stearate or potassium palmitate.
It was found that in the oxygen retarded experiments the conceniration of the
lower homologues used was actually below their c.m.c. (the observed rates,
though low, were nevertheless significantly higher than in a blank experiment
using a high stirring speed but no emulsifier). Accordingly in the new series
of experiments concentrations of emulsifiers were chosen to give equal
concentrations of micellar soap, 0.012 M. Rather to our surprise we found that
all the soaps appeared to give the same rate of polymerisatlion in Interval II
under these conditions and to give the same size (and hence number) of latex
particles. However this tentative conclusion may have to be revised, The
lower homologues may actually give higher rates. Ve had already noticed
that the results were sensitive to the purity of the emulsifier different rates
being observed with samples of fpure! stearic acid of different origin.
Spectrographic and polarographic analysis of the two samples of decanoic acid
used showed that the sample giving the same rate as the higher carboxylates
was actually the less pure sample containing traces of heavy metals e.g. lMn )
which, surprisingly, seem to be retarding rather than accelerating the reaction.
We hope to try the experiment of adding similar amounts of the impurities
jdentified to the purer sample to see if the retarding effect can be reproduced.

It may happen, as supggested by Ottewill, that the amounts of the differeant
soaps adsorbed on the latex particles are equal at the point where Fheir
critical micelle concentrations are attained in solution although tni§ does
not seem to be in accord with the determinations of a_, by §oap titratlzﬁ.

If, as suggested by Gardon, particles are initiated from micelles andh e
critical factor is the total surface area presented by the miceltes, izisat
would be expected to vary for different members of the homologous ser

equal micellar concentrations because the micelle sizes vary.



Epulsion Polymerisation of Styrene at 60 % using Equal

Micellar Concenirations of Alkyl Potassium Carboxylates

Initiator Potassium persulphate 0.2% on water phase =

Micellar soap concentration 0.012 mol dm_

7.46 x 10"5 mol cum

3 Toweslep 224 WO'Q:M ‘L':J'

3

Acid Mkyl  c.m.c. . Conc. . Rate  107B/s"% 10" %n/cn™2
chain mol dm mol dm %/min Obs. Calc Obs. Calc,
length

Octanoic Ga 0.39 0.4020 1.73 8.80 - 0.263 -
Decanoic(A) C10 0.10 0.1120 2.10 lo,6 - 0.247 -

" {B) i L 0l 1,77 9.0 - 0.267 -
Lauric C12 0.025 0.0370 2.46 12,5 8,60 0.304 0.122
Myristic 014 0.0065 0.0185 1.74 B.85 7.62 0,234 0,108
Palmitic c16 0.0017 0.0137 . 1.73 8,80 6.38 0,234 0.09
Stearic 018 0.00044 0.01244 1,75 8.90 6.03 0.234 0.085
Behenic 022 0.000028 0.0120 1.73 8.80 - 0.219 -

,bq..(,a...—-,u;’
4 LJ7, S‘#—?L"
The names of the acids are those Tavoured in the current B.D.I. catalogue,
Purity better than 99% by G.L.C. (or acidimetry for laurie, stearic, and behenic)
All B.D.H. products except Palmitic which was from Fluka, and Decanonic (B)
from Price's Ltd (Bromborough) 99% acidimetric: this sample contains traces of
heavy metals absent in sample (A).

c.m.c, calculated from log{c.m.c./mol dm-a) = 1,96 - 0,296n given by Gerrens
in the '"Polymer Handbook' lst (1966) Edn.

Values of B and N were calculated using Gardon's equations where values of ag
were available, using the concentration of micellar scap not the total
surfactant concentration as used by Gardon himself,

Repeatability of experiments

Persulphage initiation with potassium behenate (with a slight excess
of alkali) at 60°C,

Weight in 212 cm° water Rate 10513/5"1 Diameter 10 1 N/cm™
Persulphate Behenic acid %/min D /un

0.414 g 6.8116 g 5.83 28.75 63,36 2.20

0.414 o 6.8116 5.65 29,66 55.99 3.19

0.424 g 0.8685 g 1.73 8.80 63. 47 2.19 (as above)

Variation of the emulsifier concentration seems to make a large difference
to the Interval II rate but none to the final particle size (measured at

100 % conversion).
Particle sizes were measured by the Light Scattering technique
Ovenall, & Peaker (J. Polym. S5ci., 29 (1958) 417)

of Burnett, Lehrle,
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News from UConn by R. M. Fitch

Lately we've been working in two areas, (1) kinetics of polymerization and of particle
nucleation - coagulation - radical capture by a combination of time dependent light scatter-
ing and laser interferometry. From the former we have found that primary particles co-
agulate at rates approaching the Smoluchowski 1imit when they are uncharged. In the pre-
sence of sodium Tauryl sulfate the coagulation rate is greatly retarded. These primary
particles were formed as a result of the u.v.-induced initiation of MMA in aqueous solution
&y acetyl radicals. We conclude that coagulation of primary particies may be extremely
rapid and an important factor in determining N from the very beginning of a polymerization,
when ionic end-groups and/or emulsifier are present in amounts insufficient to stabilize.
In other words, in the equation dN/dt = Rj - Re - Rf, the last term, the rate of coagula-
tion, may be positive almost from time zero. This work was done by postdoctoral fellow
Richmond Watson last year.

(2) Chemistry at the interface. We are looking at nclymer colloids as possible
chemical reagents, heterogeneous catalysts, drug-release agents, etc. Our results to date
are summarizeﬁ by Mssrs. Gajria and McCarvill below:

C. Gajria:

Polymethyl methacrylate latexes have been prepared at room temperature using a per-
sulfate-bisulfite - iron redox system. Two types of jonic end-groups are supposedly
obtained, - S03~ and -S04~, which migrate to the polymer/water interface and are, measured
by conductometric titration of the ion-exchanged latex. Both -S03-H" and -504~H are
titrated as strong acid groups but the presence of weak acid groups has also been observed.
These are thought to arise from the hydrolysis of the methacrylate ester of the MMA
monomer. Presence of the -COOH groups has been confirmed by titrating the latex in a
1:1 isopropanol: water mixture, according to the procedure recommended by Dave Bassett.

For our conductometric titrations we have used Ba(OH)2 which gives approximately
30% higher weak acid content as compared to titrations of the latex with NaOH. This
higher weak acid value is obtained in titration with both Ba(OH)» and NaOH when the
latex is diluted in the i-PrOH- water mixture.

Surface charge density calculationsofor one of the latexes show that surface area
per charged end-group is nominally ~10 AZ. This would seem to indicate that the PMMA
particles do not have a hard surface as envisioned for polystyrene latex particles, but a
gel-1ike, filamentations surface.

We have observed an increase in the weak acid content with time for the ion-exchanged,
very high surface charge density latex. No such increase was seen with a latex of much
lower surface charge density. We attribute the increase in weak acid content to hydrolysis
of the methacrylate ester in the surface polymer chains.

The hydrolysis of the surface ester groups is probably catalized by neighboring
~5037H" and -504'H+. Kinetic data at 75°C and 90°C, show that the self-catalyzed inter-
facial hydrolysis follows an apparent zero-order rate with an activation energy of ~14
kcals. Surprisingly, even at 9C°C very little hydrolysis of the -504°H" groups to -OH
and yielding HpS04 is observed.



We McCarvill:

During the preparation of small particle size polystyrene latices it was observed
that upon treatment of the raw latex with large amounts of mixed bed ion exchange resin
the latex flocculated. Numerous exchanges of the latex with small amounts of ion ex-
change resin was also unsatisfactory in that the solids content decreased due to adsorp-
tion of particles on the exchange resin. Since conventional dialysis requires very long
times, a continuous hollow fiber device was used to remove most of the salts and emul-
sifier from the latex in 24 hrs. This was followed by a single treatment with a relatively
small amount of ion exchange resin. Polystyrene latices of about 500 R diameter particle
gize, stabilized by surface sulfate acid groups, and about 10% solids were successfully
purified by this method. It appears that hollow fiber dialysis alone cannot purify the
latex as well as the combination of dialysis and jon exchange. After five days of
continuous dialysis a sample of latex exhibited much higher conductance than that of
another sample which had been ion-exchanged after 24 hours dialysis. The effluent water
from the dialysis of the 5-day run had the same conductance as the entry water. The
treatment involved dialysis against Hp20, thenHCl and finally water again to ensure that
the surface groups were in the hydrogen form.

The surface acid groups of a polystyrene latex particles initiated by Potassium
persulfate/sodiumbisulfite/iron appear to be hydrolyzabie confirming observations of
others. To circumvent this latices are being prepared using the redox couple sodium
bisulfite/ferric nitrate yielding non-hydrolysable (hopefully) surface sulfonic acid
groups. A solution of ferric nitrate is metered into a reaction vessel containing
water, monomer, emulsifier and sodium bisulfite. Purification by the dialysis/ion
exchange method results in a stable, iron-free latex.

Finally, I should 1ike to report that we have found a convenient source of large
quantities of an ionizable monomer, sulfomethyl styrene. Dow recently announced avail-
ability of chloromethyl styrene (mixed m- and p- isomers). From it we have made in 62%
yield the sodium salt of sulfomethyl styrene by an easy synthesis, directions for which
I shall happily send on request. For those Who want small sampies (< 20g), we can send
you some. -

Three new people have joined our group: K. Prakash will be working on the synthesis
and characterization of latices containing novel chemically reactive groups at the
interface; Bob Traut will attempt the synthesis of model colloids based on PTFE and
study particle-surface interactions; Kalyan Chakraborty will be applying laser inter-
ferometry to obtain the kinetics and absolute rate constants of polymerizing systems
under non-steady-state conditions.



J. GARDON

Dr, John Gardon, in cooperation with Dr. Rebecca Spearot of the University

of Detroit, started a new project on thixotropy and non-linear viscoelasticity.
Many latex-based systems are thixotropic, that is their viscosity decreases
with increasing rate of shear and increasing time of shearing.

In the past, study of such systems was subject to an "uncertainty principle"
in that only one shear field was used both for measurement and for imparting
changes in structure. Now the measuring shear field and the structure-des-
troying shear field are separated.

A rotary viscometer is used, with the spindle rotating and with the cup con-
ventionally stationary. In the new work the cup can be oscillated in the
vertical direction. Thus the measuring sheaxr field, imparted by the rotating
spindle, is horizontal and the structure-destroying shear field is vertical.

Latex-based paints and drilling muds were first studied. At a given spindie
velocity, the viscosity decreased with increasing amplitude or frequency of

the cup oscillations. (Alternately, at given oscillations or with a stationary
cup the viscosity decreased with increasing spindle velocity). It is signi-
ficant that for a Newtonian liquid such as glycerol, vertical oscillations do

not influence the measured viscosity (and, of course, the spindle velocity has
no effect either).

We are now switching to well defined model systems, improve our apparatus and

try to develop mathematical interpretations. Also, time effects are being
s tudied .
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Very little progress to report since the last Newsletter. There
hes been a turnover in personnel, change in direction, and much soul-
searching.

Emulsion polymerization studies: M. S. Juang completed his study of

emulsifier-free polymerizations incorporating ionic comonomer. This
uo;k is embodied in his Ph.D. Thesis, and in a paper submitted to the
Journal of Polymer Science (preprint sent to all corresponding members).
The polymerization studies have been picked up by L.-J. Liu, who will

focus on the problem of incorporating desired chemically bound groups

at the particle surface. He has carried out the synthesis of

N CN

c

| ]
NaOBS-CHE-CHe—?-N=H-?-CH2—CHE-SOBNa

CH2 CH2

according to the Rhone-Poulenc patent (U.S. #3,161,630). Yield was low
and, although he'obtained positive NMR identification of the last inter-
mediate, he has not yet been able to confirm the identity of the product.
It decomposes in solution to give NE’ initiates emulsion polymerization
of styrene, and gives a stable uniform letex containing only strong acid
surfaece groups. A sample will be sent out for elemental anslysis. Mr.

Liu is also attempting synthesis of a tetrafunctional analog:

K03S-ICH2 FH2-803K

KOBS-CHE-F-N=N-F_CHE_SO3K

CN CN



-

and will proceed with the synthesis of a difunctional analog starting
with propane sultone, as suggested by M. Litt and by F. Waite.

A set of standardized recipes has been developed for uniform poly-
styrene latices, using a mixture of ionic and nonionic surfactants.
These were tested by a student inexperienced in polymerization. Recipes
for stirred reactors (round-bottom flasks or resin kettles) proved
reliably reproducible, but recipes for bottle polymerizers gave large
amounts of coagulum, and required modification to incorporate more

surfactant. The latest recipes will be tested further before dissemination.

Rheology: M. Eguiluz completed his work on the second electroviscous
effect in 197h. It has been submitted to Transactions of the Society
of Rheology for the Firich commemorative issue, and can be found in the

NATO Preprints. No rheological work is currently active.

Light scattering: C. Havens is starting work on laser light scattering

from dilute suspensions and free films. Professor J. A. Mann, Jr., is
collaborating in directing this work, and has made his autocorrelator

and his photon counting spectrometer available.

Cooperative Program: At the Group meeting in Trondheim, the CWRU con-

tingent agreed to prepare a sample of emulsifier-free latex for distri-
bution to eight laboratories. Because of the low polymer content (n10%)
of emulsifier-free recipes, and the limited size (42) or available
reactors, Mr. Liu will have to bPrepare and blend two batches in order
to provide sufficient pPolymer. He is currently comparing several

batches, and hopes to meet the October 1 deadline.
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The following are reports of recent developments in research
projects related to polymer colloids.

Polystyrene latexes have been synthesized in a surfactant-free
system by a method based on that of Kotera et al. (Kolloid-Z.u.Z.
Polymere 239, 677 (1970) but in which the polymerization rates and yields
have bgen improved by the addition of an alcohol {methanol) to the
reactants. The effects of varying the methanol content and other process
variables on the polymerization and on the properties of the latex have
been reported in a preprint, circulated to the group, of a paper "Experi-
ments with Soap-Free Polymerization of Styrene in the Presence of Alcohols"
(J. Appl. Polymer.Sci., in press).

Dr. Per Stenius, while a guest at our laboratories, has been
looking at the mechanism and kinetics of this system.

The progress of the reaction has been followed as a function
of temperature, monomer concentration, methanol content, initiator con-
centration and ionic strength by (a) measuring the styrene content by
amperometric titration, (b) measuring the turbidity of the solution and
(c) measuring the final size and charge of the latex particles by electron
microscopy and conductometric titration respectively.

Conditions were chosen to ensure initiation in completely homo-
geneous solution. The appearance of latex particles is shown by the in-
crease in turbidity and is accompanied by a substantial increase in the
rate of polymerization. Hence, it would seem that the coagulation of
oligomers into latex particles is accompanied by a transfer of the main
site of the polymerization into these particles. The particle radius
increases linearly with time, indicating that the rate of adsorption of
monomers into the particles is diffusion controlled. The rates of poly-
merization before and after the point of coagulation are easily repro-
ducible, but the point at which coagulation takes place is very sensitive
to initial conditions. It appears that the solution becomes supersaturated
with oligomers that, on coagulation, form colloidally stabilized particles.
The reason for the increased polymerization rate in methanol/water mixtures
probably is a consequence of the increased solubility of the monomer which
increases the rate of diffusion to the particle surfaces. At the same time,

continuous initiation appears to be necessary, since for lower K,S.0g

P.0O. BOX 6070, STATION A, MONTREAL, QUEBEC, CANADA HIC 3G1
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concentrations the reaction stops at low conversions. This may due to
competitive reactions between the persulfate radical and the methanol.

Mr. Mohamed Labib has undertaken work to follow up the appli-
cability of mass transport electrophoresis to the characterization and
investigation of latexes. In the course of this work, the usefulness of
an Amicon TCF 10 Diafiltration apparatus has been demonstrated for the
purification, equilibration or concentration of latexes with considerable
savings of time over conventional procedures.

The stability of cationic latexes and their interaction with
fibre surfaces is the subject of an active project involving Mr. Mitsuo
Inoue and Dr. B. Alince. Some of the aspects of the work were presented
at Trondheim and a report is being prepared for publication.

Microfheology of Colloidal Dispersions (E.B. Vadas, H.L. Goldsmith and
S.G. Mason)

Work has been completed and is being written up for submission
as a Ph.D thesis to McGill University. The following is the proposed
abstract.

“An experimental apparatus, the hydraulically driven microtube,
was designed and built to permit tracking the movements and interactions
of individual colloidal particles and aggregates in Poiseuille flow
through capillary tubes from 400-100 u radius. The operation of the
device was tested using dilute aqueous suspensions of 2 y diameter latex
spheres and biconcave 8 u diameter human red cells in plasma, particles
subject to Brownian diffusion and electrostatic and van der Waals forces.

The perturbation of the shear-induced motions of doublets of
1y and 2 y diameter rigid spheres by rotary Brownian diffusion was
studied in detail.. The effect of rotational Brownian motion on the dis-
tribution of the orientation of the axis of revolution was experimentally
determined and shown to agree with theoretical predictions.

Finally a study was made of concentrated transparent O/W emulsions
containing 50 to 70% dispersed phase. Marked blunting of the velocity
profiles was observed at all flow rates, the extent of blunting being de-
pendent on dispersed phase concentration and flow rate. The radial disper-
sion of tracer particles was measured along with distributions of the par-
ticles across the flow tube as a function of downstream position."

Interaction of Colloidal Particles in Shear Flow (T.G.M. van de Ven and
S.G. Mason)

The theoretical and experimental work has now been completed and
is being written up for submission as a Ph.D. thesis to McGill University.
The following is the proposed abstract.
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"The theory describing the behavior of two equal-sized spheres
in shear flow of low Reynolds numbers has been extended to take into account
interaction forces between the spheres. Depending on the nature of the
interaction forces, two kinds of doublets can be formed in a flowing sus-
pension: two spheres constituting a doublet can either touch or orbit each
other at a small distance. From the period of rotation of non-touching
(secondary) doublets it is possible to determine the equilibrium distance
between the spheres.

The existence of both types of doublets in monodisperse suspen-
sions of polystyrene latex spheres was confirmed experimentally, although
secondary doublets behaved somewhat differently from the predictions,
making the determination of the equilibrium distance rather difficult.
The discrepancies are most likely due to inhomogeneities in the distribu-
tio? of surface electrical charges on the spheres.

The theory of secondary doublets in shear flow was extended to
linear aggregates. It is predicted that a linear array of non-touching
spheres will stretch and shorten periodically as it rotates in shear flow.
Observations of linear aggregates of polystyrene latex spheres confirm
this. Observations of aggregates show that they are either flexible or
rigid depending on the ionic strength of the medium. Flexible aggregates
are believed to consist of non-touching spheres and rigid aggregates of
touching ones.

Using a two-sphere model we have developed a theory for ortho-
kinetic coagulation in dilute suspensions. It is found that the capture
efficiency in such suspensions depends on the shear rate G and on the
nature of the particles and the suspending fluid (e.g. the particle size,
surface potential, Hamaker constant, ionic strength, viscosity, retardation
wavelength, dielectric constant).

We have also calculated the capture frequency in systems in
which the effects 'of Brownian motion dominate those of shear. It is found
that the usual assumption of additivity of ortho- and perikinetic collision
rates is incorrect; the increase in the capture frequency due to shear is
proportional to G2 and to the perikinetic capture efficiency.

These findings have a number of important implications in the
stability, flocculation and coagulation of colloidal sols."



Polymer Colloids at Sydney University

D.H.Rapper

1. Emulsion Polymerization Kinetics We have (we think) solved the
the set of differential equations that govern seeded emulsion poly-
merizations allowing both for first order free radical exit from the
particles and for biomolecular termination. No resort was made to

the stationary state assumption. We arque that such a solution is
superior to the steady-state analysis on two accounts: first, it des-
cribes both the steady-state and the approach to the steady-state

(i.e., it describes in principle the whole of a seeded kinetic run);
second, it circumvents a logical inconsistency that we maintain arppears
when oneattempts to solve the Smith-Ewart equations containing an exit
term, with the aid of the steady-state assumption. The new solution
brings the Smith-Ewart cases I and II together under the same theoretical
umbrella.

2. Stability of Emulsions We have spent some time showing that
sterically stabilized emulsions exhibit the same incipient floccuiation

behaviour as do latex particles, provided onec takes due precau¥ions.
This enables one to transfer many of the ideas developed for latexes
to the discussion of emulsion stability.

3. Elastic Steric Stabilization We have recently developed an analytic
expression for the elastic contribution to steric stabilization in the
compressional domain. 1[It is difficult to test this expression experiment-
ally because the accompanying mixing term is usually large. however

in a polymer melt, the latter term is near zero and stability arises
primarily from the elastic term. The theory predicts good stability

for large particles with PEQO of M.W.1540 and 6000 as stabilizers in

liquid PEO of the same {or different) MW but the onset of instability

with PED 600 . Experimental results that support these conclusions

have been obtained.




THE SHEAR-THICKENING EFFECT IMN CONCENTRATED DISPERSIONS

Introduction

The fact that many concentrated particulate dispersions exhibit an
abrupt increase in resistance to flow with increasing rate of shear has
been known for many years; equally, the effect has long been assumed

to be associated with the phenomenon of 'dilatancy'. Dilatancy was
first described by Reynolds (Ref 1) as the increase in volume which
must occur in reasonably closely packed beds of particles if large-
scale displacement of the particles relative to one another is to

take place.

Although a number of papers, both experimental and theoretical, have
appeared on shear-thickening (Ref 2, 3, 4, 5, 6) no fully satisfactory
quantitative theory of the phenomenon appears yet to exist. In part,

this may be associated with the inadequacies of the experimental materials
examined, For example, in dispersions of corn starch in water, the
particles are not spherical, nor mono-disperse, nor is the colloidal
stability perfect or its mechanism fully understoocd.

Some years ago, Wagstaff et al carried out for ICI Paints Division

an elaborate series of rheological measurements on a range of well
characterised non-agueous polymer colloids. A brief selection of their
results and a discussion of general pattern into which they fell, has
recently been published (Ref 7). With the exception of the finest particle
sizes {in which the volume occupied by the steric stabilising sheath

is substantial compared to that of the particle core) all of the specimens
showed pronounced shear-thickening, although the abruptness and shear rate
at which occurred depended upon particle size and phase volume,

Last year, a visiting vorker (Dr Charles Chaffey) attempted a re-analysis
of the Vagstaff results. Although he had considerable success in fittiing
equations to Wagstaff's curves, (and indeed this work is to be published)
the equations were at least in part empirical and some of the fundamental
mathematical parameters could not therefore easily be identified

with any specific physical process. In the course of many group discussions
on the progress of Dr Chaffey's work, it became clear to us that the
concept of an "apparent mean viscosity', in the way it is usually
conceived, is probably an illegitimate concept when applied to the flow
of highly concentrated particulate dispersions (Cf Ref 3). In many

cases, the degree of particle packing is so high and yet, at moderate
shear rates, the resistance to flow (in appropriate viscometers) is so
extraordinarily low that the flow of the material must involve ordering
on a scale which is very large compared to the size of an individual
particle. i.e. in the flowing system the bulk of the particles must exist
in rods or sheets, at concentrations very close indeed to critical packing,
and undergo negligible relative displacement, while the whole of the
relative motion between these effectively ''solid" masses of particles and
the rigid walls of the apparatus is accommodated in one or more
relatively thin layers of mobile pure continuous phase (or very dilute
dispersion).
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However, the problem now arises, as to why such a stable organised structure,
once established, should not persist - at least to shear rates very much
higher than those at which the abrupt onset of shear thickening (which we
identify with the dilatent jamming effects due to the breakdown of

this organised behaviour) actually occurs., However, it is important

to realise that the results of Wagstaff et 21 were obtained on a
Weissenberg Rheogoniometer and therefore do not present a continuous

sweep of increasing shear rate on a given sample; on the contrary,

each point constitutes an individual experiment in which a sample

"at rest" was accelerated (during which time presumably, the appropriate
organisation occurred) up to the recorded shear rate. Now the

Weissenberg Rheogoniometer is deliberately designed so that the time to
accelerate the plates is short and nearly constant irrespective of the
ultimate shear rate; i.e. the rate of acceleration (which is of course
inversely related to the time available for the achievement of an

ordered structure) is directly related to the ultimate shear rate

to which the specimen is to be exposed. The horrid possibility thus
appeared, that all of the shear thickening which had been observed vas
associated with instrumental artifacts! Fortunately, a representative
(approximately one micro-metre particle diameter, homo-polymer
methylmethacrylate particle core) dispersion used by Wagstaff had

survived. Arrangements were therefore made to examine the behaviour

of this material on a borrowed Ferranti-Shirley viscometer, using
programmed increases in shear rate. The results (which it is hoped

to publish in due course in the ordinary literature} were rather more complex
than anticipated, but clearly indicated that certain features-notably the
conditions under which shear-thickening occurred for a given specimen -
were indeed dependent upon the characteristics of the measuring instrument.

As an alternative to the problems of working with a borrowed instrument,
it was realised that the variables of starting transient time-constant,
shear rate, absolute rotational speed, etc. could be disentangled while
still using the Weissenberg Rheogoniometer by appropriate modification
of the geometry of the plates. Initially, this was limited to changing
diameter and cone angle, but later, despite the theoretical objections,
it was found particularly useful to move to a parallel plate geometry
and vary the rotational speed and the gap width. The results obtained,
which comprise the body of this contribution, contain some surprising,
and we believe important, features.
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Summary

The rheological characteristics of a single sample of a well characterised
non agueous polymer colloid have been studied. Resulis are presented for

a Weissenberg Rheogoniometer using both cone and plate and parallel plate
platten geometries.



The variables studied have been:-

1 Concentration of the polymer colloid

2 Cone angle and plate size

3 Gap width (for parallel plate geometry)

b Rotational speed

Conclusions

1 The results are not independent of instrument geometry unless

all dimensions (including gap width) are very large compared to
the size of an individual dispersed particle. It thus follows

*  that all results on highly concentrated particulate éispersions
obtained using cone and plate geometry are in error!

2 Even with appropriate instrument geometries, concentrated polymer
colloids do show a sharp {ransition from low resistance, apparently
Newtonian~like flow to a highly resistant, solid-like character.
Although the point of this transition does depend on the
characteristics of the instrument, particularly the time-constant
of its starting-transients.

3 This transition may most plausibly be associated with the failure
to achieve (or the break-up of) a highly organised laminar flow
pattern to give a random, dilatantly jammed mass of particles.

4 The transition from the stable, low resistance flow pattern is
associated not with a specific value of shear rate, initial transient
time constant(although this must be short enough, relative to the
shear rate and the "intrinsic" time constants for diffusion of
particles in the sample to initiate the transition,)rotational
speed, rheometer geometry, nor even dispersions concentratiom,but
for a given sample of dispersion, is defined uniguely by a critical
shear stress.

5 The anmlysis of the full Wagstaff results, in the light of
Conclusion 4 above, suggests that the critical shear stress for the
transition does, however, depend upon the particle size.

6 There is evidence to suggest the provisional corrolation of the
- actual value of this critical shear stress for any given system
with the point at which the associated interparticle hydrodynamic
stresses provide interparticle compressive forces which exceed
the collapse strength of the interparticle stabilising barriers,
so that the particles are no longer able to move {with low
friction) past one another into "close-packed" arrays.



RESULTS AND DISCUSSION

Preparation of Sample

Hethyl methacrylate was polymerised at 80°C with azobisisobutyronitrile
initiator in an aliphatic dispersion medium of hexane and a high boiling
hydrocarbon fraction (B.Pt. 230-250°C), using a 1% w/w on a monomer of
poly 12-hydroxystearic acid stabiliser (M.Wt.1600). A two-stage seed
and feed process was used. (Ref. 8).

At completion of polymerisation, the hexane was stripped off under
vacuum to give a high solids dispersion,

Characteristics of Dispersion Sample

As prepared, the material was a viscous dilatant liquid at room temperature,
showing characteristic solid-type fracture when pushed hard or quickly with
a spatula; such fractures filled up slowly by liguid flow.

Solids of the sample were determined as 70% w/w. FElectron microscopy
showed remarkably even sized spherical particles. Measurement of pictures
showed a mean particle diameter of 1.0 x 10™° metre with coefficient of
variance ~ 6.6%.

Preparation of Dispersion Samples for Rheological Measurements

As prepared, the sample was not very convenient for rheological

measurement. A series of diluted samples, covering the solids range

60-70% w/w (corresponding approximately to a polymer core vhase volume

fraction of 0,50-0.60), was prepared, yielding a range of apparent

viscosities from a few tenths to a few hundred poises. Dilutions were

carried out by weight and the sample bottles rolled for six hours to homogenise
the samples before sampling for rheological measurement.

Rheological Measurements

These were made in steady continuocus shear using the Weissenberg
Rheogoniometer, equipped with a cone and plate or parallel plate pair of
plattens. The diameter and cone angle or gap widths of these were varied.
Témpeiature control was effected by maintaining the room temperature at
25.0 - 0.5°C, :

As previous work by Dr I VWagstaff had shown that normal force measurements
were difficult to obtain due to erratic behaviour with these samples, a
80lid lower platten assembly was used in the Rheogoniometer measurements.
Care was taken to ensure that the plattens were mounted exactly as
specified for accurate work in the instrument handbook.

Previous Work

This work has been presented briefly as part of a book (Ref 7). Concentrated
polymethyl methacrylate dispersions of different particle sizes were

prepared as above. The significant features of their rheological bhehaviour
may be seen in Fig 6.2 and 6.3 of Ref 7). As shear rate is increased, the
apparent viscosity decreases (: -ar thinning), then passes through a

minimum, before increasing more cr less steeply (shear thickening). In some
cases, abrupt rises in viscosity of several orders of magnitude occurred

at a particular shear rate.
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At constant phase volume, reducing the particle size increased the
shear thinning and viscosity minima values. On the other hand,
shear thickening was more pronounced with coarser particles (2.02

x 10~6 metre diameter), whilst the shear thinning effects were
smaller and the viscosity minimum value lower than for fine particle
dispersion (1.1 x 107 metre diameter). Reduction of the solid
phase volume led to reduction of shear thinning and a shift of
shear thickening to higher shear rates. The effects were most
noticeable with essentially monodisperse systems, broad distribution
of particle size or deliberate blending tended to flatten out the
characteristic curves obtained.

Shear thinning effects were distinctive in that equilibrium viscosity
values were obtained almost instantaneously at all shear rates. If

the phase volume was calculated to include not only the polymer core,
but also the phase volume of the stabiliser sheath, then the occurrence
of shear thinning was noted only when this total phase volume was
similar or greater than that corresponding to randem close~packing

(Ref 7). MNo detectable hysteresis occurred in the shear-thimming

(i.e. the system is not thixotropic). These results were reanalysed in
the light of our own results with one of these dispersion samples and
theoretical work by Dr C Chaffey (Ref 9).

Effect of Change in Cone and Flate Dimensions on Rheological. Measurements

Measurements were made using the one micron particle diameter dispersion
at solids concentrations of 60%, 65% and 67.5% w/w with plate diameters
varying from 2.5 to 7.5 cm and cone angles of #° to 4°, The results are
presented in Fig 1-3.

The essential features of the earlier work of Wagstaff and VWaters are
reproduced as described above. However, rather wide differences in
behaviour were observed, when the cone and plate parameters were changed.
However, with one cone and plate system, successive samples gave
reasonable reproducibility of rheological behaviour, even when the
instrument sensitivity was changed by using a torsion bar with a different
torsion constant (c.f. Fig 3).

It was noticeable that the "breakaway'in viscosity values was not
correlatable with any particular values of shear rate or angular velocity
of the cone. However, when shear stress was plotted against shear rate,
instead of apparent viscosity, a correlation becomes obvious, namely,

most of the curves approximated to Newtonian behaviour (45° slope on double
logarithmic plate) with the onset of viscosity breakaway occurring

in a narrow band of shear stress values (Fig 4).

In the Weissenberg Rheogoniometer, the mechanical structure of the
instrument is such that measurements can only be made at discrete shear
rate values. Further, the sample has to be at rest for at least one
minute, whilst the gear box settings are changed to alter the shear

rate value for the next measurement. The provision of an electromechanical
clutch between the motor drive and the driven platten ensures that shear
of the sample stops and starts very rapidly (within 1072 second according
to the instrument manufacturers), consequently, the acceleration the

sample receives is variable but always a function of the shear rate value
chosen, for a particular pair of plattens.
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Measurements with Ferranti-Shirley viscometers allow the acceleration
rate to be controlled independently of the shear rate value, but by
equipping the Weissenberg Rheogoniometer with parallel plates, it is
possible to maintain the acceleration of the lower plate constant,

vhilst varying the shear rate by systematic variation of the gap width.
Whilst the parallel plate geometry is not amenable to exact rheological
analysis in the steady shear rate regime (for discussion of this point
see Walters Ref 10), it does allow wider variation of shear rate, using
the same plattens, than the corresponding diameter cone and plate system,
merely by varying the gap width setting between the plates.

Variation of Gap Width. Rheoponiometer with Parallel Plates

Markovitz (Ref 11) has published an analysis of the steady shear rate
regime when applied to parallel plate geometry, and we have used this
to calculate shear stresses and shear rates (see below).

Six gap widths were chosen ranging from 0.5 thou to 50 thou and the

65% s0lids dispersion sample was measured at each of these gap widths
over an angular velocity range of 0.025 to 1.25 radian sec=1., At the
narrowest gap setting, the gap width corresponds to only 12 times the
particle diameter, whilst at the widest gap setting, the gap width
corresponds to 1200 times the particle diameter. Further, at the

widest gap setting, clear visual observation could be made of changes

in the liguid flow pattern. The data obtained is presented in Fig 6.

It will be seen that the data for 10, 25 and 50 thou gap settings are
exactly coincident, whilst if the gap width is narrowed beyond this range,
the stress-strain rate plots move progressively along the x axis (i.e.

to lower viscosity values). The plots all have a 45° slope and breakaway
more or less abruptly at the same critical shear stress value as was
obtained for the cone and plate data. The brezkaway is more abrupt and to
a line of steeper slope the wider the gap setting whilst, below the
breakway point, exact straight lines of 45° slope were obtained {c.f. cone
and plate data over same shear rate range, below).

However, as will be seen from the figure, a Newtonian standard oil

tested at two gap settings shows coincident data lying on an exact
straight line of 45° slope over the whole range of shear rates tested.
Further, the corresponding viscosity value is within 5% of the calibration
figure for the oil.

Clear evidence of a change in liguid flow regime at the breakaway point

was obtained with the widest gap setting. At the shear rate setting of

98 sec-1, when platten rotation commenced, the torsion head deflection was
in excess of the maximum measurable, and the liguid at the edge of the
plattens formed into pockets and twists and projecting lumps. After

about thirty seconds, the liquid edge became smooth and this corresponded

to the attainment of a steady measurable torsion head deflection. At the
next highest shear rate setting (155 sec-1), the same behaviour was observed,
but although the drive was maintained for up to three minutes, no

reversion to smooth flow occurred.



-7 -

Re-examination of Cone and Flate Data Weissenberg Rheogoniometer

Fresh diluted samples of dispersion were prepared and examined in
more detail, using the same cone and plate pairs as before, and a
more sensitive torsion bar to allow the shear rate range covered to
be increased. The data is presented in Fig 5.

The results were similar to the previous runs. In contrast to the
parallel vlate data, shear thinning was observed, and even in one

sample, indications of a first llewtonian region at very low shear

rates,

Assessment of Critical Shear Stress

The shear stress value corresponding to the onset of a shear stress-strain
rate relationship whose slope exceeded unity (on double logarithmic

axes), and the appearance of apparent turbulence in the sheared liquid
flow; was determined when possible, In some cases, the change was so
abrupt that only the last recorded shear stress value in the Newtonian
region is given. The results are given in Table I, together with the
results from a similar analysis of the earlier data of Wagstaff

(Ref. ?’ 9).

It should be noted that in all the Weissenberg experiments, although the
liquid edge was initially level with the platten edges, before the
critical shear stress was attained, the liquid was bulging outwards from
the platten edges. As spot checks showed no alteration in the gap setting,
it is suspected that the total suspension volume has increased under

shear stress (volumetric dilatancy, see below).



TABLE T

Dispersion System : polymethyl methacrylate dispersed with poly

12-hydroxystearic acid in high boiling aliphatic hydrocarbon.

1 Effect of particle size and solids (Wagstaff data)

Cone Angle 0.5°

Gap Setting 0.5 thou

Diameter 5.0 cm

Particle Critical
diameter Solids Shear Stress Remarks
(10-6m) (% w/w) (dyne cm=2)
0.1 61.3 -
56.5 - Critical shear stress not
reached
50.2 .
0.2k 7548 (450-1000) Abrupt shear stress rise at
next point
60.5 L
Critical shear stress not
55.0 - reached
0.52 64,9 270 Abrupt shear stress rise at
next point
61.9 260 Slope exceeds 45° at this
55.8 260 NS
2,02 56.0 18 "
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2 Effect of Cone Angle and Plate Size {Strivens data)
Particle size : 1 x 10"6 m diameter
Gap Cone Cone Critical
Setting Angle Diameter Solids Shear Stresgs Remarks
(thou) (degree) (em) (% w/w) (dyne cm==
0.55 0.31 2.5 60,0 140
60.0 120 First departure from
45° slope
65.0 110
67.5 125
0.83 048 5.0 60.0 140
60.0 120 "
65.0 140
67.5 110 Abruvnt change at
. next point
2e?5 153 75 60.0 180 First departure {rom
o
60.0 120 45° slope
65.0 140
65.0 125 Abrupt change at
next point
67.5 100
67.5 110 s
6.96 k.00 75 67.5 0
3  Effect of Gap Width
Particle size : 1 x 10—6 m diameter. Dispersion solids 65.0% w/w

Platten diameter 5.0 cm

5

Gap
etting
(thou)

0.5
1.0
5.0
10.0

25.0
50.0

Critical
Shear Stgess
(dyne cm™2)

130
125
125
120
115
120
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DISCUSSION OF RESULIS

Comparison of Cone and Plate and Parallel Plate Data

Below ten thou gap width, the apparent viscosity value of the
dispersion falls as the gap width between the parallel plates

is decreased. A similar dependence on gap width is to be seen with
the cone and plate data, except for the 67.5% solids dispersiom,

vwhere difficulty in obtaining sufficiently reliable data points

may well have obscured the effect. It should be noted that data
independent of the gap width value was not obtained until this

was some 250 times the average particle diameter for the dispersion.
These effects are reminiscent of the wall effects, '"sigma phenomenon'
etc. commonly observed in capillary viscometry of suspensions. Such
effects, and their possible causes, have been reviewed by Goldsmith
and Mason (Ref 12). The parallel plate data show at all gap widths an
absence of the shear thinning or thickening, which is clearly noticeable
in the cone and plate data, prior to the shear stress '"breakaway' at
the same solids value (c.f. Fig 5 and 8). The shear rate range in
both cases is the same. For the parallel plate case, the shear rates
quoted are the maximum ones obtaining at the rim of the driven plate,
and given by (Ref 11).

‘I'=.....n—
7= R

Where R is the radius of the plate (or the distance along the radius
from the centre) and f is the gap width. This is by contrast to the
shear rate independent of radius (for small cone angle &k ) for the
cone and plate system.

g= Nk
is the angular velocity in both cases.

These results must inevitably cast doubt on the validity of any
measurements made on dispersion systems, where the sample-{illed gaps
in the rheological measuring instrument have dimensions less than

two orders of magnitude greater than the expected particle size in
the dispersion.

Previously Published Work

Freundlich & Roder (Ref. 13) appear to have been the first to have
retognised and qualitatively described rheological dilatancy (as
opposed to volumetric dilatancy described earlier by Reynolds (Ref. 1))
in the Tlow behaviour of concentrated suspensions. They also put
forward a qualitative explanation; at low shear rate, there is
sufficient time for particles to move past each other, but as the
shear rate is increased, a certain value of shear rate is reached at
which the particles can no longer ''make way" for each other and they
pile up at the interface with the shearing suriace, thus creating
considerable resistance to the shearing motion. At points in the



suspension volume remote from the shearing surface, the suspension
is stretched and cracks form which fill up with liquid., This
behaviour, providing the solids is high enough, resembles solid
behaviour, but providing the spheres do not stick together, it
lasts only as long as the external force is maintained, and as
soon as this is removed, the spheres redistribute themselves more
uniformly and the system reverts to a liquid.

Metzner and Whitlock (Ref. 2) were the first to make quantitative
measurements. They also reviewed earlier work on dilatancy in
suspensions. Reiner (Ref. 3) appears to have been the first to
point out the necessity for a close packed high solids suspension
to rearrange its particles in layers touching each other before
shear flow can occur.

Other experimental results on pigment systems and on dilatant starch
suspensions has been published by Fischer (Ref. 4), Green & Griskey
(Ref 5) and Morgan (Ref 6).

Vith the possible exception of Morgan's work on iron oxide pigments
stabilised with polymethacrylic acid, all of these papers report
resulis on poorly characterised suspension systems with rather crude
rheological apparatus. The first criticism may again be made of
recent work by Hoffman (Ref 14) on polyvinyl chloride dispersions in
dioctyl phthalate, but he has used more refined rheological measurement
techniques. In particular, he has used a most elegant technique to
demonstrate not only the presence of the layered two dimensional f{low
pattern in sheared concentrated suspension suggested by Reiner (Ref 3)
and Metzner and Vhitlock (Ref 2), but also that the onset of a large
shear stress rise and an abrupt viscosity rise at a particular shear
rate is identifiable with a breakdown in this pattern. This he has
achieved by fitting a Weissenberg Rheogoniometer with a parallel plate
system consisting of a lower mirror finish metal platten and an upper
volished glass platten. By studying and analysing light diffraction
patterns at the same time as making the rheological measurements, it
is possible to study shear induced changes in particle order.

Other explanations of the observed rheclogical behaviour on the basis

of phenomena other than dilatancy may be eliminated by the following
considerations., Both with cone and plate and parallel plate geometries,
Newtonian standard oils (ex Paint Research Institute) give a constant
viscosity value over the range of shear values used for the dispersions,
thus eliminating the possibility of Reynolds turbulence as a macroscoric
rhenomena (not, however, on a particle dimension scale). Heating effects
may be neglected as a 200 Poise standard oil does not show any fall in
shear stress with time at high shear rate. Similarly, centrifugal forces
are not high enough (a low viscosity 5 Poise oil is not ejected from the
plattens at the highest shear rate used for the suspensions).

We would like to propose the following mechanism to explain our
experimental results. In concentrated suspensions, the free volume
available to an individual particle is limited and is randomly distributed.
For large scale flow of the sample, co-operative movement of many
particles into "close-~packed" sheets (or other arrays) must occur to
generate substantial. continucus regions of free volume else-vwhere.



When movement of the lower platten begine at a sufficiently low shear rate
value, the time allowed for the bulk of the sample to move unit distance
under steady state conditions, is sufficient to enable the particles to

move into a spatial configuration appropriate to maintain a steady state
under the imposcd shear rate. There is no reason to suppose that the
steady-state velocity gradient would be linear across the gap width as is the
case with Newtonian liquid. As the suspension concentration increases, the
freedom of particle movement becomes more restricted and thus more time

is required to attain this appropriate spatial configuration. Correspondingly,
the shear rate corresponding to the onset of critical phenomena, occurs

at a rapidly decreasing value, as the suspension concentration increases
close to the close packing concentration. If we take the reciprocal of this
critical shear rate value 4 as being indicative of the time required to
attain such spatial configuration, then an interesting pattern emerges, when
we consider all the results together.

At 60% solids (corresponding to a total phase volume fraction of 0.534*),

the critical shear rate is located at about 250 sec™ corresponding to

a time value of 4 x 103 second, which is less than the 10~2 seconds guoted

by the Weismenberg Rheogoniometer manufacturers for the attainment of a

given shear rate. The critical sheor phenomena are mild, and even vwhen the
shear rate is raised to seven times Veissenberg critical shear rate value

over a period of two minutes in the Ferranti Shirley, the results closely match
the Weissenberg values and no hysteresis is observed.

Once the critical shear rate is exceeded, the spatial organisation does not
have time to form, the particles become jammed together and the whole
sample acts as a solid. The shear stress increases sharply and the force
on individual particles become sufficient to cause the particles to adhere
through collapse of the stabilieer barriers. Horeover, if the shear rate
is maintained for long encugh or the shear stress becomes high enough,

the quasi-solid structure fractures, Random aeration of the sample then
takes place and the results have no meaning.

The results with the 65% solids show these features nicely. The critical
shear rate is 100 sec—1 (corresponding to 10-2 second) and the total solid
prhase volume is 0.591 (the value for regular cubic packing of monodisperse
spheres i 0.52l; this being the "loosest" packing). The critical shear
phenomena are ,', pronounced, and both hysteresis and "fracture" are
observable in the Ferranti-Shirley traces (although the latter only occurs
if the Weissenberg critical shear rate is exceeded by nearly two orders
of magnitude. Similar comments can be made about the 67.5% solids
experiments (total solid phase volume 0.620 and critical shear rate value
10 sec~1, corresponding to critical time of 0.1 second).

* See Appendix at end of report

t We refer to this as a critical shear rate value for simplicity sake, as
it has already been shown above, it is associated with the critical. phenomena,
but very dependent on experimental conditions, which the critical shear
stress, corresponding to the omnset of critical phenomena, is not,
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Summing up, we consider our experiments to be the first report of
rheological dilatancy in concentrated suspension systems in which the
constituent particles are accurately monodisperse spheres, stabilised

by a well-understood mechanism (steric stabilisation, see, for example,
Ref 15). Ve have demonstrated how an apparently mobile liquid suspension
can, if it is allowed too short a time to attain a given shear rate value,
take some of the characteristics of a solid. It remains only to consider
the significance of the critical shear stress value.

Significance of Critical Shear Stress Value

The following argument, alfhough approximate, suggests that the critical
shear stress value corresponds to the work done in compressing the
steric stabiliser barrier cf the particles at one point.

Let the total volume fraction be ﬁ, and the number of particles per
unit volume n.

Then, for spherical particles of radius r,

ﬁ=-g-"'r3n : (1)

For a_unit area plane, the number of particles cut by the plane

~ n ;/3. From (1)

If it is now supposed that for any place of unit area, on average, half the
particles cut by it have their centres below the plane, and if the plane is
parallel to the shear stress direction, the shear stress is forecing half 112/3
particles against a further half n2/; particles at a variety of angles.
Suppose these angles average 45°. Then

(3)

%ﬁ = cos 45° = 2, T ghear stress (dyne cn™2)
c

If the measures shear stress Tm corresponds to the critical condition
(as is assumed in equ. (3)), then from equ. (2) & (3), the critical force
per particle (Fc) is given by

AT
.Fc = 3 Z E‘; . Tm (ha)

'

3.675( v T dyne (Lb)
i -
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The corresponding work done by compressing the barrier through a
distance equivalent to its uncompressed thiclkmess of 130 A (13 nm)

W =

i 2%
4,778 x 10~ (‘V) - Tn erg (5)

73

Using the data of Table 2 leads to calculated values of critical
force per particle and work per particle per point of compression
as follows (Table 3)

TABLE 3

Particle Total Disperse Average Critical| Critical Force Vork

(Total) Phase Volume Shear Stress per particle Done (W)
Radius (_ ) (2} (Tm) _, (Fc) . 1
(cm x 10-5) (dyne en™ <) (dyne x 107°) (erg x 10”7 °°)

1033 0.541 450 (min) 0.440 0,57

1000 (maox) 0,978 1.27

2.73 0,458 260 1.19 155

0.521 260 1.10 1.43

0.553 270 1610 1.2

5.13 0.541 137 2.00 2.61

0.598 123 175 2.28

0.598 123 * 1.68 2.18

0.629 115 Te52 197

10.1 0.460 18 1023 1.60

* Parallel plate data
12

It will be seen that the range of W values between 1.3 and 2.6 x 10~
erg approaches the range 3.1 to 14,0 x 10~12

(Ref. 21) for poly 12-hydroxystearic acid.
made in calculating W, the agreement is considered to be satisfactory.

erg already published

In view of the approximations
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