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ABSTRACT 

I t  i s  the purpose of the present research to characteri ze the 

parti cul ate structure i n  the compounds for a range of smal l sol i d  

parti cul ates . These i ncl ude a wi de range of cal c i um carbonates both 

i n  uncoated and coated modes , carbon bl acks , uncoated and coated 

tal c ,  mi ca , etc . The matri x polymers used are polystyrene and 

polypropyl ene . 

The present research i nvol ves ( i ) devel opment of methods and 

the i nterpretation of them to characteri ze the state of parti cl es and 

thei r structure i n  pl asti cs , ( i i ) to determi ne how these parti cul ate 

structures are devel oped i n  the mi xi ng process . 

The pri mary parti cul ate structure of concern i s  the state of 

di spers i on .  The methods of characteri z i ng the parti cul ates and the 

state of di spers ion used i n  the present research i nc l ude ( i ) sedi men­

tat i on vol ume experi ment , ( i i ) opti cal mi croscopy , ( i i i ) scanni ng 

el ectron mi croscopy , ( i v ) smal l ang l e  l i ght scatteri ng , and 

( v ) el ectri cal conduct i v i ty measurements . 

The parti cul ate structure i n  p l asti cs covers a wi de range i n  

s i ze and i n  quanti ty .  Opti cal and scann i ng el ectron mi croscopy gi ves 

us di rect i nformati on on parti cul ate structures . The smal l angle  

l i ght scatteri ng techni q ue is  a new method of characteri ng  the 

di spers i on of smal l parti cul ates . The pri mary structure of  parti cu­

l ates characteri zed by these methods i s  the aggl omerate . 

i i i 



i v  

El ectri cal conducti vi ty measurements were used to determi ne the 

l evel s of dispers i on for compounds of carbon b l ack .  The concept of 

three-dimens i onal network s tructures of-parti cul ates was developed 

associ ated wi th thi s  experiment. 
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CHAPTER I 

INTRODUCTION 

I n  the polymer i ndustry ,  rei nforcement wi th sma l l parti cul ates , 

such as cal ci um carbonate , carbon bl ack , tal c ,  etc . , i s  often used to 

i mprove and modi fy the mechani cal properti es and performance of 

polymeri c materi a l s. 

Many i nvesti gators have sought to characteri ze the state of 

di spers i on of smal l parti cul ates in  compounds . Mos t earl i er i nvesti ­

gati ons are , however , l i mi ted to carbon b l ack fi l l ed el astomer 

compounds. 

I t  i s  the purpose in the present research to characteri ze the 

parti cul ate structure in the compounds for a range of sma l l sol i d  

parti cul ates . These i ncl ude a wi de range of cal c i um carbonates both 

in uncoated and coated modes , carbon bl acks , uncoated and coated tal c ,  

mi ca , etc . The matri x polymers used are polys tyrene and polypropyl ene. 

The present research i n vol ves ( i } deve l opment of methods and 

the i nterpretati on of them to characteri ze the state of parti c l es and 

thei r structure i n  p l asti cs , ( i i }  to rel ate thi s state of parti cl es 

and i n terparti cl e structure to the mechan i ca l  behavio r  of the com­

pounds , and ( i i i } to determi ne how these parti cul ate s tructures are 

devel oped i n  the mi xi ng process. 

The pri mary parti cul ate structure of concern i s  the state of  

di spers i on . The methods of characteri zi ng the parti cul ates and the 

s tate of di spers i on used i n  the present research i ncl ude 

l 
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( i ) sedi mentati on vo l ume experi ment ,  ( i i ) opti cal mi cros copy , 

( i ii )  scann i ng e l ectron mi croscopy , ( i v )  sma l l angl e l i ght scatteri ng , 

and ( v )  e l ectri cal  conduct i v i ty measurements . Sedi mentati on vol ume 

experiments characteri ze i nterparti cl e i nteracti ons .  Other methods 

characteri ze the state of di spers i on .  

The parti cul ate structure i n  p l asti cs covers a w i de range i n  

s i ze and i n  quanti ty .  Opti ca l  and scann i ng el ectron microscopy gi ve 

us di rect i nformat ion on parti cul ate structures . The primary 

s tructure of  parti cul ates characteri zed by these methods i s  the 

aggl omerate . 

The sma l l ang l e  l i ght scatteri ng techni q ue i s  a new method of 

characteri zi ng the di s pers i on of sma l l parti cul ates . 

E l ectri cal conducti vi ty measurements were used to determi ne 

the l evel s of di spers i on for compounds of carbon b l ack . The concept 

of three-dimens i ona l  network s tructures of parti cu l ates was devel oped. 



CHAPTER I I  

BACKGROUND 

A .  SEDIMENTATION VOLUME OF  PARTI CULATES 

The sedi mentati on vol umes of the smal l parti cul ates i n  l i q ui ds 

refl ect the characteri sti cs of parti c l e-parti c l e i nteracti ons .  The 

concept of  sedimentati on vol ume experiments and thei r rel ati onshi p to 

rheo l ogi cal properti es seem to be due to Freundl i ch et a l . ( F- S , F- 7 ) . 

I n  1 934 Freundl i ch and Jul i usburger ( F- 7 ) meas ured the 

sedimentati on vo l umes of solnhofen s l ate ( 95- 96% Caco3) and quartz 

powder wi th pure water and sea water i n  test  tubes . They found that 

the mi xture of the powder and l i q u i d  exhi bi ted l arge sedimentati on 

vo l ume and possessed the rheo l ogi cal properti es of pl as ti ci ty and 

thi xotropy . 

Later Freundl i ch and Jones ( F- 5 )  carri ed out sedimentati on 

vol ume experi ments qui te extensi vely .  They empl oyed a range of  

parti cul ates i nc l udi ng graphi te ,  ti tan i um di oxi de , cal ci um carbonate , 

mi ca , etc . The determi ned the rheo log ica l  properti es of  s uspens i on 

i n  water , HCl , NaOH and NaCl vehi c l es as wel l as the sedimentati on 

vol umes . They poi nted out that mi xtures whi ch exh i bi t  l arge 

sedi mentati on vol umes possess  strong thi xotropi c and p l asti c 

properti es. 
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B .  OPT ICAL AND ELECTRON MI CROSCOPY CHARACTER I ZATI ON 
OF SMALL PARTICLE F I LLED COMPOUNDS 

Opti ca l and el ectron mi croscopy gi ves a di rect p i c ture of 

agg l omerati on and di spers i on condi ti ons . The detai l s  of i ndi vi dual 

aggregates and aggl omerates can be determi ned . These methods , how­

ever , requi re tremendous l abor to obta in  rel i ab l e res u l ts .  Recent 

devel opments of i mage analyzers reduce the amount of  l abor and human 

error.  Mos t  of  the s tudi es i n  thi s  area have i nvol ved carbon bl ack 

di spersed i n  rubber .  

I n  1 951 , Cohan and Watson ( C-4 )  found carbon b l ack to  cons i st  

of chai n- l i ke aggregates wi th e l ectron mi crosco�y . Thi s s tructure 

cou l d  occur by parti c l e coa l escence ( fus i on )  duri ng the formati ve 

stage i n  the furnace , where the fused chai ns form themsel ves . Thi s 

fused pers i s tent s tructure can be e l i mi nated on ly  by extreme methods , 

s uch as dry gri ndi ng or dry bal l -mi l l i ng of carbon b l ack . The 

destructi on of these coal esced aggl omerates i s  i rrevers i bl e . The 

pri mary aggregates tend to form l arger un i ts , so-ca l l ed agg l omerates . 

Aggl omerates are trans i en t  structures formed by van der Waa l s 

attracti ve forces . Agg l omerate structures can be destroyed by 

rel ati vely sma l l forces , such as the fl ow of matri x phase . Thi s  

structure i s  revers i bl e  ( V-4 , V- 5 , V- 7 ) . 

There have been some attempts whi ch  try to characteri ze the 

di spers i on of fi l l er i n  a matri x polymer by the mi croscopy method .  

Dannenberg { D- 1 ) o f  Cabot observed the l evel of di spers i on of  
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vari ous e l as tomers/carbon bl ack compounds wi th a transmi s s i on e l ectron 



mi croscope . The compounds were prepared i n  a Banbury mi xer and 

subsequently further d ispersed i n  a rol l mi l l .  Rotor speed and 

mi xing time were vari ed . I t  was reported that  carbon b l ack i ncor­

porati on and di spers i on appeared to take p l ace s i mu l taneous l y ,  and 

that cha i n- l i ke aggregates were practi cal ly unchanged after mi xi ng 

wi th el astomer .  

Lei gh- Dugmore ( L-2 ) of Dun l op publ i s hed methods for eva l uating 

ca rbon b l ack di spers i on wi th an opti cal mi croscope . Thi n  frozen 

secti ons of vul cani zed rubber were cut by g l ass kni ves and vi ewed 

under a l i ght mi croscope wi th a mi crometer rul ed i n  sq uares i n  eye­

pi ece . The magni fi cati on range was X70- 1 00 .  The cross secti ons of 

bl ack  agg l omerates on the secti ons were measured for a total area of 

coverage wh i ch can be used to deri ve the percent carbon b l ack di s ­

pers i on from the known vo l ume fracti on of bl ack i n  the compound .  

Stump and Rai l sback (S-9 ) developed an opti cal rati ng i ndex 

wi th a set of standard photomi crographs rated 1 to 1 0  from a poor 

to an exce l l ent di spers i on .  The cut s urface of  a vul can i zed rubber 

was observed under a l i ght mi croscope at the magn i fi cati on of X30 .  

Thi s  technique i s  referred to a s  the Phi l l i ps di spers i on rati ng . 

A further devel opment i n  opti cal  methods has been supported by 

Meda l i a  ( B-4 , M- 6 ) . They prepared a set of standard photomi crographs 

arranged acco rdi ng to both the amount of und i spersed carbon bl ack and 

the average s i ze of the aggl omerates . The magn i fi cati on for thi s 

techn i q ue i s  X77 . I n  thi s  rating  method the l etter i ndi cates the 

s i ze and the ci pher the abundance of the undi spersed aggl omerate. 
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Thi s two-way cl as s i fi cation i s  more i nformati ve than earl i er rati ng 

methods . Thi s  techni que i s  ca l l ed Cabot di spers i on c l ass i fi cati on . 

Heckman and Harl i ng ( H- 6 )  observed carbon b l ack aggregates 

wi th a transmi ss i on e l ectron mi croscope. They found the graphi ti c 

l ayers ori ented i nto the ci rcumferenti a l  di recti on through 

aggregates . 

Cembro l a  ( C- 3 )  of  Genera l  Ti re measured the di spers i on of 

carbon bl ack by an  opti ca l mi croscopy method ( Phi l l i ps di spers i on 

rating ) ,  s urface roughnes s meas urement and el ectri cal  conducti vi ty .  

He found a correl ati on between the Phi l l i ps rati ng and e l ectri cal 

conducti vi ty .  H e  conc l uded that the Phi l l i ps rating  works q ui te wel l 

at  i ntermedi ate di spers i ons and l oses sens i ti vi ty at very good 

d ispers i ons . It was poi nted out that the Phi l l i ps di spers i on rati ng 

and the s urface roughness analys i s  di ffer from the conducti vi ty 

meas urement i n  that they are sens i ti ve to the undi spersed fi l l er .  
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There have been few other observati ons of di soersed parti cul ates 

i n  polymer matri ces . 

Several authors have q ua l i tati vely observed the di stri buti on 

of parti cl es i n  rubber modi fi ed polymers ( e . g . , H IPS , ABS } by trans­

mi s s i on e l ectron mi croscopy (TEM ) (A- l ,A- 3 , M-22 ,0-2 ,S- l }.  

Aoki (A- l ,A- 3 ) and Muns tedt ( M-22 )  s tudi ed ABS ( acry l oni tri l e  

butadi ene styrene graft copolymer} . Aoki (A- l ,A- 3 }  gave attenti on to 

con tents of acryl on i tri l e  (A }  segments i n  the acry l oni tri l e-styrene 

(AS ) mol ecul es .  When A contents of the AS mol ecul es grafted on the 

butadiene phase are di fferent from the A contents of the AS mol ecules 



i n  the matri x ( ung rafted ) phase , the polybutadi ene gl obul es tend to 

form aggl omerates after deformati on i n  the mol ten state .  

Muns tedt ( M-22 )  found that the rubber g l obu l es i n  ABS resi ne 
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are more separated from each other and l ess  con ti nuous a fter sheari ng . 

He di d not g i ve the A contents. 

C .  ELECTRICAL CONDUCTI V ITY O F  SMALL PART I CLE  
FI LLED COMPOUNDS 

C . l .  Experi mental Studi es of El ectri cal  Conducti v i ty of Smal l 
Parti cl e Fi l l ed Compounds 

Measurements of e l ectri cal conducti vi ty for polymer/conducti ve 

fi l l er compound  i s  one o f  the unique techn i ques of characteri zi ng 

d i spersi on. I t  i s  genera l ly bel i eved that a sequenti a l  structure 

( so-ca l l ed three- dimens i onal  network structure o r  connected chai n )  

formed by conducti ve fi l l er i n  compound i ncreases e l ectri cal  con­

ducti vi ty .  Thi s techni que i s  usefu l  especi a l l y  when el ectri ca l  

conducti vi ty of the fi l l er  i s  much hi gher than that  of matri x polymer .  

Mos t of the polymeri c res i ns have e l ectri cal  conducti vi ti es of the 

order of l o- 1 5  or l ower.  They may be regarded as the i ns u l ators i n  

compounds. Examp l es of conducti ve fi l l ers are carbon bl ack , vari ous 

metal parti cl es ,  etc . The fi rs t publ i cati on of the e l ectri cal 

conducti vi ti es of s uch systems appears to be Dannen berg • s  ( D- 1 ) i n  

1 952. 

C. l . a .  Effect o f  Fi l l er and Matri x .  Pol l ey and Boonstra 

( P- 5 ) , i n  1 957 , measured el ectri ca l conducti vi ty of carbon bl ack 

fi l l ed rubber compounds . I t  was reported that conducti vi ty of 



compounds s harp ly  i ncrease wi th l oadi ng l evel of carbon b l ack . They 

emp l oyed carbon bl ack  after heat treatmen t at 1 500°C as wel l as 

untreated b l ack . Heat treated bl ack compounds showed a conducti vi ty 

whi ch i s  1 06 times hi gher than that of untreated bl ack compounds , 

though there was no noti ceabl e di fference i n  the l evel of di spers i on 
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i n  e l ectron mi crographs . They measured the el ectri cal conducti vi ty 

duri ng e longati on. They reported that the conducti vi ty fi rst decreased 

and then i ncreased as the s amp l e  el ongated . 

Voet et a l . ( V-2 , V-4 ,V- 5 ,V-6 , V- 7 )  measured el ectri cal  

con ducti vi ty of various carbon bl ack compounds to understand carbon 

bl ack gel s tructure . They app l i ed rel ati vely l ow vol tage such as 1 

to 3 vol t/em or l ess to carbon bl ack fi l l ed systems to avoi d comp l i­

cati ons due to el ectron tunnel i ng effects . 

Voet and Cook ( V- 5 )  measured the el ectri cal conducti vi ty of 

SBR-polybutadi ene vul cani zate/carbon bl ack compounds duri ng dynami c 

deformati ons. They found that the sys tems mai nta i n  h i gh conducti v i ti es 

at l ow s hear amp l i tude such as 1 0- 3 . The conducti vi ty decreases wi th 

i ncreas i ng amp l i tude , then reaches a cons tant l ow val ue .  

They i nterpreted the conducti vi ty of carbon bl ack fi l l ed 

el astomers based on the sequenti a l  structure of carbon bl ack .  They 

sai d that the revers i b l e  transi ent  carbon bl ack s tructure i s  nearly 

comp l etely destroyed at moderate shear amp l i tudes s uch as 0 . 5 ,  but was 

restored at l ower amp l i tudes i n  a dynami c equi l i bri um between chai n 

des tructi on and reformati on. 



Hi gher structure carbon bl acks showed more rapi d reformati on 

of tran s i ent  structure than l ower structure bl acks after the rest 

i nterva l s  of 24 hours . They suggested that the a l i gnment of pers i s­

tent s tructure of hi gh structure bl acks occurs at hi gh amp l i tude . 

The storage modul us G '  { w )  behaves i n  a s imi l ar manner to e l ectri cal  

conducti vi ty as a functi on of amp l i tude , but has a maxi mum i n  the 

l ow amp l i tude regi on i nstead of at hi gh  cons tan t va l ues . 

Later,  Voet and Aboytes ( V-4 )  gave more attenti on to the dual 

s tructure of carbon b l ack , that i s ,  i rrevers i b l e  fused pers i s tent 

structure and revers i bl e  transi ent s tructure . They di spersed two 

types of carbon b l acks , wi th pers i s tent structure and wi thout 

( des troyed by ba l l  mi l l i ng ) , i n to a mi neral oi l .  Mi neral oi l and 

carbon bl ack were sheared i n  a doubl e cyl i ndri cal  cel l . The 

el ectri cal  conducti vi ty was measured duri ng shear deformati on through 

the rad i a l  di recti on .  I t  was concl uded that the carbon bl ack havi ng 

no pers i stent structure formed l ess trans i en t  structure than the 

other. The conducti v i ty of these sys tems decreased exponenti a l ly 

wi th i ncreas i ng shear  rate and reached a mi ni mum constant val ue 

asymptoti cal l y .  

The effect of chemi cal promoters have been studi ed ( V- 6 ). 
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N- (2-methy l -2 n i tropropy l )-4-ni trosoan i l i ne { commerci a l  name : Ni tro l  

by Monsanto }  was used as  a chemi cal di spers i on promoter i n  vari ous 

e l astomer/carbon b l ack compounds . The el ectri cal  conducti vi ty of the 

promoted system was remarkably  l ower than the other system , i ndi cati ng 

such compounds formed fewer transi ent structures . E l ectron 



1 0  

mi crographs of p romoted compounds showed better di spers i on than 

unpromoted ones . They argued that the decrease i n  e l ectri cal con­

ducti vi ty i s  ascri bed to the formati on of a hi ghly i nsul ati ng  fi l m  

around the carbon bl ack parti cl e ,  but not to the chemi ca l  i nteracti on 

of  the promoter wi th the el as tomer ,  reduci ng i ts unsaturati on , woul d 

affect the el ectri cal  conducti vi ty of the vul can i zate . 

Verhel st  et al . ( V-2 ) studi ed the effect of  morphol ogy and 

structure of ca rbon bl acks on the e lectri cal conducti vi ty of  

vul cani zates . I t  was concl uded that el ectri cal  conducti vi ty of carbon 

bl ack fi l l ed vu l cani zates i ncrease wi th i ncreas i ng structure and 

decreas i ng s i ze of carbon bl ack . They found that most  of carbon bl ack 

compounds show an exponenti a l  i ncrease of conducti vi ty wi th i ncreas i ng 

l oading l evel . Ketj enbl ack EC compound possessed the hi ghes t 

el ectri cal  conducti vi ty .  They poi nted out that the E C  b l ack owes i ts 

hi ghes t conducti vi ty to an extreme ly  l ow parti c l e  dens i ty caused by 

the presence of a l arge number of hol l ow-shel l parti cl es whi ch was 

i ndi cated by e l ectron mi crographs . 

Verhel st  et a l . ( V-2 ) measured el ectri cal conducti v i ty duri ng 

uni axi a l  extensi on .  I t  was s hown that the conducti vi ty of vul can i zates 

l oaded wi th EC bl ack was practi cal ly unaffected by deformati on up to 

1 50% i n  contrast to other bl acks whi ch showed subs tant ia l  decreases 

of conducti vi ty duri ng exten s i on .  

They ( V-2 ) stated that the above menti oned phenomena may be 

expl ai ned by the concept that the conducti v i ty of these systems 

ascri bed to the gap between parti cl es or aggregates and i s  determi ned 

by a proces s of e l ectron tunnel i ng .  
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S i rcar and Lamond (S- 6 )  studi ed the effect of carbon bl ack 

parti c l e  s i ze di stri buti on on el ectri cal conducti v i ty .  They used three 

types of  carbon b l acks di fferi ng wi dely i n  parti cl e s i ze di stri buti on , 

but c l ose i n  e l ectron mi crograph surface area and DBP (b i butyl ­

phthal ate ) structure i ndex . Broad parti cl e s i ze d i s tri buti on i ncreased 

conducti vi ty at the same el ectron mi crograph s urface area and structure . 

They menti oned that thi s  might be ascri bed to the abundance of smal l 

parti c l es compensati ng for a few l arge parti cl es .  

The i n fl uence of matri x polymers on the conducti vi ty behavi or 

has been s tudi ed i ntensi vely by Sumi ta et al ( S- 1 3 ) . They empl oyed 

hi gh dens i ty polyethyl ene , l ow densi ty polyethy l ene , pol ypropyl ene , 

nyl oy-6 ,  polystyrene , polymethyl methacry l ate and SBR as the matri x 

polymers . Several types of carbon bl acks were di spersed wi th a 

mi xi ng rol l er .  They reported that the cri ti cal  vol ume fracti on of 

carbon bl ack above whi ch the compound i ncreases i ts conducti vi ty very 

rapi dly i s  dependent upon matri x polymer as we l l as types of carbon 

bl ack . They found a correl ati on between cri tical  vo l ume fracti on and 

i nterfaci al tens i on .  Cri ti cal  vol ume fracti on decreases wi th 

i ncreas i ng i nterfaci a l  tens i on .  

Mal l i ari s and Turner ( K- l O ,M- 1 ) publ i shed a uni q ue s tudy on 

conducti v i ty behavi or  us i ng powder of polymers and ni ckel . They 

mi xed polyvi nyl chl ori de ( K- 1 0 )  and l ow densi ty po lyethy l ene ( M- 1 ) 

powder wi th ni ckel  powder and compacted at room temperature under a 

press ure of 1 000 kg/cm2 . In  the compacted sampl e ,  n i ckel powders 

were segregated at  the boundary of polymeri c powders , but di d not 



penetrate the polymeri c powders . The cri ti cal  vol ume fracti on above 

whi ch the conducti vi ty i ncreases rapi dly was found to decrease wi th 

an i ncrease i n  the rati o  of polymeri c powder s i ze and meta l  powder 

s i ze ,  RP/ Rm ' throughout the range studi ed from 1 to 1 6 .  They pre­

sented a theoreti cal argument that the cri ti cal  fracti on of fi l l er 

decreases as R / R  rati o i ncreases. 
P m 
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C . l . b .  Effect of Mi xi ng . Dannenberg (D- 1 } ,  i n  1 952 , measured 

the el ectri cal conducti vi ty of vari ous e l astomers/carbon bl ack 

vul cani zates as a functi on of mi xi ng condi ti ons . A l aboratory 

Banbury mi xer was used to i ncorporate the bl ack i n  the rubber,  and 

the amount of m ix ing i n  the Banbury and s ubseq uent rol l -mi l l i ng was 

adj usted to obtai n vari ous degrees of di spersi on .  Rotor speed and 

mi xi ng t ime i n  the Banbury and mi xi ng ti me i n  the rol l mi l l  were 

vari ed . A stri ki ng decrease i n  e l ectri cal conducti vi ty was observed 

as the amount of mi xi ng was i ncreased . By compari ng e l ectro mi cro-

graphs of compounds and e l ectri cal conducti vi ty data , he poi n ted out 

that i ncreased mi xi ng mi ght provi de better di stri buti on of the carbon 

b l ac k  aggregates i n  the rubber matri x wi thout change i n  s i ze of 

aggregates . 

In  1 963  Boons tra and Meda l i a  (B-5 }  made a more extens i ve study 

on el ectri cal  conducti vi ty as a function of  mi xi ng condi ti on . Carbon 

bl acks were mi xed wi th e l astomers on a rol l mi l l . A coaxi a l  probe 

has been used to measure el ectri cal conducti vi ty of both uncured and 

cured compounds . E l ectri cal  conducti v i ty mos t rapi dly decreased 
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i mmediately after i ncorporati on and was sti l l  decreas i ng after a total 

of 30 mi nutes of mi l l i ng .  

Boons tra and Meda l i a  a l so determi ned the di spers i on rati ngs 

of the same compounds accordi ng to the Cabot system (M-6 ) . The di s­

pers i on rat ing  obtai ned by the Cabot chart showed i mp rovement of 

di spersi on wi th mi xi ng time and wi th decreas i ng conducti vi ty. The 

rel ati onsh i p between el ectri cal conducti vi ty and Cabot rati ng was 

dependent upon types of carbon bl ac k .  I t  was found that the con­

ducti vi ty of cured compounds i s  hi gher by a factor of 2- 1 0  than the 

correspondi ng uncured compounds . 

More recentl y ,  Henneka and Rotz ( H- 9 ) made an on- l i ne 

measurement of el ectri cal properti es of rubber/carbon bl ack compounds 

duri ng mi xi ng . They used a spec ia l  mi xi ng rotor whi ch meas ures 

el ectri cal properti es perpendi cul ar to the fl ow di recti on i ns i de of 

two rol l mi l l  chamber. They menti oned that the el ectri cal  con­

ducti vi ty meas ured duri ng mi xi ng i s  a funct ion of mi xi ng t ime , rotor 

speed , carbon bl ack concentrati on and type of carbon bl ack .  They 

compared the conducti vi ty duri ng mi xi ng and after s topping  the rotor 

for the s ame compounds . The conduct i vi ty i ncreased wi th t ime after 

stoppi ng the rotor .  They s uggested that thi s i s  pres umably due  to 

the di sori entati on of  polymer mol ecul es and fi l l er parti c l es during 

rel axati on . They menti oned that the capaci tance measured duri ng 

the mi xi ng process is not s i gn i fi cantly affected by the amount of 

mi xi ng ,  but i s  a sensi ti ve functi on of the l oadi ng l evel of carbon 

b l ack and type of carbon bl ac k .  
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Cembrol a (C- 3 ) measured the di spersi on of carbon b l ack i n  

SBR- 1 500 by three di fferent techn iques : e l ectri cal conducti vi ty 

measurement , Phi l l i ps d ispersi on rati ng , and s urface roughness 

ana lys i s .  He emp l oyed a B. R .  Banbury mi xer .  He concl uded that  the 

el ectri cal  conducti vi ty method i s  re l ati vely i nsens i ti ve at the early 

stages of mi xi ng but has a h i gh sens i ti vi ty at i ntermedi ate and 

l ater stages . Thi s method i s  di rectly i nfl uenced by the d i s persed 

bl ack . The method works on ly wi thi n a narrow range of vol ume l oadi ngs 

( 35- 75 phr , that i s ,  0 . 1 5-0. 30 i n  vol ume fracti on ) and can only  be 

used for smal l and i ntermedi ate parti c l e  s i ze carbon bl acks . 

Some authors ( C- 3 ,H-9 ) reported that  the conducti vi ty appears 

to go through a maxi ma i n  the early stages of mi xi ng ,  and then 

decreases s l owly for the remai nder of the tes t .  

Henneka and Rotz ( H-9 ) gave a bri ef exp l anati on o f  thi s 

maxima i n  terms of the probabi l i ty of formi ng conducti ve paths whi ch 

i s  governed by s i ze and d i s tri buti on of fi l l er aggl omerates . Both 

exp l anati ons seem i ncomp l ete .  

Cembro l a  ( C- 3 ) exp l ai ned thi s behavi or as fol l ows . I n  the 

early stages of mi xi ng , the bl ack aggl omerates are i sol ated wi th few 

through goi ng paths for el ectri ca l conducti on . The conducti vi ty i s  

governed by the gaps between agg l omerates . As mi xi ng proceeds , the 

aggl omerates di sappear ,  the di stance of separati on i ncreases , but the 

conducti vi ty of the matri x i ncreases because of the i ncrease of 

di spersed bl ack . The maxima i n  conducti vi ty ari ses as a resu l t of  

these two oppos i ng processes. 
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C . l . c .  Effect of Temperature . The effect of temperature on 

the el ectri cal conducti vi ty of conducti ve fi l l er compounds· has been 

studi ed by a number of  authors . E l ectri c conducti vi t i es of materi al s 

are , i n  genera l , dependent upon temperature .  Some materi a l s  possess 

i ncreas i ng res i s ti vi ty ( not conducti vi ty )  wi th i ncreas i ng tem­

perature . Such materi a l  has a pos i ti ve thermal coeffi c ien t  ( PTC ) . 

Others possess decreas i ng res i sti vi ty wi th i ncreas i ng temperature . 

Thi s  i s  cal l ed a materi a l  wi th negati ve thermal coeffi c ien t  (NTC ) . 

Most conducti ve fi l l er compounds pos sess PTC i n  contrast to many 

polymers whi ch show NTC. 

Boons tra and Meda l i a  ( B-5 ) determi ned the acti vati on energy 

of conductance . I t  was reported that the acti vati on energy for 

SBR/carbon bl ack compounds i s  1 4 . 7-29 . 3 kJ/mol , the hi gher va l ues 

being found for the better di spers i ons . The acti vati on energ i es for 

EPDM compounds were found to be approximately 50% hi gher than those 

of SBR.  

I n  a seri es of experi ments , Meyer ( M- 9 , !�- l O ,M- 1 1 }  l ooked for a 

correl ati on between the magni tude of the PTC effect and vari ous 

phys i ca l  characteri s ti cs of the polymers studi ed . I t  was shown that 

no correl ati on exi sts wi th heat of fusi on , coeffi c i ent of thermal  

expans i on ,  peak crys tal l i ne mel ti ng poi nt or mel ti ng range . G l ass 

transi ti on temperature was di rectl y  rel ated to the magni tude of the 

PTC effect .  Meyer a l so s howed that above the peak mel ti ng poi n t ,  

polymer degradati on occurs , characteri zed by a rapi d oxygen uptake 



and a rap i d  dec l i ne of the PTC effect . In  n i trogen , the decl i ne was 

much s l ower . 
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Endo ( E- 3 ) suggested that the l oss i n  PTC effect above mel ti ng 

temperature i s  due to fl ow of matri x .  

Kl asen and Kubat ( K-7 ) s uggested that a t  l ower temperatures 

the carbon bl ack s tructure i s  determined by the crysta l l i ne polymer 

phas e .  Above the mel ti ng temperature , the structure broke up , caus ing  

a more homogeneous parti c l e  di stri buti on and a sharp i ncrease i n  

res i sti vi ty. At sti l l  hi gher temperatures , i t  was found that the 

res i sti vi ty of h i gh PTC materi a l s decreases. They s uggested that 

thi s i s  due to the formati on of new structures rel ated wi th fl ow of 

matri x at hi gher temperatures . 

L i tt l e has been publ i s hed on hi gh PTC effects found i n  

noncrysta l l i ne polymers . Ots uki and Eguchi ( 0- 4 )  di scl osed h i gh PTC 

effects i n  carbon bl ack l oaded butyl rubber and/or hal ogenerated 

buty l  rubber .  Wol fer (W-6 ) descri bed hi gh PTC effects in carbon bl ack 

fi l l ed s i l i cone polymers . 

C . 2 .  Theoreti ca l Background of E l ectri cal  Conducti vi ty 
for B i component Systems 

Heterogen i ous materi a l s  wh i ch are composed of  a conducti ve 

el ement (or a conducti ve phase ) and a nonconducti ve e l ement (or a 

nonconducti ve phase ) are of our concern here . Carbon b l ack and 

metal powder fi l l ed polymeri c materi a l s are of thi s case .  The carbon 

bl ack and the metal powder are the conducti ve e l emen ts , and the 

polymeri c res i ns are the nonconducti ve e l ements . 



There are two di sti ngui shed mechan i sms of the el ectri cal  

conducti on in s uch heterogeneous materi a l s .  One i s  the percol ati on 

mechan i sm and the other i s  the el ectron tunnel i ng mechani sm. The 

tunnel mechan i sm i s  based on more mi croscop i c  cons i derati ons than 

the percol ati on mechan i sm. 
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C . 2.a. Perco lati on Theory. Percol ati on theory has been 

devel oped si nce the l ate 1 950s. The fi rst publ i cati on of thi s appears 

to be Broadbent and Hammers l ey (B-7 ) i n  1 957. Later percol ati on 

theory was emp l oyed to expl ai n  the conducti on of el ectri ci ty 

heterogeneous systems by Ki rkpatri ck ( K-4 , K-5 , K- 6 ) , P i ke and Seager 

( P-4 ) , Stra l ey ( S-8 ) and Ohno (0-8 ). 

The concept behind  the percol ati on model i s  conveni ently 

i l l ustrated in  a two- dimensi onal  l atti ce wi th some of i ts s i tes 

occup i ed as shown i n  Fi gure I I - 1 . The occupat ion of s i tes occur 

randomly. The occupi ed s i tes (+ symbol s ) tend to be more sequenti a l  

wi th i ncreas i ng the rati o of  occupi ed s i tes. The occupi ed s i tes 

connect to form extended pathways , and fi nal ly  form conti n uous channel s 

that pervade the gri d. When occup i ed s i tes are conducti ve , con­

ducti on i s  now al l owed. 

Two bas i c  types of mechan i sms may be di sti ngui shed. These are 

1 1 bond perco l ati on "  and 1 1 S i te percol ati on ... I n  the fi rs t ,  some known 

fracti on of the bonds , d i s tri buted at random , are mi s s i ng from the 

l atti ce , and current cannot fl ow through them . I n  the second , a 

known fracti on of si tes are assumed to be mi ss i ng. The absence of a 



Fi gure I I  - 1 . 

(a) (b) 

(e) 

Si te percol ati on on the square l atti ce . ( a ) p smal l er 
than pc ; ( b )  p = pc ; ( c )  p l ar�er than Pc . 

1 8  



s i te i mp l i es that no current can fl ow through any of the bonds whi ch 

joi n that s i te to i ts nei ghbors . 

C . 2 . a . l .  Cri ti ca l Probabi l i ty .  I n  the 1 960s , the cri ti cal  

probabi l i ty ,  Pc ' above whi ch there is a nonzero probabi l i ty of an 

el emen t bei ng a part of i nfi n i tely l a rge c l us ter ( or network } has 

been determi ned by vari ous authors ( D- 1 0 , 0- l l , E-2 , F- 8 , F- 9 ,0- l  , R- 6 ,  

S-2 , 5- l B , V- 8 ) . p i s  defi ned as 
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( 1 1 - 1 ) 

There are two bas i c  approaches to obtai n the cri t i ca l  

probabi l i ty .  One i s  a n  exact seri es expansi on for the mean c l uster 

s i ze ( D- 9 , 0- l l ,S- l 7 , S- l 8 ) , another is computer s i mu l ati on by Monte 

Carl o methods ( F- 8 , F-9 , V-8 ) . The cri ti cal probabi l i ty obtai ned by 

vari ous authors i s  shown i n  Tabl es 1 1 - 1  and 2 .  The val ues are 

dependent upon the dimen s i on and coordi nat i on number of the l atti ces 

used . Pc i ncreases wi th decreas i ng number of dimens i on and 

coordi nati on . I t  i s  c l ear that Pc for a one-di mensi ona l  l atti ce i s  

0 . 1 .  

Later ,  Scher and Za l l en ( S-2 ) i ntroduced cri ti ca l fracti on $c 
( i n  thei r ori g i nal  paper ,  they use the word space-occupati on 

probabi l i ty dens i ty p } for si te perco l ati on , correspondi ng to the 

pack i n g  of sphere ( i n  three di mensi ons } or ci rc l es ( i n  two d imens i ons ) .  

$ i s  defi ned as 
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Tabl e I I- 1 . Cri ti cal Probabi l i ty and Cri ti cal Fracti on for Vari ous 
Two- Di mens i onal  Latti ces ( Si te Perco l ati on } 

Coordi nati on Cri ti cal  Fi l l i ng Cri ti cal  
Latti ce Number Probabi 1 i ty Factor Fracti on Reference 

n Pc f <PC 
Tri angul ar 6 0.5000 0 . 9069 0 . 4534 H-1  

0 . 493±0 . 01 8 0 . 447±0.01 6 F-9 
0 . 51 0 . 46 D- 1 1  
0. 36 0 . 38 E-2 

( 0 . 50 0 . 45 }  

Square 4 0 . 59±0 . 02 0 . 7854 0 . 46±0 . 02 H- 1 
0.581 ±0 . 01 5 0 .  456±0 . 01 1 F-9 
0 . 55 0 . 43 D- 1 1  
0 . 48 0 . 38 E-2 
0 . 48 0.38 R-6 

Kagome 4 0 . 6527 0 . 6802 0 . 4440 H-1  

Honey-Comb 3 0.70±0 . 02 0 . 6046 0 . 42±0 . 01 H- 1 
0 . 688±0 . 01 7  0 . 41 6±0 . 01 F-9 
0 . 6-0. 75 0 . 36-0 . 45 D- 1 1  
0 . 49 0 . 30 E-2 

<Pc = 0 . 44 
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Tabl e I I -2 . Cri ti cal Probabi l i ty and Cri ti cal  Fracti on for Vari ous 
Three- Di mensi onal Latti ces ( Si te Percol ati on ) 

Coordi nati on Cri ti cal Fi l l i ng Cri ti ca 1 
Latti ce Number Probabi 1 i ty Factor Fracti on Reference 

n Pc f q,c 
f. c . c . 1 2  0 . 1 9 5±0 . 01 0 . 7405 0 . 1 44±0 . 01 H- 1 

0 . 204±0 . 008 0 . 1 5 1 ±0 . 006 F-9 
0 . 1 8  0 . 1 3  R-6 
0 . 1 95 0 . 1 44 S- 1 7  
0 . 1 99 0 . 1 47 F-8 

h . c . p .  1 2  0 . 1 95±0 . 01 0 . 7405 0 .  1 44±0 . 01 H- 1 
0 . 1 99±0 . 008 0 . 1 47±0 . 006 F-8 

b . c . c .  8 0 . 24±0 . 02 0 . 6802 0 . 1 63±0 . 01 H- 1  
0 . 243 0 . 1 65 S- 1 7  

S . C .  6 0 . 31 ±0 . 02 0 . 5236 0 . 1 62±0 . 01 H- 1 
0 .  325±0. 023 0 . 1 70±0 . 01 2 F-8 
0 . 28 0 . 1 5  D- 1 1  
0 . 28 0 . 1 5  R-6 
0 . 307 0 . 1 6 1 S- 1 7  
0 .  325 0 . 1 70 F-8 

q,c == 0 . 1 6  
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total vol ume cp = total vol ume ( I l -2 ) 
+ 

total matri x vol ume ( area ) 

I n  a three-dimensi ona l  l atti ce , cp i s  equi val en t  to the vol ume fracti on 

of parti c l es i n  compound .  

I t  i s  evi dent that 

cp = f p ( 1 1 - 3 ) 

where f i s  the fi l l i ng factor for the l atti ce . I t  i s  q ui te s i gni fi ­

cant that the cri ti cal fract ion cpc i s  not a functi on of coordi nati on 

number but i s  a lways about 0 . 1 6  for a three-dimens i onal  l atti ce and 

about 0 . 44 for the two-dimens i ona l  l atti ce. The cri ti cal fracti on cpc 
i s  cal cul ated us i ng the cri ti cal probabi l i ty Pc obtai ned by vari ous 

authors (Tabl es 1 1 - 1  and I I -2 ) . 

I t  may be i n teresti ng here to poi nt out that I.Jhi te et al . 

(M- 1 9 ,T- 2 ,T-8 ) have poi nted out that smal l parti cl e fi l l ed polymer 

compounds tend to have yi el d stresses when vol ume fracti on of  fi l l er 

i s  above 0 .  1 5 . I t  i s  noteworthy that the cri ti ca l  vo l ume fracti on 

for yi e l d s tress agrees wi th cri ti ca l vol ume fracti on for i nfi ni tely 

l arge c l uster ( or network ) i n  th ree di mens i ons . 

C . 2 . a . 2 .  Percol ati on Probabi l i ty .  The percol ati on probabi l i ty ,  

whi ch denotes a probabi l i ty of one ul timate parti c l e bei ng  a part of 

i n fi ni tely l arge c l uster or connected network , bel ow and above 

thresho l d has been determi ned by several authors ( 0-2 ,D- 3 , F-8 , F- 9 ,  

K-4 , K- 5 , K- 6 , R- 5 ,S-8) more recently . Fri sch et al . ( F-8 , F- 9 , V-8 ) 
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determi ned perco l ati on probabi l i ty P by numeri cal s i mul ation ( Monte 

Carl o method ). Rudd and Fri sch ( R- 5 )  have poi n ted out the asymptoti c 

behavi or of  

for p > Pc ( I  I -4 ) 

Va l ues of exponent B obta i ned by Ki rkpatri ck ( K- 6 )  are summari zed i n  

Tabl e 1 1- 3 .  These provi de a good fi t to the res ul ts obtai ned by com­

puter s i mul ati on ( K- 5 , K-6 ) .  

Tabl e 1 1 - 3 .  

Latti ce 
S . C .  
b .  c .  c .  
f . c . c .  

Val ues of Exponent B i n  Three­
Dimens ional  Latti ce 

B 
0 . 40-0 . 35 
0.40-0 . 30 
0.40- 0 . 33 

C . 2 . b . Perco l ati on Theory and E l ectri cal Conducti v i ty 
of Smal l Parti c l e  Fi tted Compounds 

The el ectri ca l conducti vi ty of random mi x was consi dered by 

Ki rkpatri ck ( K-4 , K- 5 , K-6 ) by repl aci ng occupi ed s i tes or bond wi th 

e l ectri c res i s tors . He determi ned the conducti vi ty of  the res i stor 

network wi th the ai d of Ki rchhoff' s curren t l aw .  

L a . .  ( v . - v . ) = 0 
j l J 1 J ( 1 1 - 5 )  

where a i j  i s  the conductance o f  the l i nk between adj acent nodes i and 

j ,  v i s the vol tage at the nodes of each network . 
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He found ( K- 5 , K- 6 )  

G ( p )  = � = P ( p )  �fl� 
( I I -6 )  

where 

O ( p ) / 0 ( 1 ) = ( p - Pc } l . l  ( I I - 7 )  

where G ( p ) i s  normal i zed conducti vi ty ,  o ( p )  i s  a conducti vi ty at 

probabi l i ty of occupancy p .  The functi on O (p ) / 0 ( 1 ) corresponds to a 

nonl i near rel ati on between percol ati on probabi l i ty and el ectri c con­

ducti vi ty determi ned by numeri cal ana lys i s .  

S imi l arly , Stral ey (S-8)  determi ned 

o a o1 ( pc - p ) - s  

t o a o2 ( p  - pc ) 

for p < Pc 

for p > Pc 

( I I -8 )  

( I I - 9 )  

where o1 and o2 are conductances o f  matri x and conducti ve parti cl e ,  

respecti vely .  The exponents s and t determined are 0 . 5  ± 0 . 1  and 

1 . 75 � 0.1 , respecti vel y , for the three-di mensi onal si te probl em. 

t = 1 . 75 ± 0 . 1 i s  i n  good agreement wi th Ki rkpatri c k ' s res u l t ( K- 5 ,  

K- 6 } . 

C . 2 . c. E l ectron Tunnel i ng Theory .  The el ectron tunnel i ng 

theory concerns the mechanism of el ectri c conduct i on mi croscop i ca l ly 

compared wi th the percol ati on theory ( B-2 , F- l , H- 1 0 ,H- l l , S- 3 , S- 5 ) . 

Consi der a heterogeneous materi a l  i n  whi ch the conducti on regi ons (or 

l ong  conduct ing pathways ) are separated by thi n i nsu l ati ng barri ers . 
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Quantum consi derati ons show that the el ectrons whi ch have a certai n  

ki neti c energy can pass through i ns ul ati ng barri ers whi ch have poten­

tial  energ i es l arger than the ki neti c energy of el ectrons ( B-2) . 

E l ectron tunnel i ng occurs and the heterogeneous materi a l  i s  regarded 

as conducti ve . The probabi l i ty of breaki ng  through of i ns u l ati ng 

barri er by el ectrons i s  known to show a drasti c decrease wi th 

i ncreas i ng the di fference between the maxima of potenti a l  of barri er 

and the ki neti c energy of el ectrons ( B-2 , S- 5 ) . 

D .  SMALL ANGLE SCATTERI NG 

D . l .  Experi menta l  Studi es of  Sma l l Angl e  Scatteri ng 
from Sma l l Parti cul ates 

Consi derab l e efforts have been made to s eek the s tructure of 

two-phase systems us ing  smal l ang le  scatteri ng methods . 

I n  1 942 , Bi scoe and Warren ( B- 1 ) studied sma l l ang l e x- ray 

scatteri ng by three types of carbon bl acks . The scattered i ntensi ty 

profi l es of these carbon bl acks i n  l og I s versus q angl e p l ot were 

not l i near but were curved i n  s uch a way that the s l ope i ncreases 

wi th decreas i ng scatteri ng angl e .  They determi ned the radi us of 

gyration of 2 1 0  A for one of the carbon b l acks they emp l oyed . Thi s  

cou l d  be the si ze of the carbon b l ack parti c l es whi ch fuse to an 

aggregate . 

Later Ri l ey ( R- 4 }  used an x- ray scatteri ng method for an 

anthraci te. The scatteri ng patterns were very s i ngul ar  contai n i ng a 

ri ng . He s uggested that there were parti c les i n  con tact wi th one 

another i n  the carbon . 
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Jel l i nek et a l . ( J-2 ) i n  1 946 meas ured the scattered i ntens i ty 

of x- ray from an a l umina and a ca rbon bl ack . They determi ned the s i ze 

di stri buti on of  these parti cul ates by a graphi cal method . 

I n  1 967 , Hendus et a l . ( H-8 )  reported that the sma l l ang l e  

x- ray di ffracti on patterns of  SBS bl ock copol ymer showed di screte 

di ffracti on ri ngs correspondi ng to a spaci ng of the s ame order as 

observed by e l ectron mi croscopy . 

Kel l er et a l .  ( K-2 ) s tudi ed the structure of extruded SBS 

bl ock copolymer wi th 25% pol ystyrene content wi th sma l l ang l e  x- ray 

di ffracti on . I t  was poi n ted out that an extruded samp l e has the l ong 

conti n uous polystyrene cyl i nders packed hexagonal ly  a l ong the 

extrus i on di rection . 

Hol l and  et a l . ( H- 12 )  poi nted out that the s catteri ng of 

pol ari zed l i ght by randomly ori en ted , i rregul ar ,  crys tal l i ne  s i l i ca 

parti c l es was wel l approxi mated by ass umi ng assembl ed spheri cal 

parti c l es wi th the s ame si ze di stri buti on and refracti ve i ndex .  The 

scatteri ng behavi o r  of suspensi ons of parti cl es of a few se l ected 

shapes has a l so been i nvesti gated and shown to be in reasonab l e 

agreement wi th that predi cted for equ i val en t  spheres . 

Gal anti and Sperl i ng ( G- 1 ) determi ned the structure of the 

s i l i cone rubber/s i l i ca sys tem wi th the sma l l ang l e l i ght  scatteri ng 

method . The s i zes of  the scatterers determi ned by the smal l angl e  

l i ght s catteri ng method were two orders of magni tude greater than the 

di mensi ons of the i ndi vi dual parti cl es .  They suggested that thi s i s  

due to the aggl omerati on of fi l l er i n  rubber . They used the Debye-



Bueche type correl ati on di stances to obta i n  the s i zes of the 

scatterers . 
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In  1 970 , Mori tan i et a l .  (M-20 ) used sma l l ang le  l i ght scatteri ng 

for vari ous styrene- i soprene bl ock copol ymers and acry l oni tri l e­

butadi ene-styrene (ABS ) graft copolymers . They found that the 

correl ati on di stances of the Gaussi an type corre l ati on functi on 

i ncreases as the concen trati on of the di spersed spheres decreases , 

i . e . , as the di stances between the spheres i ncrease . The s i ze of the 

spheri cal domai ns determi ned from the Debye- Bueche type correl ati on 

di stance reasonably agrees wi th the s i ze of domai ns determi ned from 

el ectron mi crographs . 

Later , Tang and Wi tz (T-4 )  studi ed  NaCl cubi c parti c l es .  They 

concl uded that the l i ght scattering behavi or of  cubi c parti cl es can 

be approxi mated reasonably wel l by Mi e scatteri ng theory for spheres 

of equal  vol ume wi thin  an error of ±4%. Uemura et a l . ( U- l , U- 2 )  con­

s i dered the l i ght scatteri ng from cyl i ndri cal obj ects based upon Mi e 

and Rayl ei gh- Gans-Born theori es. 

Yamane ( Y- 1 ) s tudi ed the gel l i ng process of s i l i con methoxi de 

sol uti on by means of sma l l angl e x- ray scatteri ng . The smal l angl e  

x- ray curves were ana lyzed us ing  the Gui n i er • s approxi mati on ( G- 3 , 

W-4 )  and Fankuchen • s  graphi ca l method ( F-2 ,J- l ) .  He concl uded that 

the sma l l parti c l es were fi rst  formed , and then they formed the 

secondary and terti ary aggl omerates , step by s tep . 

Matsumoto et a l . ( M- 3 )  studi ed l i ght scatteri ng from 

aggl omerated parti c l es i n  s uspensi on . They empl oyed photosensi ti ve 



parti cl es wi th photo- cross l i nki ng reacti ons between parti c l es whi ch 

l eads to pers i stent agglomerati on. They reported that both Ra! Ras 
and r/rs , where r and rs denote rel axati on ti mes of aggl ome rated and 

nonaggl omerated sys tems , respecti vely , i ncrease wi th i ncreas i ng 

i rradi ation ti me whi ch promotes photo-cross l i nking  reacti on .  
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Taba r ,  Hu and Stei n ( T- 1 ) measured the radi us of gyration for 

vari ous hi gh impact polys tyrenes ( H I PS )  us i ng Gui n i er ' s app roxi ma­

ti on .  They a l so determi ned the el ongati on o f  the rubber phase duri ng 

process i ng .  

0 . 2 .  Theoreti cal  Background for Sma l l Angl e  Scatteri ng 

D . 2 . a .  Genera l . Consi derabl e  effort has been made to deve l op 

a theory of scatteri ng  to characteri ze the s tructure of  two-phase or 

mul ti - phase systems . 

One may proceed to devel op scatteri ng theory by presumi ng a 

sys tem whi ch s ati s fi es Maxwel l • s  equati ons both outs i de and i ns i de 

the scatteri ng object and the prope r boundary condi ti ons on surface 

of that obj ect . The pri nci pal bas i s  of scatteri ng theory was gi ven 

by Ray l e igh ( R-2 ) for di l ute smal l homogeneous spheres whi ch has a 

sma l l di ameter compari ng wi th the wavel en gth of l i ght . 

Rayl ei gh ( R-2 )  a l so presented an approxi mate theory for 

parti cl es of any shape and s i ze havi ng a sma l l rel ati ve refracti ve 

i ndex. He app l i ed thi s  to homogeneous spheres , spheri cal  she l l s , 

radi a l ly i nhomogeneous spheres , as wel l as i nfi n i te cyl i nders . The 

ful l formul as for spheres were devel oped i n  l atter papers by Ral e igh 

{ R-2 , R-4 ) .  
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S i mi l a r probl ems were consi dered by Thompson ( T- 5 )  for perfectly 

reflecti ng spheres and by Lorentz ( L-7 , L-8 )  for smal l absorbi ng spheres . 

The sol uti on for scattering by a l arge sphere i s  general ly 

referred to as the Mi e theory .  Mi e ( M- 1 3 ) was concerned not on ly wi th 

our expos i t ion of the scatteri ng formul as for a sphere but a l so wi th 

a vari ety of both computati onal  and experimenta l aspects of the 

p robl em .  

The scattered waves are coherent .  Though i ncoherent ( Compton ) 

scatteri ng wi l l  occur too , i t  can be negl ected as on ly smal l angl es 

are i nvo l ved. Coherence means that the amp l i tudes are added , and 

the i ntensi ty i s  then gi ven by the absol ute square of the resul ti ng 

amp l i tude.  The amp l i tudes di ffer onl y  by thei r phase , whi ch depends 

on the pos i ti on of the el ectron in space . 

When el ectromagneti c waves are i nci dent on an object , a path 

di fference occurs between the i nci dent beam and scattered beam . Due 

to thi s path di fference , the scattered waves i nterfere , thus these 

waves mutua l ly  i ntens i fy or reduce thei r i ntens i ty .  

The scattered i ntensi ty I s may be 

where I e i s  the Thomson scattered i ntensi ty whi ch  i s  genera l ly 

expressed as 

and 

r 2 
I = I _!_ [ 1 + cos 2 e ]  
e o � 2 

( I I- 1 0 )  

( I I- 1 1 )  
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2'1T • q = - s1n e 
"' 

( I I - 1 2 }  

where 2 e  i s  the scatteri ng angl e .  F (gJ i s  genera l ly cal l ed structure 

amp l i tude of  the system . We may obta i n  a general form of I F (�} I 2 for 

the system where the el ectrons are conti nuous ly di s tri buted . 

( I I - 1 3 }  

where 

( I I - 1 4 }  

Therefore the scattered i n tens i ty i s  gi ven by 

( I I - 1 5 )  

or 

( I I - 1 6 )  

where p i s  the el ectron dens i ty and V i s  vol ume o f  scatterer .  

D . 2 . b .  Scatteri ng from Isol ated Parti cl es .  Scatteri ng from 

i so l ated parti c l es was consi dered by Ray l ei gh  ( R-2 ) .  He cons i dered 

a di l ute system in whi ch i denti cal parti c l es of cons tant e l ectron 

dens i ty p were embedded i n  a medi um of cons tant P o · S ince the 
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parti cl es are wi dely  separated from each other ,  only a si ng l e  parti c le  

needs to be cons i dered . The scattered i ntensi ty from a s i ng l e  sphere 

wh i ch has radi us of  R0 , vo l ume V and uni form dens i ty i s  g i ven by 

( R-2 ) . 

( I I - 1 7 )  

Debye ( 0-4 ) , i n  1 9 1 5 ,  proposed a more general expres s ion for 

scattered i ntensi ty. He assumed that the system i s  stati s ti cal l y  

i sotropi c and there i s  no correl ati on between two poi nts separated 

wi dely enough . Di stri buti on �
2 (�) i s  de�endent on ly upon the magni -- 1� ·{  

tude r of  the di stance . Phase factor e can be repl aced by i ts 

ave rage , taken over a l l di recti ons of r .  Thi s  i s  expressed by � 

- i � - � 
<e > = 

s i n  gr 
q r  

Structure amp l i tude may be gi ven by 

( I I - 1 8) 

( I I- 1 9 )  

D . 2 . c .  Gui n i e r  Approxi mati on . Gui ni er ( G- 4 , G- 5 )  proposed an 

express i on of the scattered i ntens i ty di s tri bution for sma l l qr  

val ues . He  obta i ned 



I s ( q )  
I s (O)  = 1 -

= 1 -

= 1 -

9
2 2 <r > 

6 

9
2 2 <r > 

6 

R 2 2 
g q 

3 

4 4 
+ g <r > 

1 20 
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( I I -20 ) 

where Rg i s  a radi us of  gyration and K i s  a constant .  Thi s  l eads to 

( I I -21 ) 

The radi us of gyrati on may be obtai ned from a s l ope i n  l n  I s (q ) vers us 

q2 . 

D . 2 . d . Debye-Bueche Stati sti ca l  Theory .  The approaches 

previ ous ly menti oned as val i d  on ly when the geometri cal  shape of the 

scatteri ng obj ect i s  known . When the geometry of the scatterer i s  
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unknown , scatteri ng due to densi ty fl uctuati ons  i s  more necessary to 

take i nto consi deration . 

Debye and Bueche ( D-6 ) , and Debye , Anderson and Bramberger 

( D- 5 )  i n troduced correl ati on functi ons whi ch denote the average of the 

product of two fl uctuat ions at a di stance r .  

( I  1 - 22 ) 

where 

� denotes the fl uctuati on from average el ectron dens i ty .  Co rrel ati on 

functi on y { r} has the fol l owi ng properti es : 

y ( O )  = 1 

l i m y ( r )  = 0 
r-+-oo 

Scattered i ntens i ty may be gi ven as 

{ I I - 24 } 

( I I -2 5 )  

( 1 1 -26 } 

I f  the sys tem i s  i sotropi c ,  Y ({ )  depends on ly on the di stance r but 

not on the di rect i on . We may rewri te Eq . ( 1 1 - 26 )  as 
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2 
I� . 2 I = I V <n > y ( r )  S l�

r
gr 4nr dr s e 0 

( I I -2 7 )  

Debye and Bueche (D- 6 )  proposed the correl ati on functi on y ( r )  

to be gi ven by an exponentia l  function 

y ( r )  = e- r/a { I I -28 )  

where a i s  known as  correl ati on di stance . Scattered i ntens i ty i s  

then : 

I s = I e V 2 
J

"" e- r/a s i n  gr 41rr2 dr <n > 
0 qr  

81T 2 a3 
= I V<n > 

e ( 1  + a2q2 )q 

K a 3 
{ I I - 29) = + a2q2 ) 2 · ( 1  

The phys i ca l  mean i ng of  the corre l a ti on functi on ( Eq . I I -28 )  

i s  that the probabi l i ty of  a poi nt a t  a di stance r i n  an arbi trary 

di recti on from a gi ven poi nt i n  the scatterer ( or i n  the phase A )  wi l l  

i tsel f a l so be i n  the scatterer ( or i n  the phase A ) . The correl ati on 

di s tance a i s  a meas ure of the extens ion  of the i nhomogenei ti es ( D- 6 ) . 

Debye et a l . ( D- 6 )  app l i ed thei r correl ati on functi on to the 

Luc i te and the gl ass samp l es i n  whi ch the i nhomogeneous phases are 

pres umably of random shape and si ze . 
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E .  SURFACE ANALYS IS  

The method of  surface analys i s i s  s imi l ar to that of the 

mi croscopy di scus sed before . The di fference between these methods i s  

that the surface anal ys i s  emp l oys rel ati vely  l ow magn i fi cation and 

observes enti re roughness of the surface , a l though the mi cros copy , 

especi a l ly  el ectron mi croscopy , pays more attenti on to obs erve the 

mi crostructure wi th hi gh magni fi cati on . 

One of  the earl iest appl i cat ions of s urface analysi s  to 

meas ure ca rbon b l ack di spers i on was reported by W i egand ( W- 4 )  i n  

1 926 .  He  i nspected fres h ly torn vul can i zate surfaces wi th hand l ens . 

The techni q ue i s  based on the di verti ng of the rupture path by 

aggl omerates of bl ack . Th i s  method was refi ned l ater us i ng macro­

photography a l ong wi th compa rati ve s tandards ( S- 1 4 , S- 1 5 ,S- 1 6 ) . The 

l i ght mi croscope procedure us i ng thi n frozen secti ons of compounds 

is more q uanti tati ve than the torn surface method ( L-2 ,T-6 ) .  Later 

some authors have i ntroduced some techniq ues ( E- l , J-2 , V- l ) .  

Recently  Ebel l and Hems l ey ( E- 1 ) us ed DFRL ( dark fi e l d  

refl ected l i ght ) i mage to ana lyze the roughness o f  the surface of 

compounds . Osci l l oscope traces from a l i ne  scan across the DFRL 

i mages were used to determi ne the goodness of di spers i on i n  a q uanti ta­

ti ve manner .  They conc l uded that the standard devi ati on of  peak 

hei ghts of osci l l oscope traces i s  a better representati ve i ndex of 

di spers i on than Lei gh- Dugmore di spers i on rati ng { L-2 ) or Cabot di s­

pers i on rati ng , compari ng these i ndi ces wi th the vari ous rheo l ogi cal  

p roperti es of the compoun ds . Vegvari et a l . ( V- 1 ) used a s i mi l ar 



techni que to determi ne the goodness of di spers i on i n  carbon bl ack 

fi l l ed rubber compounds . They men ti oned a di spers i on i ndex deri ved 

from the s urface roughness traces as fol l ows : 
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( I I - 30 } 

where k i s  a proporti onal i ty constant based on the l i ght mi croscope 

di spers i on meas uremen ts , f i s  the frequency of roughness peaks per em 

of rubber s urface , h i s  the average peak hei ght .  

The s urface analys i s techn i q ue may be used to es timate the 

degree of di spers i on roughly . However , i t  i s  not capabl e of deter­

mi n i ng  detai l s  of the structure of di spersed phase . 

The advantage and di s advantage of  each meas urement are 

s ummari zed i n  Tabl e I I -4 .  

F .  MECHAN I SM OF MI X ING  

Most  of  the publ i cati ons on the mechan i sm of  the mi xi ng 

process have concerned mi xi ng of el astomer compounds of e l astomers 

and carbon bl ack . 

F . l .  Experi mental S tudi es of �1i xi ng Process 

Meder and May (M- 8 ) gave thei r attenti on to the i ncorporati on 

ti me of  carbon bl ack i nto oi l extended SBR . They used Brabender 

P l as tograph as a mi xer .  The transi ent Mooney vi s cos i ti es of the com­

pounds were meas ured . They found that the compounds i n  whi ch the 

i ncorporati on of carbon bl ack take o l ace s l owly show a pecul i ar 



Tab l e  1 1 -4 .  Advan tage an d Di s advantage of the Meas urement of  I nterparti c l e  Aggl omerati on 
and Di s pers i on 

Methods Advan tage Di sadvantage 
Opti cal and E l ectron 
Mi croscopy 

E l  ectri ca 1 
Conducti vi ty 

Smal l Ang le  L i ght 
Scatteri ng 

Surface Analys i s  

* Detai l o f  the aggl omerati on 
and di spers i on i s  c l ear  

* On  l i ne measurement i s  
poss i b l e  

* Theoreti cal bas i s  i s  
reasonably s trong 

* Measurement i s  rel ati vely 
easy and rapi d 

* On l i ne measurement i s  
i mposs i bl e  

* Tremendous l abor i s  
req ui red to get s tati s­
ti cal l y  rel i ab l e  
i nformati on 

* Quanti tati ve theory 
l acki ng 

* Reasonabl e conducti vi ty 
di fference between d is­
persed and matri x phase 
i s  req ui red 

* Experi mental resu l t may 
be i nsensi ti ve to the 
overal l shape of 
aggl omerates 

* Some res tri cti ons on 
expe ri mental sys tems 

* On l i ne measurement i s  
imposs i bl e  

* Quanti tati ve theory 
l acki ng  

w 
....., 



trans i ent  Mooney vi scos i ty .  The transi ent Mooney vi scosi ty shows 

mi n i ma and then i ncreases agai n .  They found that the di fference 

between the maxi ma and mi n i ma of the Mooney vi scos i ty i s  l arge when 

the i ncorporati on process occurs s l owly . The reason i s  not cl ear .  

Toki ta and Whi te ( T- l O ,T- 1 1 ) cl ass i fi ed the mi l l i ng process 
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of the el astomers i nto four regi ons . In  regi on I ,  the el as tomer i s  

sti ff and res i s ts deformati on , and breaks apart after pass i ng th rough 

the ni p reg i on . I n  regi on I I , the materi al  i s  i n  the rubbery s tate , 

and i s  more eas i ly deformed.  An el as ti c band i s  formed around the 

rol l .  Mi l l i ng and mi xi ng  are most  effecti ve i n  thi s  regi on . In 

regi on I I I , the band l oses ti ghtness , tears easi ly , or s ags . I n  

regi on I V ,  a smooth band forms around the rol l whi ch i s ,  however ,  not 

as e l asti c as i n  regi on I I .  

Toki ta and P l i s ki n  ( T- 9 )  and Di zon and Papazi an ( D- 9 )  

meas ured the trans i ent torques and power consumpti ons duri ng the mi x­

i n g  processes of the rubber and ca rbon bl ack compounds i n  the Brabender 

and Banbury mi xers . They rel ated the characteri sti cs of the transi ent 

torq ues and the steps of the mi xi ng process , i . e . , i ncorporati on of 

fi l l er ,  di spers i on mi xi ng , etc .  

Di zon and Papazi an ( D- 9 )  compared the total energy i nput wi th 

the l evel s of the di spers i on of carbon b l ack ( based on the mi croscopy 

methods and e l ectri cal res i sti vi ty meas urements ) and wi th the 

mechan i ca l  properti es of compounds such as the modul us , the tens i l e  

s trength and the el ongati on to break . They found that at a certai n 

l evel of  energy i nput , both the l evel of  the di spers i on and the 
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mechani ca l  properti es of compounds reached p l ateaus . The total energy 

i nput determi ned to comp l ete such p l ateaus was roughly 2 1 00 MJ/m3 . 

Freakl ey and Wan I dri s ( F-4 )  i n i ti ated fl ow vi s ua l i zati on 

s tudi es of polymeri c fl ui ds in an i n ternal  mi xer us i ng a model mi xer 

wi th a polymethyl methacryl ate wi ndow . The behavi or of a s i l i cone 

rubber was i nvesti gated . 

Nakaj i ma ( N- 1 } cons i dered the energy bal ance duri ng the mi xi ng 

process . He c l ass i fi ed the total energy i nto four regi ons , that i s , 

the energi es for the commi nuti on , the macroscopi c homogeni zati on , the 

i ncorporati on and di spers i on .  He compared these wi th the power i nput 

duri ng the mi xi ng process . 

Freak l ey et a l . ( F- 3 , F-4 )  and more recently Toki et al . ( T- 7 }  

have fol l O\'Ied the moti on o f  e l as tomers i n  a n  i nternal  mi xer us i ng 

s trategi cal ly  p l aced press ure transducers and fol l owi ng pressure 

vari ati ons wi th ti me . 

Whi te et al . (W- 2 )  have determi ned the fl ow patterns i n  mo l ten 

p l as ti cs i n  a two-di mens i onal  s i ngl e rotor mi xer where a rotor moves 

pas t  a fi xed bl ade . They used several types of  bl ades and found the 

formati ons of the vorti ce near the bl ades . The s i ze and the l ocati on 

of vorti ces are dependent upon the types of  polymers and the b l ades . 

More recen tly Mi n et a l . ( M- 1 5 ,M- 1 6 ,M- 1 7 )  have carri ed out 

the i ntensi ve s tudi es of the fl ow vi sua l i zati on us i ng an i nternal  

mi xer ( Haake Reocord ) .  The front panel and a part of the chamber 

wal l were repl aced by gl ass pl ates and the fl ow of e l astomer .was 

vi deo taped . They found the stagnant regi ons between two rotors for 

the el as tomers whi ch possess the sma l l e l ongation to break . 



F . 2 .  Theoreti cal  Background of Mi xi ng Process 

Few theoreti ca l works appear to deal wi th the mi xi ng process . 

These are mostly l i mi ted to di spers i ve mi xi ng .  

McKel vey ( M- 5 )  has consi dered the behavi or of an  aggl omerate 

whi ch cons i sts of two i denti cal ul timate parti cl es i n  a s i mp l e  s hear 

fl ow .  When a parti cl e i s  l ocated at the ori gi n  of the coordi nate , 

the path of the other parti c l e  i s  

exp [K y0 ( 1  - �) ] 
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2 R � r � r* ( 1 1 - 31 )  

where 

Here 

K = 61rRo 
F • 

a 

( x0 ,y0 ) i n i ti al l ocation of a parti cl e 

( x ,y )  l ocati on o f  a parti c l e  

R radi us of a parti cl e 

o shear s tress 

Fa attracti ve force between two parti cl es 

r center to center di stance 

( I I - 32 )  

r* cri ti cal center to center di s tance for the i nter-

acti on force . 

Late r ,  i n  1 982 , Hanas-Zi oczower ,  Ni r and Tadmor ( M- 2 )  have 

cons i dered the process of  di spers i ve mi xing i n  the i nternal  mi xer .  

They ass umed when hydrodynami c forces acti ng  o n  the aggl omerates 
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exceed cohes i ve forces i n  the aggl omerates , the rupture of aggl omerates 

occurs . Thi s  i s  the same as the assumpti on made by Bol en and Colwel l 

( B- 3 ) . 

Manas- Z l oczower et a l . ( M- 2 )  have proposed the vol ume fract ion 

of aggl omerates 

where 

Here 

(xt*)j -xt* y .  = . I e J J . 

t* = 1 . 
t 

j = 0 ,  l , 2 . . . m- 1 ( I I - 33 ) 

( I  I - 34 )  

Yj vol ume fracti on of aggl omerates whi ch have experi enced 

j times of rup ture 

j number of ruptures wh i ch aggl omerate experi enced 

t mi xi ng t ime 

t mean res i dence ti me i n  the wel l mi xed regi on of  the mi xer 

x : fracti on of broken aggl omerates duri ng  one pass through 

the gap . 

The s i ze of the aggl omerates whi ch experi enced j ti mes of rupture i s  

gi ven by 

D = 2-j /3  D j 0 

where o0 i s  the s i ze of  the i n i ti a l  aggl omerates . 

We shal l cal l thei r model of di spers i on a rupture mode l . 

( I  1 - 35 )  
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I n  1 982 , Shi ga and Furuta (S-4)  have proposed an oni on model 

of di spers i on .  I n  thei r model , the ul ti mate parti c l es are peel ed off 

from the s urface of the aggl omerates when they pass through the hi gh 

shear rate reg ion . The vol ume fracti on of the aggl omerates i s  

exp res sed by 

where 

Here 

en di s tri buti on functi on for the vol ume fracti on of  

aggl omerates after n revol uti ons of  rotor 

( 1 1 - 36 )  

( 1 1 - 37 )  

c0 i n i ti al di stri bution functi on for the vol ume fracti on of 

aggl omerates 

s cri ti cal n umber of pee l-off 

j n umber of peel -off 

dj s i ze of  aggl omerates experi enced j times of peel -off 

a cons tan t .  



CHAPTER I I I  

MATERIALS AND SM1PLE PREPARATION 

A .  �,1ATERIALS 

Two polymer matri ces were used i n  our i n vesti gati on of  

di spers i on .  These were a polypropyl ene (H i mont Profax 6523 )  and a 

polys tyrene ( Dow Styron 678D ) . Accordi ng to the techni ca l  data 

furni shed by the s uppl i ers , Mw = 300 ,000 and Mn = 50 , 000 for poly­

propyl ene , and Mw = 240 ,000 and Mn = 80 ,000 for polystyrene . 

A wi de range of  parti cul ates are i nvol ved i n  thi s �rogram. 

These cover a range of s i zes , shapes , surface coati ngs , etc . We have 

used a total o f  23  ki nds of parti cul ates . Speci fi cal l y ,  they 

i ncl ude fi ve cal ci um carbonates , s i x  steari c aci d s urface coated 

cal ci um carbonates , four carbon bl acks , t\om types of gl ass beads , 

tal c and s i l ane treated ta l c ,  three wol l astoni tes , and mi ca .  Among 

these parti cul ates , cal ci um carbonates cover the wi dest  range of 

parti cl e s i ze .  

The physi ca l  characteri sti cs of  the parti cl es are s ummari zed 

i n  Tabl es I I I - 1  and I I I - 2  as furn i shed by s uppl i ers . Tabl es I I I - 1  

and I I I-2  represent i sotropi c parti cul ates and ani sotrop i c  parti cu­

l ates , res pecti ve ly . Average parti cl e di ameters menti oned i n  these 

tabl es were determi ned by transmi s s i on el ectron mi croscopy (TEM) by 

each s uppl i e r .  
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Tabl e I I I - 1 . Characteri zati on of  Isotropi c and Ani sotropi c  Parti c l es Studi ed i n  Thi s Program 

BET Average DBP* 
Type Suppl i e r  Grade Densi ty Surface Area Di ameter  Coati ng Absorpti on 

( q/cm3) (m2/g) ( urn) ( cm2/ l 00g) 
Cal ci um Pfi zer t1arbl e  2 .  7 1  1 . 2 1 7  
Carbonate \�h i  te 325 

Vi cron 2 .  7 1  8 . 0  0 . 4  
A1 bag1 os 2 .  7 1  B . O  0 . 4  
�4u1 ti fex M�1 2 .  71 20 0 . 07 
Phi nyl  402 2 .  7 1  - 5 . 0  S teari c 

Aci d 
H i  -Pflex  2 . 7 1  3 . 5  3 . 0  Steari c 

Aci d 
Super-Pfl ex 2 . 7 1 6 . 0  0 . 5  Steari c 

Aci d 

Ul tra-Pfl ex 2 .  7 1  20 0 . 07 Steari c 
Aci d 

Thompson Atomi te 2 . 71 2 . 8  3 . 0  
Wei nman Kotami te 2 .  7 1  2 . 8  3 . 0  Steari c 

Aci d 

Supercoat 2 .  71 7 . 7 1 . 0 Steari c 
Aci d 

Carbon Huber N990 l . B 8 0 . 32 - 42 
Bl ack N 326 1 . 8 80 0 . 026 - 7 1  

N351 1 . 8 78 0 . 028 - 1 2 1 .s::. .s::. 



Tab l e  I I I - 1  ( conti nued ) 

Type Suppl i e r  

Carbon Conti nental 
B l ack Carbon 
Gl ass Ferro 
Bead 

*Di butyl phtha l ate . 

Grade 

FEF- LS 
N542 
PF- 1 0-R 
PF- 1 0-S 

BET Averaqe DBP* 
Densi ty Surface Area Di ameter Coati ng Absorpti on 
(g/cm3) {m2/g

) _ _ _ (JJmL _____ _ __ ___ _(cm2! l OOg ) 
1 .  8 - 0 .  045 

2 . 5  
2 . 5  

60? 
60? 

-'='" U'1 



Tabl e 1 1 1 - 2 .  Characteri zati on of  An i sotropi c Parti c les S tudi ed i n  Thi s  Program 

BET Average 
Type Suppl ier  Grade Dens i ty Surface Area Di ameter 

(g/cm3} (m2/g) ().lm} 
Tal c Pfi zer CP 1 0-40 2 . 75 - 1 . 9 

Mi cro Pfl ex 2 . 75 - 1 . 5 
Mi ca Engl i sh Mi cro Mi ca 2 . 84 - ( 5- 1 0 ) x0 . 5 

r�; ca C- 3000 
Wol l astoni e  R .  T .  Vans i l H- 1 0  2 . 9  - 20 

Vanderbi 1 t  Vans i l W-20 2 . 9 1 1  -

Vansi l  W- 30 2 . 9  - 6 

Coati ng 

Si l ane 

� en 
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B. PREPARATION OF  SAMPLES 

The matri x polymer (pol ypropyl ene and polystyrene } and the 

parti cul ates were mi xed us i n g  both a two rol l  mi l l  ( Farrel  Corp . } and 

an i n ternal  mi xer ( C .  14 . Brabender Pl astograph } . The ro l l s  of the 

Farrel two rol l mi l l  have a di ameter of 3 i n ches and 7 i nches i n  

l ength . Rol l  speeds duri ng mi xi ng were 20 ft/mi n and 6 ft/mi n for 

front and real rol l s ,  respecti vely . 

A C .  �4 . Brabender i nternal  mi xer wi th CAM rotors i s  used . The 

capaci ty of  mi xi ng chamber i s  about 70 cm3 . The rotati onal  speeds 

duri ng mi xi ng were 25 rpm and 50 rpm .  t•1achi ne d imensi ons and  mi xi ng  

condi ti ons are summari zed i n  Tabl e I I I- 3 .  Fi gures I I I - 1  and I I I - 2  

show the photographs of  the two rol l  uni t and the i nternal mi xer used 

i n  thi s study .  The CAt4 rotor i s  sketched i n  Fi gure I I I - 3 .  

The compoundi ng procedure \'las as fol l ows . Al l fi l l ers were 

dri ed i n  a vacuum oven at 1 00°C for 24 hours . The matri x polymer was 

fi rst me l ted on the ro l l  of two rol l mi l l  o r  i n  the chamber of  the 

i nternal mi xer .  Fi l l er was then added . The peri od to i ntroduce 

fi l l er i nto the matri x pol ymer phase i s  dependent upon the amoun t  and 

types of fi l l ers . The mi xi ng ti mes were determi ned from the i ns tant 

tha t  al l fi l l er had been taken i nto the polymer phase . Thi s was 

determi ned by observations from the top of  the i nternal  mi xer 

chamber .  I t  s hou l d be noted that we di d not s tart counti ng mi xi ng 

t ime i mmedi ate ly  after the fi l l e r  was added , but after a l l fi l l er was 

taken i nto the polymer phase . The mi xi ng procedure i s  s ummari zed i n  

Fi gure I I I - 4 .  



Tabl e  I I I- 3 .  Mach i ne Dimens i ons and Mi xi ng Condi ti ons 

Method Condi ti ons 
Two rol l  mi l l  ( TRM ) 
( man ufactured by 
Farrel ) 

I nternal Mi xer ( IM )  
(manufactured by 
C .  W .  Barbender -
P l  as tograph ) 

Rol l  di ameter - 3 i nches 
Ro l l  l ength - 7 i nches 
Hi l l  rol l speeds 

Front - 20 ft/mi n 
Rear - 7 ft/mi n 

Ni p di s tance - vari ab l e  

Rotor type - CAM 
Chamber capaci ty - 70 cm3 

Rotati onal speed - 25 rpm or  50 rpm 
Di stance between rotor ti p and 
chamber - 0 . 1 05 em 
Rotor radi us - 1 . 855 em 
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( a }  Overa l l Vi ew 

( b )  Ro 1 1  ers 

Fi gure I I  1 - 1 . Two rol l  mi l l . ( Farrel ) 
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( a )  Overa l l V iew 

( b )  CAM Rotors 

Fi gure 1 1 1 - 2 . Internal  mi xer .  ( C .  W .  Brabender P l as tograp h )  



Fi gure I I I - 3 .  Schematic drawi ng of CAM rotor .  
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I NTERNAL M I X E R  
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( I I )  ( I l l )  

Fi l ler added Al l  fi l ler taken into matrix 

�xing time 

I - - -� 

Fi gure 1 1 1 -4 .  Mi xi ng processes i n  the present research . 
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The standard mi xi ng  temperatures i n  thi s study are 1 75°C  for 

po lypropyl ene , and 1 50°C fo r po lystyrene . The mi xi ng times were 

20 mi nutes for two rol l  mi l l , and 0 to 20 mi nutes for the i nternal  

mi xer.  

The vo l ume fracti on of  fi l l ers was determi ned from 
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( I  I I - 1 ) 

where Wf i s  the wei ght fracti on of fi l l er ,  p f i s  the dens i ty of the 

fi l l er ,  and P p  i s  the dens i ty of  matri x po lymer at 1 80°C .  The 

vol ume fracti on of  the compounds orepared vari ed from 0 . 05 to 0 . 30 .  

r-1i xes were removed from mi xers and broken i nto sma 1 1  p i eces . 

These were compress i on mol ded at 200°C . The thi ckness of compress ion 

mo l ded fi l ms was �1 00 �m for opti cal mi croscopy and for sma l l ang le  
. 

l i ght scatteri ng ( SALS ) ,  and 0 . 36 mm for the e l ectri c conducti vi ty 

meas urement .  Ferro type sta i n l ess  steel p l ates ( Photo Materi a l s I nc . ) 

were used i n  the compres s i on mol di ng process to obta i n  a smooth 

surface . Fi l ms \'lere quenched i n  water after compress i on mol di ng . 

S i x  types of  ABS res i ns were empl oyed to compare thei r 

rheo l ogi cal  characteri s ti cs wi th the smal l sol i d  parti cl e fi l l ed 

po 1 yme r me 1 ts . 



CHAPTER I V  

RHEOLOGI CAL PROPERT I ES O F  POLYMER MELTS 

AND THE I R  COMPOUNDS 

A .  I NTRODUCTI ON 

Thi s  study conta i ns an experi mental study of the rheo l ogi cal 

behavi or of polymer mel ts and thei r parti c l e  fi l l ed compounds . The 

materi a l s  i nc l ude polystyrene , polypropyl ene , cal ci um carbonate fi l l ed 

polystyrene and ABS { acryl oni tri l e-butadi ene-s tyrene b l ock copolymer)  

res i ns wh i ch cons i st of SAN ( s tyrene-acryl oni tri l e )  thermop l asti cs 

wi th cros s l i nked polybutadi ene g l ubu l es wh i ch have been grafted to 

the matri x duri ng  the polymeri zati on process .  

The meas urements we present were obtai ned on a capi l l ary 

rheomete r ( r1ons an to Processabi l i ty Tes ter )  and i n  a cone-p 1 ate 

i nstrument ( Rheometri es ��chani cal  Spectrometer) . Steady s tate shear 

vi scos i ty � (y )  and dynami c measurements of storage and l oss modu l i 

G ' (w )  and G" (w )  and dynami c vi scos i ty � ' ( w )  have been determi ned . 

The meas urements of � ( y )  i ncl ude both the capi l l ary rheometer and 

the cone-pl ate rheometer.  G' (w ) , G" (w )  and � ·  ( w )  were determi ned by 

osci l l ati ng the cone rel ati ve to the p l ate i n  the cone-pl a te 

i nstrument . We a l so report extrudate swe l l behavi or of cal ci um 

carbonate fi l l ed polys tyrene compounds . 
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B .  POLYMER MELTS 

B . l .  Res ul ts 

S teady state vi scos i ty behavi or of unfi l l ed polypropyl ene and 

polys tyrene are gi ven as a function of s hear rate i n  Fi gure I V- 1 . 

The measurement temperatures are 1 75°C for polypropylene and 1 50°C , 

1 80°C , and 21 0°C for polystyrene . Polystyrene changes vi scos i ty 

drasti cal l y  wi th temperature . 

8 . 2 .  Di scuss i on 
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These res i ns were used as matri x polymers to make smal l 

parti c le  fi l l ed compounds . The standard mi xi ng temperature duri ng 

mi x i ng both in  a two rol l mi l l  and an i nterna l m ixer was 1 75°C for 

polypropyl ene and 1 50°C for polystyrene . We note that  polystyrene 

has a greater vi scos i ty than polypropyl ene at the mi xi ng temperature . 

C .  CALCI UM CARBONATE FI LLED THERMOPLASTI CS 

C . l . Res ul ts 

The characteri sti cs of the steady state shear vi scos i ty of 

cal ci um carbonate fi l l ed pol ystyrene compounds are shown i n  Fi gures 

I V-2  through I V-4 . The l ow shear rate vi scos i ty data i n  these 

fi gures are quoted from the r� . S .  thes i s  by Suetsugu (S- 1  o ) ,  and 

Suetsugu and Wh i te (S- 1 1  ) . 

Fi gure I V-2  shows the steady state shear v iscos i ty of the 

vari ous uncoated cal ci um carbonate fi l l ed polys tyrene compounds . The 

vol ume fracti ons $ of these compounds are 0 . 30 and the nomi nal  
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Fi gure I V- 2 .  Shear v iscos i ty o f  uncoated ca l ci um car­
bonate fi l l ed polystyrene as a function 
of shear rate . 
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Fi gure I V- 3 .  Shear vi scos i ty o f  steari c aci d coated cal ci um 
carbonate fi l l ed polystyrene as a functi on of 
s hear rate . 
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Fi gure I V-4 . Shear v i s cos i ty of uncoated cal c i um carbonate 
fi l l ed pol ystyrene as a functi on of shear rate . 
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parti c le  s i zes of cal ci um carbonate are 0 . 07 , 0 . 4 ,  3 . 0 , and 1 7  �m. 

The measurement temperature i s  1 80°C . 
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The unfi l l ed polys tyrene exh i bi ts a Newtoni an regi on at the 

l ow shear rate regi on . Uncoated ca l c i um carbonate fi l l ed oolys tyrene 

compounds , however , show non-Newtoni an behavi or over a l l the shear 

rate range . The vi scos i ty di fference between the fi l l ed systems and 

the unfi l l ed system i s  the greatest i n  the l ow shear rate regi on . 

Thi s  behavi or i s  pronounced i n  the sampl es wi th the sma l l er average 

parti c l e  s i ze . Thi s  i ndi cates the exi stence of the yi el d stress . 

Fi gure I V-3 shows the vi scos i ty of steari c aci d coated cal c i um 

carbonate fi l l ed pol ystyrene . Aga i n  vol ume fracti on of fi l l er  i s  

0 . 30 for a l l compounds . I t  i s  cl ear that the steari c aci d coati ng 

of cal c i um carbonate reduces the vi scos i ty of comoounds remarkably ,  

especi a l ly  i n  the l ow s hear rate regi on . Thi s  i mp l i es that the yie l d  

stress i s  reduced remarkably by steari c aci d  coati ng .  

The effect o f  vol ume l oadi ng l evel i s  shown i n  Fi gure I V-4 for 

uncoated cal c i um carbonate fi l l ed �olystyrene wi th average parti c le  

s i ze of 0 . 07  �m. Vol ume fracti ons of fi l l er are 0 . 0 ,  0 . 1 0 ,  and 0 . 30 .  

(The l ow shear rate data are not pl otted for � =  0 . 1 0 . ) The shear 

v iscos i ty i s  reduced wi th decreas i ng l oadi ng l evel of fi l l e r .  

C . 2 .  Di scus s i on 

The rheol ogi cal properti es of smal l parti c l e  fi l l ed polymer 

mel ts are s trongly dependent upon the type , shape , s i ze ,  vol ume 

fracti on and s urface coati ng of the fi l l er .  Thi s  was reported and 
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di scussed extens i vely by the earl i er authors ( A- l ,A-2 ,A- 3 , C- l , H-2 , H- 3 ,  

H-4 , L- l  , L-6 ,M- 1 8 ,M- 1 9 ,M-21  , M-22 ,M-23 ,P-2 ,P- 3 ,S- 1 0 , S- l l ,S- 1 2· ,T- 3 ) . 

The yi e l d stress of the cal ci um carbonate/polystyrene compounds 

have been reported by Suetsugu and Wh i te ( S- 1 1 ) .  The yi e l d stress 

decreases roug hly i n vers ely w i th i ncreasi ng part i c l e s i ze.  The 

s teari c aci d surface coati ng of cal ci um carbonate reduces the yi el d 

stress . 

D .  ABS RES I NS 

D .  1 .  Resul ts 

Fi gures I V- 5  through I V- 7  exhi bi t the characteri sti cs of ABS 

res i ns .  Fi gure I V-5  shows the dynami c vi scos i ty n • as a functi on of 

frequency . The content of rubber i n  ABS res i ns vari es from 0 . 05 to 

0 . 30 .  The Newtoni an regi on i n  the l ow shear rate regi on di sappears 

wi th i ncreas i ng content of rubber .  

The v i s cosi ty i ncreases wi th i ncreas i ng l evel of rubber 

g lobul e .  Thi s behavi or i s  pronounced i n  . the l ow frequency regi on . 

ABS res i ns wi th h i gh rubber content exh i b i t  yi e l d s tresses ( see 

Fi gure I V-5 ) .  

Storage modul i  G 1  and l oss modul i  G .. of ABS res i ns are 

exhi bi ted i n  Fi gures I V-6 and I V- 7 ,  respecti vel y .  Both storage and 

l oss modul i  i ncreases as rubber content i ncreases . Thi s  i s  more 

pronounced i n  the l ow frequency regi on . · The l oss  modul us of  the 

hi ghes t rubber content ABS ( �  = 0 . 30 )  shows a p l ateau i n  the l ow 

frequency region . 
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Fi gure I V- 5 .  Dynami c vi scos i ty as a functi on of freq uen cy 
for ABS res i ns . 
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A BS at  1 80°C 
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Fi gure I V-6 . Storage modul us as a functi on of freq uency 
for ABS res i ns . 
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Fi gure IV- 7 .  Loss modul us as a functi on of  frequen cy 
for ABS res ins . 
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0 . 2 .  Di s cuss i on 

Steady s tate vi scos i ti es of vari ous ABS res i ns are p l otted as 

a functi on of shear  s tress i n  Fi gure I V-8 .  l�hen the content of 

rubber gl obul es i s  l ow ,  the vi scos i ty i s  constant at l ow shear stress 

( l ow shear rate regi on ) and possesses a Newtoni an regi on . The 

vi scos i ti es tend to i nfi ni ty at certai n shear s tresses , as the vol ume 

content of rubber i ncreases . These asymptoti c shear s tresses are 

cons i dered y i el d  stresses . 

The yi el d s tresses have been obtai ned from Casson ' s  p l ots 

( C-2 ) .  Casson ' s  equati on i s :  

l /2 = y l /2 + ky· l / 2  
01 2  f ( I V- 1 ) 

where o1 2  i s  the shear s tress , Y i s  the yi e ld  stress , and k i s  a 

constant . 

Fi gure I V-9  shows Casson ' s  p l ot for vari ous ABS res i ns .  Thi s  

p l ot covers the l ow shear rate regi on only ( 1  x 1 0- 2  
< y < 1 x 1 0-1 ) .  

The yi el d s tress i s  eva l uated as an extrapol ated val ue of o1 2  to 

y = 0 .  The yi el d stress o f  l owes t  vol ume content ABS reg i on ( �  = 0 . 05 )  

i s  c l ose  to zero . The yi el d stress cl early i ncreases wi th i ncreas i ng 

content o f  rubber .  The yi e l d  s tresses of these ABS res i ns obtai ned 

by l i near l eas t square method are summari zed i n  Tabl e I V- 1 . 

Suetsugu ( S- 1 0) proposed an empi ri cal exp ress i on for the yi e l d  

stress for smal l parti c l e  fi l l ed polymer mel ts o f  the form : 
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Fi gure I V-8 .  Vi scos i ty as  a functi on of  stress  for ABS 
res i ns .  
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Tab l e  I V- 1 . Y i el d  Stresses of ABS Resi ns wi th Vari ous Rubber Content 

Rubber Content 
cp 

0 . 05 
0 . 1 0  
0 . 1 5  
0 . 20 
0 . 25 
0 . 30 

where : 

n.a 
y = c ....%.__ f dpb 

Y f steady state yi el d stress ; 

c constant ; 

cp vol ume fracti on ; 

dp parti cl e di ameter ;  

a , b  power i ndi ces . 

Yi el d Stress 
yf 

Pa 

'V 0  2 1 . 27  X 1 02 3 . 82 X 1 03 1 . 07 X 1 03 2 . 69 X 1 03 8 . 97 X 1 0  

( I V-2 ) 

The exponents a and b were determi ned for vari ous fi l l ed sys tems 

( S- 1 0 ) . The above equati on may be rewri tten as : 

l og Yf = l og ( c/dpb ) + a  l og cp ( I V-3 ) 

l og Yf vers us l og cp has been gi ven i n  Fi gure I V- 1 0 .  Strai gh t  

l i ne shows a best fi t wi th l eas t square method . The experi mental data 

i s  reasonably  characteri zed by a s trai ght l i ne .  A power i ndex 

b = 3 . 77 i s  obtai ned . 
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Yf = 5 . 89 X 1 05 • �3 • 77  . ( I V-4 )  

Thi s  i s  compared wi th earl ier  work by vari ous authors i n  Tabl e I V-2 . 

The experimental ly obtai ned yi el d stresses Yf i s , however ,  

better characteri zed i n  a semi l ogari thmi c pl ot o f  l og Yf vers us � as 

s hown i n  Fi gure I V- 1 1 .  The agreement wi th a stra i gh t  l i ne i s  

excel l ent .  We obta i n  

( I V- 5 )  

The yi el d s tress  o f  a smal l parti c le  fi l l ed system woul d then be 

characteri zed by 

( I V- 6 )  

E .  DI E SWELL 

E . l .  Res ul ts and Di scuss i on 

Extrudate swel l d/D was determi ned for polystyrene/ca l ci um 

carbonate compounds . Here d and D denote the di ameter  of  the 

extrudate and capi l l ary di e , respecti ve ly . 

Fi gures I V- 1 2  and I V- 1 3 exhi bi t extrudate swel l as a functi on 

of shear s tress at wal l  for the polys tyrene/uncoated and coated 

cal ci um carbonate systems ( dp = 1 7  �m and 0 . 07 �m , � = 0 . 30 ) . L/D 

( l ength/di ameter of di e )  rati os are i ndi cated i n  the fi gures . The 

extrudate swel l shows a marked decrease wi th decreas i ng parti cl e s i ze .  



Tabl e I V-2  . .. a ,  .. 1 1 b 1 1 and 11 C 11 Val ues i n  Eq uati on ( I V- 3 )  for Vari ous Compounds 

Average 
Parti cl e 

Si ze Vol ume Loadi ng  
Samp l e  _{_l!m)_ ( vo l % )  

CB/P I B  0 . 02 9 ,  1 3  

CB/PS 0 . 01 9 20 , 25  

CB/PS 0 . 045 20 , 30 

CB/PS 0 . 045 20 , 30 

Uncoated CaC0 3/PS  1 7 , 3 30 
0 . 5 ,  0 . 07 

Coated CaCO/PS 0 . 5 ,  0 . 07 30 

G l ass Bead/PE 36 1 1 . 8 ,  1 9 . 2 ,  2 3 . 5 

Gl ass Bead/PE 68 . 2  1 9 . 2 ,  25 . 2 ,  33 . 5  

Gl ass  Bal l oon/PE 52 . 9  25 . 0 ,  30 . 2 ,  45 . 2  

Gl ass  Bal l oon/PE 73 . 8  2 3 . 0 ,  35 . 0 ,  42 . 0  

Si l as bal l oon/PS ? 8 "' 55 

ABS 0 .  05 , 0 .  1 0 ,  0 .  1 5  
0 . 20 ,  0 . 25 ,  0 . 30 

a b 

2 . 5  

7 . 2  
1 . 6* 

3 . 1  

3 .  1 

- 1 . 1 

- 0 . 9  

2 . 8  
? 

5 . 6  

4 . 0  
1 . 4** 

2 . 1  

2 . 6  -

3 . 77  -

c 

-

-

-

-

References 

Vi nogradov et a l . ( V- 3 )  

Lobe and  Whi te ( L-6 ) 
Tanaka and Wh i te ( T- 2 )  

Kataoka et  a l . ( K- 9 }  

Kataoka et a l . ( K- 9 )  

The p resent work 
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*Eva l uated  for 0 . 25 � � � 0 . 3 .  **Eval uated for 0 . 42 � � � 0 . 452 . 
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Steari c aci d coated cal ci um carbonate com�ounds exhi bi t greater swel l 

than the uncoated compounds . 

A strong corre l ati on may be found wi th y i e l d stresses of 

compounds . We may summari ze the y i el d stresses previ ous ly  obtai ned 

(S- l O ,S- 1 1 ) , and the extrudate swel l of compounds as : 

Extrudate Swel l :  Coat , 1 7  11m > Unc ,  1 7  \.lm > Coat ,  0 . 07 \.lm » Unc ,  0 . 07 \.lm 

Y ie l d Stress  
( Pa ) 

"'0 
. . 2 • 3 < 7 . 0 x l 0 < l . O x l O « 



CHAPTER V 

SEDI MENTATION VOLUME EXPERI MENT 

A .  I NTRODUCTION 

The sedimentation vol ume experi ment i s  one of the s i mpl est  

methods of  cha racteri z ing  parti cl e-parti cle  i n teracti on . 

Thi s  method has a l ong hi story .  I t  i s  descri bed by Freundl i ch 

and Jul i usbuger ( F- 7 ) i n  1 934 . They mi xed sol nhofen s l ate ( 95- 96% 

Caco3 ) and quartz powder wi th pure and seawater i n  test tubes . They 

found that the mi xtures of powder and l iqui d  whi ch had a l arge 

sedi mentati on vol ume show rheol ogi cal properti es of pl asti c i ty and 

thi xotrophy . later Freundl i ch and Jones ( F- 5 ) carri ed out sedimenta­

ti on vol ume experi ments q ui te extensi vely .  They used a range of 

parti cul ates i ncl udi ng ti tan i um di oxi de and graphi te . 

Uni q ue rheol ogi ca l  properties s uch as y ie l d s tress  and 

thi xotropi c t ime dependent phenomenon of smal l parti cul ate fi l l ed 

polymer mel ts appear  to be strong ly  rel ated to the i nterparti cl e 

i nteracti on forces ( S- l O , S- 1 1 ) . As parti cl e-parti c l e  i nteracti on 

i ncreases , the yi e l d  s tress of mel t compounds i ncreases . Pecul i ar 

rheo l ogi ca l  properties of  smal l parti c l e  fi l l ed po lymer me l ts pre­

s umably res u l t from the structure formed by parti cu l ates i n  the 

compound .  

The magni tude of the sedi mentati on vol ume whi ch i s  rel ated to 

the parti cl e-parti cl e i nteracti on forces may be rel atabl e to the 
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abi l i ty to di sperse parti cul ates as wel l as the pecul i ar rheol ogi ca l  

properti es of the compound . 

B .  EXPERIMENTAL PROCEDURE 

The sedi mentati on vol umes of vari ous fi l l ers were measured i n  
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the vehi c l e  sol vents . Tol uene and hexane were chosen as the vehi cl es 

because of  the s i mi l ari ti es of  thei r chemi cal s tructure to the matri x 

polymers emp l oyed i n  the present research . Tol uene represents 

polystyrene : 

Tol uene : 

Polystyrene :  t H H t  c - c ©; H n 

Hexane represents polypropyl ene : 

Hexane : 

Polypropyl ene : f � - � t  CH � H ill 

Fi l l ers were dri ed i n  a vacuum oven at 1 00°C for a peri od of 

24 hours , and were s ubstanti al ly wei ghed . Fi l l ers and sol vent  were 

mi xed i n  the tes t  tubes ( 1 3  mm x 1 00 mm) for 20 mi nutes by hand­

shak i n g .  Tes t tubes were carefu l ly cl eaned wi th sol ven t  i n  advance . 

Openi ngs of the test  tubes were seal ed wi th rubber s toppers and tefl on 
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fi l m .  The vol ume fraction of fi l l ers used were 0 . 05 and 0 .  1 0 . The 

total vol ume of fi l l er and sol vent i n  a tes t tube i s  6 . 0  cm3 . 

The tes t tubes were pl aced i n  stands on a l aboratory tabl e  to 

observe s edimentati on . The hei ghts of the sedi mented fi l l ers were 

meas ured wi th a sca l e as a function of time .  

Thi s  p rocedure was repeated at l east three times for a s i ngl e  

fi l l er  to obta i n average val ues . 

C .  RESULTS 

C . l .  General and Defi n i ti ons 

Two types of representati ons have been used to descri be the 

res u l ts of these experiments . 

Rel ati ve Sedi mentati on Vol ume : 

vsed R = ----- { - ) vbf 

Porosi ty of Structure : 

v - v sed bf  x 1 00 vsed 
( % )  

( V- 1 ) 

( V-2 ) 

where Vsed denotes the sedi mentati on vol ume of fi l l er and Vbf  denotes 

the bul k fi l l er vol ume . The functi on R i s  s i mply a ratio of sedimen­

tation vol ume and bul k fi l l er  vol ume . The quanti ty e means the 

percentage of  the l i qui d phase i n  a total sedi ment . 
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We note that functi ons R and e i ncrease as the sedi mentation 

vol ume i ncreases . 

The characteri s ti cs of  these functi ons are as fol l ows . 

Smal l es t  Sedi mentation Largest Sed imentati on 
Vol ume Vol ume 

R :  1 /f 1 /$ 

€ :  ( 1 - f ) X 1 00 ( 1 - cj> )  X 1 00 

where f i s  a fi 1 1  factor o f  l atti ce and e i s  a vol ume fraction  of 

fi l l er i n  s uspens i o n .  We note the greates t sedi mentati on vol ume i s  

eq ui val ent to the total vol ume of suspensi on .  Tab le  V- 1 s ummari zes 

the mi n i ma and maxima of these functi ons at the vol ume tracti on of 

0 . 05 for vari ous l atti ces . 

Tabl e V- 1 .  Ranges of  R and e for Various Latti ces at <P = 0 . 05 

Latti ce 
S imp l e Cubi c (SC ) 
Body Centered Cubi c ( BCC ) 
Hexagonal Cl ose- Packed (HCP ) 

<P = 0 . 05 .  

C . 2 .  Trans i en ts 

f 
0 . 5236 
0 . 6803 
0 . 7405 

R 
1 . 91 -20 . 0  
1 . 47-20 . 0  
1 . 35-20 . 0  

47 . 6-95 . 0  
32 . 0- 95 . 0  
26 . 0-95 . 0  

The trans i ent behavi ors o f  the rel at i ve sedi mentation vol ume 

function R are rep resented i n  Fi gures V- 1 through V-4 for vari ous 

parti cul ates . The vol ume fraction of fi l l er  i s  0 . 05 for al l systems . 

Fi gure V- 1 s hows the behavi or of tol uene/uncoated cal ci um 

carbonates s uspens ions . The nomi na l ul timate parti cl e di ameter vari ed 
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from 0 . 07 pm to 1 7  pm . I t  appears that the process of sedi mentati on 

termi nates wi thi n 30 mi n utes after settl i ng i n  the test tubes . 

Sedi mentati on vol umes then mai ntai n cons tan t  val ues . Sedi mentat ion 

vol umes are unchanged even after 50 hours . 
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The rel ati ve sedi mentati on vo l ume i n creases wi th decreasi ng 

nomi nal ul ti mate parti cl e s i ze .  I t  shoul d be noted that the sedi menta­

ti on vol ume of the sma l l est  cal ci um carbonates i s  twenty times 

greater than the bul k fi l l er vol ume . The poros i ty of i ts s tructure 

e i s  i ndi cated for a l l  parti cul ates . We note that more than 90% of 

sedi mentati on vol umes of the two smal l est  uncoated cal c i um carbonates 

( dp = 0 . 07 and 0 . 4  pm) are occupied by l iq u i d  phase . These form 

h i gh ly  porous structures . 

Resul ts of tol uene/coated ca l ci um carbonates systems are 

shown i n  Fi gure V- 2 .  Steari c aci d surface coated cal ci um carbonates 

take l onger ti mes than uncoated cal ci um carbonates to termi nate the 

sedimentation process . I t  takes about 1 00 to 300 mi nutes for coated 

ca l ci um carbonates . These aga i n  mai ntai n constant sedi mentati on 

vol umes for nearly 50 hours . 

Smal l er parti cul ates show greater sedi mentation vol umes . 

Equi l i bri um val ues of  R are , however ,  much smal l er than those of 

uncoated cal ci um carbonates . Rel ati ve sedi mentati on vol umes R for 

steari c aci d  s urface coated cal ci um carbonates a re  l ess  than 50% of 

R for uncoated cal ci um carbonates . 

Fi gure V- 3 shows the val ues of R for three types of carbon 

b l acks and two types of gl ass beads i n  tol uene . The sed imentati on 

process for carbon b l acks termi nates wi thi n 30 mi nutes . 



Two types of gl ass beads ( dp = 60 �m ) whi ch have di fferent 

s urface treatments possess the same R val ues . The sedi mentation 

process of these termi nated ri ght after the test tubes were set i n  

the stand . The R va l ues of these are as l ow as 2 .  

The trans i ent behavi or o f  rel ati ve sedi mentati on vo l ume R for 

vari ous ani sotrop i c  fi l l ers i s  shown i n  Fi gure V-4 .  Thi s  i ncl udes 

tal c ,  s i l ane surface treated tal c ,  mi ca and three types of 
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wol l aston i tes . 

needl e  shapes . 

Tal c  and mi ca have di sc  shapes and wol l astoni tes have 

The sedi mentation process of  three types of 

wol l as toni te termi nate wi thi n 1 0  mi nutes and these possess very l ow 

rel ati ve sedi mentation vol umes ranging  4 to 6 roughly . 

C .  3 .  Egui l i bri urn 

Fi gures V-Sa and V-Sb di spl ay photographs of  sedi mentation 

vo l ume experi ments for tol uene/ca l ci um carbonate systems at equ i­

l i bri um s ta te .  

Fi gure V-Sa shows the effect of parti c l e  s i ze i n  tol uene/ 

uncoated cal ci um carbonate sys tems . Nomi nal  parti c l e  di ameters are 

i ncl uded i n  the photograph . The vol ume fraction  of fi l l er i s  same 

for a l l s amp l es and i s  0 . 05 .  Sedi mentati on vol ume i s  strongly 

affected by parti c l e s i ze. Sedi menta t : on vol ume rapi dly i ncreases 

as the s i ze of parti cul ates decreases . 

Fi gure V- Sb compares uncoated and s teari c aci d surface coated 

cal c i um carbonates for two di fferent ul t imate parti c l e s i zes . I t  i s  

s hown that s teari c aci d s urface treatment reduces sed imentati on  

vol ume at  the same parti cl e si ze . 



Toluene/Uncoated CaCOJ ¢= 0.05 

( a )  E ffect of particle si ze 
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( b )  Effect of surface coa rting 

�i gure V- 5 .  Photographs o f  sedimentati on vol ume experiment at 
eq ui l i bri um state . 
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Fi gure V-6 compares re l ati ve sedi mentation vol ume R at two 

di fferent vol ume fractions , that i s , 0 . 05 and 0 . 1 0 .  Val ues of R ,  i n  

general , decrease s l i ghtly wi th i ncreas i ng vol ume fracti on o f  fi l l er .  

The structure formed by parti cul ates i s  more dense at greater vol ume 

fracti ons .  Thi s  may be due to the sma l l er average di stance between 

parti cul ates i n  s uspensi on at h i gher vol ume fracti ons . I n  addi ti on , 

the s tructure of parti cul ates may co l l apse more eas i ly  due to the 

wei ght of sedi mented parti cul ates as the hei ght of sedimentati on 

i ncreases at h i gher vol ume fracti on . (The hei ght of sedi mentati on 

i n  a test tube i s  twi ce as l arge at � =  0 . 1 0  when the val ue of R i s  

constant for � =  0 . 05 and 0 . 1 0 . ) 

I t  i s  di ffi cu l t to obta in  val ues of R for some parti cul ates at 

the 0 . 1 0  vol ume l oadi ng , that i s ,  the trans i ent and steady state 

val ues of  R exceed 1 0  whi ch i s  the maxi mum al l owab l e  val ue of R i n  

our apparatus for $ =  0 . 1 0 .  These parti cul ates i ncl ude the two 

uncoated cal ci um carbonates ( dp = 0 . 4  �m and 0 . 07 �m ) , tal c  and mi ca . 

Fi gure V- 7 shows rel ati ve sedi mentati on vol ume R as a functi on 

of nomi nal ul t imate parti cl e di ameter dp for al l i sotropi c parti cu­

l ates i nvol ved i n  thi s  study .  The vol ume fracti on i s  0 . 05 for a l l 

parti cul ates . Both tol uene and hexane data are contai ned i n  th i s  

fi gure .  The type of veh i c l e  sol vents does not have a strong effect 

on sedi mentati on vol umes . 

The cal ci um carbonates have the greatest rel ati ve 

sedi mentati on vol ume R at cons tant nomi nal ul ti mate parti c l e  s i ze .  

A s trong correl ati on between rel ati ve sedi mentati on vol ume R and 
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u l ti mate parti c l e  s i ze i s  found . As parti c le  s i ze decreases , 

sed imentati on vol ume i ncreases rapi d ly .  The fi nest cal c i um carbonate 

( dp = 0 . 07 �m ) shows a smal l er rel ati ve sedi mentati on vol ume R than 

the extrapol ated val ue wi th the three other si zes of uncoated cal ci um 

carbonates . Th i s  may be due to the restri cti ons of experi ment .  The 

upper l i mi t  of rel ati ve sedi mentati on vol ume i s  20 at the vol ume 

fracti on of 0 . 05 . Vol ume of sedimentation becomes i denti ca l  to the 

total vol ume of sol vent and parti cul ates at R = 20 for a suspens i on 

of cp 0 . 05 .  

The effect of  s teari c aci d surface coati ng i s  c l ear . Surface 

treatment of cal ci um carbonates reduces rel ati ve sedimentati on vol ume 

more than 50% . There i s  agai n a strong corre l ati on between sedimenta­

ti on vol ume and ul ti mate parti cl e s i ze .  Re l ati ve sedi mentati on vol ume 

i ncreases as u l timate parti cl e si ze decreases . 

Val ues of R for carbon bl acks are sma l l e r  than for the coated 

cal ci um carbonates . I t  must be noted here that carbon b l ack pe l l ets 

probably are not compl etely des troyed by the ag i tati on and carbon 

b l ack pel l ets may s ti l l  exi st  when sedi mentati on processes are 

i ni ti ated . I t  may be necessary to agi tate carbon bl ack s uspens i on 

wi th u l trasoni c  vi brati ons to break up a l l pe l l ets i nto the aggregates . 

One may expect that the re l ati ve sedi mentati on vol ume R of carbon 

b l ack woul d i ncrease further i f  the pel l ets break down to the 

i ndi vi dual , .aggregate . . . 

Two types of gl ass beads ( dp = 60 �m) wi th di fferent surface 

coati ngs ( Ferro Corporati on ) show very smal l rel ati ve sedi mentati on 
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vol umes . Those are about 2 .  Ferro Corporati on reports that the 

g l ass  beads of grade R have surface coati ng for polypropy l ene and 

other regi mes and grade S gl ass beads has s urface coati ng for Dal y­

s tyrene , etc . Sma l l and i denti cal re l ati ve sedi mentati on vol umes of 

two types of gl ass beads are due to thei r l arge s i ze .  These have 

a verage di ameter of 60 �m and are much l arger than the other 

parti cul ates . 

The rel ati ve sedi mentati on vol ume R of g l ass  beads , 2 ,  i s  very 

cl ose to the mi ni mum val ue of R whi ch was shown i n  Tabl e V- 1 i n  

Secti on C . l , p .  79 . Th i s  sugges ts that  gl ass beads are packed i nto 

l atti ce s tructure , but do not form a three-di mensi ona l porous network 

s tructure . 

We compare the rel ati ve sedi mentati on vol umes of ani sotropi c 

parti cul ates wi th those of i sotropi c parti cul ates i n  Fi gure V-8 . R 

val ues of i sotropi c parti cul ates are represented by the sol i d  l i nes . 

I t  shoul d be noted that the l argest di mensi on of ani sotrop i c  

parti c l es i s  adopted a s  a n  ul ti mate parti cl e s i ze dp i n  thi s fi gure .  

Al l an i sotropi c parti cul ates show the greater rel ati ve sedimentati on 

vol ume than i sotropi c parti c l es .  R of tal c  and mi ca (both have di sc  

shapes ) are l arger than R of wol l astoni tes ( rod shape ) . The three 

types of sol l as toni tes show cl ear effects of parti cul ate s i ze .  The 

re l ati ve sedi mentati on vol ume decreases wi th i ncreas i ng parti cul ate 

si ze . 

The effect of the s i l ane surface coati ng of tal c i s  not c l ear .  

S i l ane s urface coati ng of  tal c  may not be i ntended to reduce 
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parti cl e-parti cl e i nteracti on for a better di spers i on ,  but i t  may be 

i n tended to i mprove polymer-parti cul ate i nteractions to upgrade the 

mechani cal properti es . 

Agai n ,  sedimentati on vol umes of ani sotrop i c  parti cul ates are 

not strongly affected by the type of vehi cl e l i qui d .  

Fi gures V- 9 and V- 1 0  represent poros i ty of structure g ,  whi ch 

has been defi ned i n  Eq . ( V-2 ) , as a functi on of ul timate parti c l e  

s i ze for i sotropi c and an i sotropi c parti cul ates , respecti vely . Both 

tol uene and hexane were used . 

We note that the upper l i mi t val ue of porosi ty of  s tructure g 

i s  95% , that i s ,  95% of sedi mentati on vol ume i s  occupi ed by veh i c l e  

s o l vent and only 5% of sedimentati on vo l ume i s  occupi ed by parti cu­

l ates , for a vol ume fracti on of 0 . 05 . 

The porosi ty of  s tructure reaches an upper l i mi t va l ue of 

95% as parti cl e s i ze decreases both for i sotrop i c  and ani sotropi c 

parti cl es . 

Smal l parti cul ates , especi a l ly uncoated cal ci um carbonates , 

possess sedi ment poros i ty of greater than 90% .  

D .  D ISCUSSION 

D . l .  Transi ent 

Transi en t  behavi or of sedi mentati on is pecul i ar and i s  

dependent upon the type and s i ze of fi l l er .  
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I t  s tands to reason cons i deri ng that the sedi mentati on process 

i s  governed by gravi tati ona l forces and parti cl e-parti cl e i nteracti on 

forces . One may s i mp l i fy the process of sedi mentati on as fol l ows . 
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The fi rs t process whi ch takes p l ace ri ght after stoppi ng the 

agi tati on i s  the sedi mentati on of the i ndi v i dua l  parti c l es . The 

di stances between the parti cles are great enough so the parti c l e­

parti cl e i nteracti on i s  negl i gi bl e .  The gravi tati onal force i s  

domi nant.  Sedi mentati on of i ndi vi dual parti c l es i s  governed by : 

96 

( V- 3 )  

where 

dp di ameter  of ul timate parti cl e ;  

Ps dens i ty of parti cl e ;  

p f dens i ty of fl ui d ;  

g gravi tati onal  acce l erati on ( 9 . 8  m/sec2 ) ; 

n vi s cosi ty of  fl ui d ;  

vt termi nal  vel oci ty .  

The l eft s i de o f  the equati on represents the gravi tati onal force 

and the ri ght s i de i s  a wel l -known Stokes • l aw representi ng drag 

forces . Thi s process occurs i n  the very early s tage of sedimentati on . 

Freundl i ch and Jones ) poi nted out that the reducti on of 

sedi men tati on vol ume due to the sedi mentati on of i ndependent parti c l es 

i s  l i near wi th ti me due to Eq . ( V-3 ) . 

As the sedi mentati on of the i ndi vi dual parti c l es progresses , 

i nterparti c l e  di s tances decrease and parti cl es start i nteracti ng each 

other .  Parti cul ates form a structure . Thi s  process woul d occur 

earl ier  i f  the parti cl es possess s tronge r i nteracti on forces . When 

parti c l es possess  weak i nteracti on forces , the s tructure col l apses 
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and reduces the sedi mentati on vol ume un ti l i t  reaches an equi l i bri um 

and i s  we l l  packed .  

We may get the fol l owi ng empi ri cal rel ati on for a trans i ent  

re l ati ve sedi mentati on vol ume : 

( V-4 )  

where Rmax and Req denote the rel ati ve sedi mentati on vol ume at t = 0 

and t = � (equi l i bri um) , respecti vely , and t i s  a ti me cons tant .  

Rmax corresponds to an i n i ti a l  re l ati ve sedi men tation vo l ume where 

the breakdown of s tructure begi ns . 

The reducti on of sedi mentati on vol ume of thi s  process i s  not 

l i near but an exponenti a l  functi on of ti me .  

Curve fi tti ng was carri ed out for coated cal ci um carbonates 

whi ch show the di s ti nct trans i ent behavi or .  Fi gure V-1 1  compares the 

predi cti on of Eq . ( V-4 )  to the experi mental data . Good agreement was 

obta i ned . 

Tabl e V-2 s ummari zes Rmax , Req and t obtai ned for the tol uene/ 

coated cal ci um carbonate sys tem. Al l val ues i ncrease wi th decreas i ng 

u l timate parti cl e di ameter. The other systems possess  rel ati vely 

short termi nati on peri ods . The above cons tants coul d not be 

accurately determi ned for such systems . 

Tables  V- 3 and V-4 s ummari ze the re l ati ve sedi mentati on vol ume 

R ,  poros i ty s tructure E and termi nati on peri od of sedi mentati on 

process ts . Tab l e  V- 3 represents i sotropi c parti c les . Cal ci um car­

bonates possess l arge rel ati ve sedi mentati on vol ume R and poros i ty of 
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Tabl e V- 2 .  Parameters i n  Equation ( V-4 )  for Tol uene/Coated Caco3 

dp Rmax R 1' eq 
( l-Im )  (- }  (-}  (mi n }  
0 . 07 1 6 . 3  9 . 3  63 

0 . 5 1 3 . 0  6 . 0  63 

3 6 . 2  2 . 8  20 

5 4 . 0  2 . 4  20 



Tabl e V- 3 .  Val ues of  R ,  E and ts for I sotropi c Parti cl es 

Type 

Cal ci um 
Carbonate 

Steari c 
Aci d 
Coated 

Carbon 
B l ack 

Gl ass 
Bead 

DBP R R E E 
Densi ty Absorpti on Di ameter To l uene Hexane Tol uene Hexane t 
(g/c_m3} (crn_�l OOg} _ JJJ_IT!l ___ __ __ _ _ _ __ ____ _ _ _ _ (m� n )  
2 . 7 1 - 1 7  3 . 02 2 . 58 66 . 9  6 1 . 2  �30 

3 6 . 88 7 . 67 85 . 5  87 . 0  �30 
0 . 4  1 5 . 0  1 6 . 8  93 . 3  94 . 0  �30 
0 . 07 1 � . 4  20 . 0  94 . 8  95 . 0  �30 

2 .  71  - 5 2 .  42 2 .  30 58 . 7  56 . 5 80 
3 2 . 76 2 . 30 63 . 8  56 . 5  80 

0 . 5  5 . 97 3 . 64 83 . 2  72 . 5  300 
0 . 07 9 . 76 1 1 . 5  89 . 8  91 . 3  300 

1 . 8 42 0 . 32 ( N990 )  6 . 52 4 . 58 84 . 7  78 . 2  30 
71 0 . 026 (N326 ) 6 . 36 5 . 45  84 . 3  81 . 7  < 1 0 

1 21 0 . 028(N35_1 ) 1 0 . 8  7 .  73  90 . 7  87 . 1  30 
2 . 5  - 60 ( R )  2 . 1 2 2 . 27 52 . 8  55 . 9  < < 1 0  

60 ( S )  2 . 1 2  2 . 1 2  52 . 8  52 . 8  << 1 0 

....... 
0 
0 



Tab l e  V-4 .  Val ues o f  R ,  E and ts for An i sotropi c Parti cl es 

-

Type Dens i ty Si ze R R E E ts ( g/cm3) ( �m ) Tol uene Hexane Tol uene Hexane (mi n ) --- -� -

Tal c 2 . 75 1 . 9 1 5 . 9  1 6 . 5  93 . 7 93 . 9 70 

Si l ane Coated 2 . 75 1 . 5 1 6 . 4  1 6 . 2  93 . 9 93 . 8  1 50 
Tal c 

Mi ca 2 . 84 1 0  1 1 . 5  1 2 . 0  9 1 . 3  9 1 . 7  30 

Wo 1 1  as toni te 2 . 9  20 4 . 80 4 . 71 79 . 2  78 . 8  < 1 0 

1 1  4 . 76 4 .  71 79 . 0  80 . 1  <1 0 

6 5 . 87 6 . 27 83 . 0  84 . 1  < 1 0  

0 __, 



structure e .  The termi nati on peri od of  sedi mentati on p rocess i s  

1 02 

short (�30 mi nutes ) . These s uggest that the structure does not 

col l apse and parti cl e-parti cle  i nteracti on forces are stron g .  Coated 

cal ci um carbonates show smal l R and e ,  and l ong termi nati on peri ods . 

The structure col l apses eas i ly due to the weak i nterparti c l e  forces . 

Gl ass beads s how extremely smal l val ues of  R ,  e and ts . Thi s  i s  due 

to the l arge s i ze of  parti cl es . 

The res ul ts for ani sotropi c parti c les ( Tabl e V-4 ) are 

di ffi cul t to i nterpret due to shape effects . 

0 . 2 .  Equi l i bri um 

Some parti cul ates possess extremely l arge poros i ti es e .  

These i ncl ude uncoated cal ci um carbonates ( dp = 0 . 07 �m, 0 . 4  �m ) , 

tal c and coated tal c .  

I t  seems reasonabl e  to ass ume that these parti cul ates form 

a three-di mensi onal  network s tructure i n  l i qui ds . Hi gh porosi ty can 

be easi ly obtai ned i n  s uch a structure . 

Fi gure V- 1 2  shows model s of l oose-packed network structure 

and cl ose-packed s tructure . 

Uncoated cal ci um carbonates may have permanent el ectri c 
. 2+ o2- 1 . d1 pol es Ca and C 3 on thei r s urface . These possess e ectr1 c 

di pol e- di po l e  i nteracti on forces i n  addi ti on to the van der Waal s 

i nteraction forces between parti cul ates . Uncoated cal ci um carbonates 

possess strong i nteraction forces between parti cl es . These may form 

three-di mensi onal  network structures . 



Uncoated CaCO 3 
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CaC03 

Stearic Acid 
CH 3 ( CH 2) 

1 6  
COOH 
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packed structure) 

Weak I nteraction Forces 
between Particles (close­
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Fi gure V- 1 2 .  Uncoated and steari c aci d coated cal ci um 
carbonates and thei r structures i n  sol vent . 
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Steari c aci d ,  CH3 ( cH2 ) 1 6cOOH , on the s urface of cal c i um 

carbonates , reduces permanent el ectri c di pol es as s hown i n  Fi gure V-1 2 .  

These may have weak parti cl e-parti cl e i nteracti on forces and form 

c l ose-packed structures . 

Freundl i ch and Jul i usburger ( F-6 ) and Freundl i ch and Jones 

( F- 5 ) meas ured sedi mentation vol umes for a wi de range of parti cul ates 

in  vari ous veh i cl es . Thei r res ul ts were converted i nto the rel ati ve 

sedi mentati on vol ume R and s ummari zed i n  Tabl es V- 5 and V-6 .  

Freundl i ch and Jones ( F-5 )  reported that the parti cl es have s i zes of 

1 to 1 0  �m ( Tabl e V-6 ) . 

R val ues of thei r cal ci um carbonates vari es 3 to 7 dependi ng 

upon the vehi c l e .  These val ues are i n  good agreement wi th our 

resul ts at  comparabl e  s i zes . R val ues of cal c i um carbonates i n  the 

present work are 2 . 5  to 3 for 1 7  �m and 7 to 8 for 3 �m . 

0 . 3 .  Sedi mentati on Vol ume and Rheol ogi cal Properti es 

We now compare the rheol ogi cal properti es of smal l parti cl e 

fi l l ed polymer mel ts and sedimentati on vo l umes . 

I t  i s  wel l  known that smal l parti cl e fi l l ed polymer mel ts 

possess yi el d val ues (or  yi e l d  stresses ) ( C- l , L-6 ,M- 1 8 ,M- 1 9 ,S- l l ,T-2 , 

T-8 ,V- 3 , Z- l ) ,  and thi xotropi c time dependent properti es ( M- 1 8 ,S- l l ,  

T- 2 , V- 3) .  Y i e l d stresses and thi xotropi c  properti es of mel t com­

pounds are more promi nent wi th decreas i ng parti c l e  s i ze ( S- 1 1 ) .  

Steari c aci d s urface coati ng of  cal ci um carbonates reduced these 

rheol ogi cal properti es ( S- 1 1 ) .  These pecul i ar rheo l ogi cal properti es 



Tabl e V- 5 .  R and  E Val ues Obtai ned from a �Jerk by Freund l i ch and Jul i usburger 

Dens i ty S i ze R R E E 
Type (g/cm3} ( llm} Water Seawater l�ater Seawater 

Quartz 2 . 6 5  1 - 1 5 1 . 89 2 . 75 47 . 2  63 . 7  

So l nhofen 2 .  71 1 0  5 . 42 4 . 93 81 . 6  79 . 7  
( 95- 96% 
CaC03 ) 

Refe rence 

F-6 

F-6 

__, 
0 
01 



Tabl e V-6 .  R Va l ues for Vari ous Vehi cl es Obtai ned from a Work by Freundl i ch and Jones 

Crys ta 1 1  i ne 
Substance Chemi cal Comeosi ti on Structure Water HCl NaOH NaCl 

Di amond c Cubi c 3 . 63 ( 4 )  2 .  83 ( 4 )  

Graphi te c Hexagonal 5 .  80 ( 1 ) 5 . 58 ( 1 ) 6 . 28 ( l ) 5 . 84 ( 1 ) 

Jet ( C )  Amorphous 3 .  54 ( 5 )  4 . 07 ( 5 ) 9 .  20 ( 1 )  4 . 07 ( 5 )  

Corundum Al 2o3 Hexagonal  3 .  94  ( 4 )  3 . 32 ( 5 )  3 .  89 ( 4 )  3 . 67 ( 4 )  

Hemati te Fe2o3 Hexagonal  6 . 46 ( 1 ) 5 . 1 8  ( 1 ) 7 .  35 ( 1 ) 7 .  35 ( 1 )  

Pyrol usi te Mn02 Rhombi c 4 . 07 ( 1 ) 3 .  89 ( 1 )  3 . 89 ( 1 ) 4 .  07 ( 1 )  

Li tharge PbO Amorphous 

Quartz Si 02 Hexagona l  1 . 77 ( 5 )  2 . 39 ( 5 )  3 . 01 ( 4 )  2 . 92 ( 4 )  

Ruti l e  Ti 02 Tetragonal  

Ti tan i um di oxi de Ti 02 Tetragona l  8 .  50 ( 1 )  6 . 1 9  ( 1 ) 8 . 9 3  ( 1 ) 8 . 63 ( 1 ) 

Vanadi um pentoxi de V205 Rhombi c  2 . 96 ( 5 )  7 .  61 ( 1 )  

Ti n pyri tes SnS2 · Cu2S · FeS Tetragonal  6 .  68 ( 1 )  9 .  38 ( 1 ) 4 .  78 ( 1 )  6 . 63 ( 1 ) 

Gal ena PbS Cubi c 7 .  79  ( 1 )  7 . 79 ( 1 ) 9 . 64  ( 2 )  5 . 27 ( 1 ) 

Mosai c gol d Sns2 Hexagonal 5 . 31 ( 3 ) 4 . 60 ( 3 ) 4 . 25  ( 3 )  5 . 1 3  ( 3 ) 

2 . 83 ( 5 )  
_. 

Fl uorspar CaF2 Cubi c 2 . 74 ( 5 )  l .  86 ( 5 )  2 . 74 ( 5 )  0 
0'1 



Tabl e V-6 ( conti nued ) 

Crys ta l l i ne  
Subs tance Chemi cal ComQos i ti on Structure Water HCl NaOH NaCl 

Barytes Baso4 Rhomb i c  2 . 74 ( 1 ) 2 .  48 ( 1 ) 3 . 01 ( 1 ) 2 . 74 ( 1 ) 

Gyps um (oven-dri ed ) CaS04 · xH20 Rhombi c 6 . 64 ( 2 )  6 . 1 1  { 2 )  4 . 87 ( 3 ) 5 .  62 ( 3 )  

Gyps um ( ai r- dri ed ) CaS04 · 2H20 Monocl i ni c  4 . 69 ( 3 ) 5 . 22 ( 3 )  4 . 1 6  ( 3 ) 4 . 1 6  ( 3 ) 

Sel eni te CaS04 · 2H20 Monocl i ni c  4 . 87 ( 1 ) 4 .  20 ( 1 )  3 . 1 0  ( 1 ) 3 . 81 { 1 ) 

Ca l c i um carbona te ( pure )  CaC03 Hexagonal 4 . 69 ( 3 )  6 . 24 ( 2 )  4 . 48 ( 3 )  

Aragoni te CaC03 Rhombi c 3 . 23  ( 3 )  5 . 09 ( 3 ) 3 . 01 ( 3 )  

Icel and spar CaC03 Hexagonal 5 . 93 ( 2 )  7 . 43  ( 2 )  6 . 28 ( 2 )  

L imestone CaC03 Hexagona l  4 . 69 ( 3 )  5 . 66 ( 3 )  4 .  9 6  ( 3 )  

Marbl e CaC03 Hexagonal 3 . 0 1 ( 3 )  4 . 02 ( 3 )  3 . 72 ( 3 ) 

Mi ca { muscovi te ) Compl ex s i l i cate Monocl i n i c  7 . 48 ( 2 )  7 .  52 ( 2 )  7 . 28 ( 2 )  7 . 08 ( 2 )  

Monax gl ass Compl ex s i l i cate Amorphous 1 . 78 ( 5 )  2 . 34 ( 5 )  3 . 1 0  ( 4 )  3 . 1 0  { 4 )  

Porcel ai n Compl ex s i l i cate Amorphous 1 . 78 ( 5 )  2 . 39 ( 5 )  3 . 2 3  ( 5 )  3 . 01 ( 5 )  

Kao l i n  Compl ex s i l i cate Monocl i n i c  5 . 58 ( 1 ) 5 . 75 ( 1 ) 6 .  02 { l )  6 . 55 ( l ) 

Steati te Comp l ex s i l i cate t·1onocl i n i c  
( H2Mg3Si 40 1 2 ) --' 

0 
....., 



Tabl e V-6 (conti nued ) 

Crys ta 1 1  i ne 
Subs tance Chemi cal ComEos i ti on Structure \�ater 

Chal k Caco3 , mi xed wi th c l ay Hexagonal  3 .  94 ( 1 )  

So 1 nhofen s 1 ate CaC03 ,mi xed wi th c l ay Hexagonal  5 . 22 .  ( 1 ) 

( 1 ) Strongly thi xotropi c and p l asti c .  

( 2 )  Strongly thi xotropi c ,  passi ve ly  di l atant and not pl asti c .  

( 3 ) Thi xotropi c ,  pass i vely di l atant and not p l as ti c .  

( 4 )  Di l antant and weakly thi xotropi c .  

( 5 )  Not thi xotropi c .  

Parti cl e s i ze 1 to 1 0  �m . 

HCl NaOH 
8 . 41 ( 1 )  

9 . 91 ( 1 ) 

NaCl 
5 . 22 ( 1 ) 

5 . 22 ( 1 ) 

0 
(X) 



may be rel ated to the part i c l e-parti c l e  i nteraction forces and 

sedimentati on vol umes . 

Fi gure V-1 3 compares the yiel d stress  Y f and rel at i ve 

sedimentati on vol ume R for uncoated and coated cal ci um carbonates . 

1 09 

Val ues of y ie l d stresses are determi ned from l i terature 

(S- 1 1 } .  Yi el d s tresses i n  steady shear fl ow Yf were obtai ned for 

polystyrene/uncoated and steari c aci d coated cal ci um carbonate com­

pounds a t  vol ume tracti on of 0 . 30 .  A Rheometri es Mechani cal  

Spectrometer ( cone-p l ate mode } was used i n  those experi ments . The 

measurement temperature was 1 80°C . 

The rel ati ve sedi mentation vol ume R has been obtai ned for 

tol uene/ca l c i um carbonates systems at a vol ume fracti on of 0 . 05 .  

A strong correl ati on i s  found between yi el d stress and 

rel ati ve sedi mentat i on vol ume . As rel ati ve sedi mentati on vol ume 

i ncreases , the yi el d stress i n  mel t  i ncreases . 

The yi e l d  s tress  of uncoated cal ci um carbonate compounds are 

greater than coated cal c i um carbonate compounds at a fi xed rel ati ve 

sedi mentati on vo l ume . Thi s  may be due to the parti cl e-polymer 

mol ecul e i nteracti on . 

Freundl i ch and Jones (F- 5 } determi ned rheo l ogi cal properti es 

of s uspens i ons i n  water ,  HCl , NaOH and NaCl veh i cl es as wel l as the 

sedi mentati on vol umes . Rheol ogi cal properti es of  suspensi ons are 

cl ass i fi ed i nto fi ve categori es : ( 1 ) s trongly thi xotropi c  and 

pl as ti c ,  ( 2 }  s trongly thi xotropi c ,  pass i vely  di l atant and not p l asti c ,  

( 3 )  thi xotropi c ,  pass i vely di l atant and not p l asti c ,  ( 4 )  di l atant 
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and weakly thi xotropi c ,  and { 5 )  not thi xotropi c .  These rheo l og i ca l  

c l ass i fi cati ons are i ncl uded  i n  Tab le  V-6.  

1 1 1  

Fi gure V- 1 4  shows the correl ation between rel ati ve sedi mentation 

vol ume R and rheol ogi cal properties . Thi s  i ncl udes the res ul ts of 

earl i e r  work { F-5) and the present research . 

We fi rs t pay our attenti on to the resul ts of the present 

research i nvol vi ng cal ci um carbonates , coated ca l ci um carbonates and 

carbon bl acks . The parti cul ates wh i ch possess yi el d s tress  of 

greater  than 1 x 1 03 Pa i n  polystyrene compounds (� = 0 . 30 )  at  1 80°C 

were c l ass i fi ed i nto category ( 1 ) .  These i ncl ude cal ci um carbonates 

and carbon b l acks . These showed thi xotropi c vi scosi ty overshoot 

phenomenon . Steari c aci d coated cal ci um carbonates except the 

fi nest one ( dp = 0 . 07 �m) were i ncl uded under category ( 5 ) . 

Effect of  parti cul ate s i ze i s  di s ti nct . The smal l er  

parti cul ates possess the greater rel ati ve sedi mentati on vo l umes at 

each cl assi fi cation . 

Resul ts obtai ned by Freundl i ch and Jones ( F- 5 ) i ndi cates that 

the rel ati ve sedi mentation vo l ume R decreases , i n  general , as 

thi xotropi c  properti es of suspensi on are enfeebl ed , and as di l atant 

properties i ncrease . 

A q uesti on ari ses why some of the parti cu l ates c l ass i fied  

i nto ( 1 ) s trong  thi xotropy and pl asti c i ty show very l ow rel ati ve 

sedi mentation vol umes . Freundl i ch and Jones ( F- 5 ) reported the s i zes 

of parti cul ates were 1 �m to 1 0  �m . They fracti onated powders by 

sedi mentati on i n  water usi ng Stokes ' l aw ( Eq .  ( V- 3 ) ) .  
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As was di scussed i n  the previ ous secti on , the parti c l es whi ch 

have s rang parti c l e-parti c le  i nteraction may form a l oose - network 

structure . I f  thi s i s  formed , the parti c l e  s i ze cannot be determi ned 

correctly by Stokes • l aw .  The parti cul ates of category ( 1 } ,  s trong 

thi xotropy and pl asti ci ty ,  may come under thi s .  S i ze of some 

parti cu l ates under category ( 1 } may not be correctly determi ned and 

presumably greater than the range of 1 �m and 1 0  �m. These show 

sma l l rel a ti ve sedimentati on vol ume due to the effect of  parti cul ate 

s i ze whi ch  i s  c l early shown by the res ul ts of  the present research .  



CHAPTER V I  

SOME COMMENTS ON  MI XING PROCESSES 

A .  I NTRODUCTION 

Di spers i on of fi l l er i s  strongly governed by the condi t ions 

of mi xi ng s uch as the v iscos i ty and stress l evel s i n  the compound .  

It  i s  necessary to  understand these to i nterpret the characteri sti cs 

of di spers i on of compounds . 

Here we di scuss the shear vi scos i ties and stresses of 

compounds and the pecul i ar observati on of a thi n hard l ayer of 

uni ncorporated fi l l er i n  an  i nternal  mi xer.  

B .  SHEAR V I SCOS I TY AND STRESS I N  MI X I NG PROCESSES 

The vi scos i ty and stress l evel s  of compounds duri ng the mi xi ng 

process appear to be one of the major factors i n  contro l l i ng the 

di spers i on of fi l l er .  

Fl ows of  pol ymer mel ts i n  the mi xing devi ces are compl ex .  

We  may determi ne  the shear vi scos i ty and stress l evel s a t  the n i p  

s ecti on of a two rol l  mi l l  and rotor ti p secti on of an i nternal  mi xer.  

Materi al s in  mi xi ng devi ces pres umably recei ve the greatest deforma­

ti on rates i n  these secti ons and di spers i on of fi l l er seems 

s i gni fi cant .  
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The shear vi scosi ty of smal l parti c l e  fi l l ed polymer mel t i s  

s trongly dependent upon the type , s i ze ,  vol ume fracti on and surface 

coati ng of fi l l er as d is cussed i n  Chapter I V  and i n  earl i er publ i ca­

ti ons ( C- l , L-6 ,M- 1 9 ,S- 1 0 ,S- l l ,T- 8 ) . 

The compounds prepared for the present research , however , have 

a vol ume fracti on of 0 . 05 .  The effect of smal l part icu l ates on the 

vi scos i ty of compound i s  sma l l at � = 0 . 05 .  I n  addi t ion , the 

vi scos i ty of compound i s  strongly affected by sma l l parti cl es at l ow 

shear rate (y < 1 0- l  sec- 1 ) , but not s i gn i fi cantly  affected at hi gh  

shear rates . The v i s cos i ty of the compound ,  accordi ngly , may be wel l 

represen ted by the v i scos i ty of matri x polymer . 

We defi ne the shear rate as 

( V I - 1 ) 

where v1 and v2 denote the vel oci ti es of ro l l s  and rotors at the 

surfaces , and H i s  a gap di stance . These are shown for two ro l l  mi l l  

and i n ternal  mi xer i n  Fi gure V I- 1 . 

Shea r vi scos i t i es of unfi l l ed polystyrene and polypropy l ene 

were obtai ned us i ng Mons anto Processabi l i ty Tester . The s hear 

stresses were determi ned by 

a = n • y ( V I -2 ) 

The l i terature shows the shear rate at the n i p  regi on of the 

two ro l l  mi l l  when both the fron t and rear rotors rotate wi th the 
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Two Rol l M i l l  

I nternal  M ixer 

Fi gure V I - 1 . Dimens i ons of mixers . 



s ame speeds . I n  our case the speeds are very di fferent between the 

fron t and rear  rotors ( front 20 ft/mi n ;  rear 7 ft/mi n ) . 

1 1 7  

We must devel op the equati on of the s hear rate di stri bution 

for the d i fferent rotor speeds . However , the fl ow rate Q i s  unknown 

i n  our case and we cannot determi ne the shear rates . 

Tabl e V I - 1  summari zes the shear rates , s hear vi scos i ti es and 

s hear stresses i n  the two rol l  mi l l  and the i n ternal  mi xer for 

polystyrene ( at 1 50°C )  and polypropyl ene ( at 1 75°C ) . The n i p  

di stance i n  the two rol l  mi l l  vari es dependi ng upon compounds . These 

were determi ned for two di stances of 5 and 1 0  mm.  

We note that the shear rates i n  the i nternal  mi xer are much 

greater than those i n  the two rol l mi l l .  Accord i ngly , the shear 

stresses are greater i n  the i n ternal  mi xer than i n  the two rol l  mi l l .  

Thi s  i s  namely due to the l arge n i p  di stances of  the two rol l  mi l l .  

Polystyrene possesses greater shear vi scos i ti es and stres ses 

than the polypropyl ene i n  the mi xi ng devi ces . 

C .  THI N  LAYER OF UN I NCORPORATED FI LLER 

A pecul i ar observati on whi ch shoul d be menti oned before the 

di scuss i on of the l evel of di spers i on i s  the exi stence of a hard thi n 

l ayer formed by uni nco rporated fi l l er on the chamber wal l of the 

i nternal mi xer . Thi s was found for polystyrene/cal ci um carbonate 

sys tems , especi a l ly untreated cal c i um carbonates . 

The chamber wal l and rotors were di sassemb l ed after mi xi ng .  

The th i n  l ayer of uni ncorporated fi l l er was observed and wei ghed . 

Fi gure V l - 2  s hows a schemati c drawi ng of thi s l ayer .  



Tab l e ·v i - 1 . Shear Rates , Shear Vi s cos i ti es , and Shear Stresses of f1atri x Pol ymers i n  Mi xi ng 
Devi ces 

Polystyrene 
( 1 50°C 

Polyp ropy 1 ene 

Two Ro 1 1  Mi 1 1  

I nternal Mi xer 

--

Front - 20 ft/mi n 
Rear - 7 ft/mi n 

2 5  rpm 

50 rpm 
---- - --- - - -- - -- ---

. 
H 

{se�- l ) (mm) 
5 3 . 1 6xl 0° 

1 0  1 . 58xl 0° 

1 . 05 4 . 61 xl 01 

1 . 05 9 . 2 3xl 01 

( 1 75°C 

11 a 11 a 
{ Pa • sec) (Pa)  ( Pa · secj_ ( Pa )  

2 . 1  xl o4 6 . 6xl 04 4 . l xl 03 1 .  3xl 04 

3 . 0x1 04 5 . 0xl o4 5 . 0x l03 8 . 0xl 03 

3 . 4xl 03 1 . 6xl 05 1 . 0x1 03 4 . 6xl 04 

1 .  9xl o3 1 . 8xl 05 6 . 4xl 02 5 . 9x1 04 

__. 
__. 
(X) 



Fi gure Vl-2 . 

Thin layer of un incorporated 

fil l er 

Thi n l ayer of uni ncorporated fi l l er .  
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Tabl e V I-2  summari zes the amount of un i ncorporated fi l l er 

col l ected from the chamber wal l of the i nternal mi xer for the 

1 20 

po lystyrene/cal ci um carbonate systems ( dp = 0 . 07 �m , � = 0 . 05 ) . The 

rotor speed was 2 5  rpm .  The va l ues shown i n  Tabl e VI-2  were 

determi ned by 

Mass of uni ncorpo rated fi l l er on the chamber x 1 00 Total mass of  the fi l l er added i n  the chamber ( V I - 3 ) 

The amount of un i ncorporated fi l l er i s  s i gni fi cant for 

po lystyrene/uncoated ca l ci um carbonate sys tems . The l ayer rema ins 

even after 1 0  mi nutes of mi xi ng .  The l ayer di sappears more rapi dly 

i n  the coated cal ci um carbonate compounds . 

The amount of the uni ncorporated fi l l er was not s i gni fi cant 

i n  polypropyl ene compounds . 
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Tabl e V I - 2 .  Percentage o f  Uni ncorporated Fi l l er for PS/Caco3 Sys tems 
( dp = 0 . 07 pm ,  � = 0 . 05 )  

· 

� m 1 Mi n 3 Mi n 5 Mi n 1 0  Mi n 

PS/Un c .  CaC03 Not Meas ured 36% 36% 5% 

PS/Coat . CaC0 3 1 4% 1 1 %  5% "'0% 



A . l . Termi nol ogy 

CHAPTER V I I  

OPTI CAL MICROSCOPY 

A. I NTRODUCTION 

We wi l l  begi n by revi ewi ng and defi n i ng the termi nol ogy 

whi ch i s  often used i n  thi s present research . These are a matri x ,  

a parti cl e o r  a parti cul ate , an u l ti mate parti c l e  o r  parti cul ate ,  an 

aggregate , a di s pers i on ,  a s tructure formed by parti c les or parti cu­

l ates , an aggl omerate , a three-di mens ional  network s tructure , etc . 

A matri x or a matri x polymer denotes the base polymeri c  res i n  

whi ch i s  mi xed wi th fi l l er .  Thi s  i s ,  i n  the present research , pol y­

s tyrene and polypropyl ene . 

A parti c l e  or parti cul ate are used i n  a broad sense . These 

someti mes mean fi l l er and other ti mes a s i mpl e parti cl e or parti cul ate 

of fi l l er .  

When a s i ngle parti c l e  or parti cul ate i s  emphas i zed , the words 

of an u l ti mate parti c l e or  parti cul ate and i ndi vi dual parti cl e or 

parti cul ate are commonly used . 

Some types of fi l l ers , typi ca l ly carbon b l ack ( C-4 ) , form an 

aggregate . An aggregate i s  a fused and a pers i s tent s tructure .  In  

the case of carbon b l ack , thi s  s tructure cou l d  occur by parti cl e 

coa l escence (fus i on ) duri ng the formati ve s tage i n  the furnace ( D- 1 2 ) . 

Aggregate s tructure can be el i mi nated by extreme methods , s uch as bal l 
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mi l l i ng .  I n  the conventi onal mi xi n g  process , the aggregate i s  the 

sma l l es t  uni t and u l ti mate form of fi l l er . 
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Ul t imate parti c les and aggregates often form some type of  

s tructure i n  the matri x commonly due to the parti cl e-parti c l e  i nter­

acti ons . We do not di s ti ngui sh  i f  s uch a s tructure i s  formed i n  the 

process of mi xi ng or i f  i t  has exi s ted i n  the fi l l er pri or to the 

mi x i ng process .  

I n  the present research , two di s ti nct types of  s tructures are 

cons i dered . These are aggl omerates and three-di mens i onal  network 

s tructures . These structures are di s ti ngui shed from the aggregate 

for the reason that the aggl omerate and three-di mens i ona l  network 

s tructures are based on the i nterparti cl e i nteracti ons but not on a 

pers i stent coa l es cence 

The aggl omerate i s  a packed structure of ul t imate parti cul ates 

or aggregates . The three-di mens i onal network i s  a conti nuous 

s tructure of parti cul ates and often cal l ed an i nfi ni te l arge cl us ter 

by the authors of perco l ati on theori es . Schemati c drawi ngs of these 

are gi ven i n  Fi gure V I I - 1  i n  contrast to the aggregate . 

Cons ti tuti on or formati on and des tructi on of these s tructures 

may occur i n  the process of mi xi ng . These are presumably the 

revers i bl e s tructures res u l ti ng from i nterparti cul ate i nteracti ons . 

The des tructi on of these s tructures duri ng the mi xi ng process i s  

cal l ed di s pers i on .  



0 

ult imate pa rt ic le 

agglomerate 

aggregate 

three dimen siona l 
network structure 

Fi gure V I I - 1 .  Concepts of u l timate parti c l e ,  aggregate , aggl omerate 
and three-di mensi onal network s tructure . 
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A . 2 .  Opti cal Mi croscopy 

Opti cal mi croscopy has been commonly used to determi ne the 

l e ve l  of  di spers i on (B-4 ,C- 3 , L-2 ,M-6 ,S-9 ) .  Methods of  di s pers i on 

rati ng were devel oped for carbon bl ack compounds . These are careful ly  

di scus sed in  Chapter I I , Li terature Survey . 

The sma l l es t  object whi ch can be determi ned under an opti cal 

mi croscope i s  roughly  20 �m at the magn i fi cati on of 40 and severa l  

mi crons at  the  magn i fi cati on of 400 . Ul ti mate parti cl es and 

aggl omerates whi ch are greater than these s i zes may be observed . I f  

the ul t imate parti cl es are sma l l er than 1 �m and wel l s eparated from 

each other , these woul d not be observed . Onl y  the aggl omerates are 

observed for s uch parti cul ates . 

Thi s  method i s  s i mpl e and s trai ghtforward to characteri ze the 

di spers i on based on rel ati ve ly l arge aggl omerates . Aggl omerate s i ze 

di s tri buti ons may be determi ned .  Tremendous efforts , however ,  may be 

req ui red to acq ui re rel i abl e res ul ts .  The appl i cati on of an image 

ana lyzer woul d he l p  to reduce l abor and human error .  

Res tri ctions l i e i n  the l oadi ng l evel of  fi l l er as wel l as the 

s i ze of the object . I f  the vo l ume fracti on of the fi l l er i s  hi gh ,  

parti cul ates overl ap through the th i ckness of the s pecimen and sharp 

i mage of  aggl omerates cannot be procured . Th i s  may be sol ved s i mply 

by reduci ng the thi ckness of the samp le . However ,  i t  s pontaneous ly 

reduces the vol ume of compound to be observed . The res tri cti on of 

l oadi ng l evel of  fi l l er i s  l es s  cri ti cal for the case of  parti cul ates 

havi ng s i zes of l es s  than 1 �m. U lt imate parti c l es are rare ly 



observed and only aggl omerates are focused i nto the image unti l the 

opaq ueness of the s ampl e i ncreases due to the reducti on of i nter­

parti cul ate di s tances at hi gh vol ume l oadi ng l evel . 

A few methods of di spers i on rati ng have been devel oped by 

earl ier  workers . Lei gh- Dugmore ( L-2 ) detenmi ned the cross secti ons 

1 26 

of carbon b l ack aggl omerates and compared these wi th the total area 

of coverage . Stump and Rai l sback (S-9 ) proposed s tandard photographs 

rated 1 to 1 0  dependi ng upon the l eve l of di spers i on ( Ph i l l i ps 

di s pers i on rati n g ) . Mi crographs of compound cross secti on were com­

pared wi th them.  Meda l l a  (B-4 ,M-6 ) was concerned wi th both amount 

and average s i ze of the aggl omerates and prepared a set of s tandard 

mi crographs to compare wi th mi crographs of compounds ( Cabot di s pers i on 

rati ng ) .  

We wi l l  further devel op the method of determi nati on of 

di s pers i on .  I n  the present research , the number of aggromerates wi l l  

be determi ned as a functi on of the s i ze of aggl omerates . 

The number of  aggl omerates i n  1 cm3 of compound N ( d )  may be 

defi ned as 

where 

N (d )  = (N ' ( d)) l 
AH n for di < d < di +l ( VI I - 1 ) 

N 1 ( d )  number  of aggl omerates counted o n  the mi crographs ; 

d di ameter of aggl omerate ; 

A coverage area of a s i ngl e mi crograph ; 



H thi ckness of the fi lm  sampl e ;  

n number o f  mi crographs i nves ti gated . 

The di s tri buti on funct ion i s  defi ned as : 

P ( d )  = __l!(_g_l_ ENTdT 
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( V I I - 2 )  

where N (d )  denotes the total number of aggl omerates wi thi n a certai n 

aggl omerate s i ze range as defi ned i n  Eq . ( V I I - 1 ) ,  and rN ( d )  denotes 

the total number of aggl omerates observed under the opti cal 

mi cros cope . 

Here 

The vol ume fracti on of aggl omerates $ ( d )  may be defi ned as : 

$ ( d )  = V { d ) /Vf 

= N ( d )  • (K d3 ) /$ for di < d < di +l . ( V I I - 3 )  

V ( d )  total vo l ume o f  aggl omerates wi thi n  a certa i n  s i ze 

range ; 

Vf total vol ume of  fi l l er ;  

N ( d )  the n umber o f  aggl omerates wi thi n a certa i n  s i ze range 

i n  1 cm3 compound ; 

$ : vol ume fracti on of compound .  

We  note that l arge aggl omerates are emphasi zed by Eq . ( VI I - 3 )  even 

when the number i s  rel ati ve ly sma l l compared wi th smal l aggl omerates . 
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B .  EXPERI MENTAL PROCEDURE 

Compress i on mol ded fi l ms of vari ous compounds were observed 

wi th a pol ari zed l i ght  opti cal mi croscope ( Lei tz , Laborl ux 1 2  pol ) .  

The thi ckness of  the compress i on mol ded sheets was �1 00 �m . The 

magni fi cati ons used were x40 and x400 . The aggl omerates  and u l ti mate 

parti cl es were observed through the enti re thi ckness of the fi l m  at 

l ow magn i fi cati ons of  x40 . The depth of s harp focus i s  greater than 

1 00 �m at the magni fi cati on of x40 . 

I ndi vi dual ul ti mate parti c les and aggl omerates were observed 

under cross pol ari zed l i ght  more cl early  at hi gh magni fi cati on i n  

genera l . Parti cul ates and aggl omerates shi ne i n  a dark background of 

polymer  matri x under cross pol ari zed l i ght .  

Photographs of  mi cros cope i mage were taken wi th a Ni kon FM-2 

camera .  Over 30 pi ctures were taken a t  the magni fi cati on of  x40 wi th 

Kodak Tri - X  fi l m  to determi ne aggl omerate s i ze di stri buti on .  

The fol l owi ng equati on was deri ved and used to determi ne the 

aggl omerate s i ze when aggl omerates were greater than fi lm  thi ckness . 

( VI I -4 )  

where da denotes di ameter of  aggl omerates , H thi ckness of fi l m ,  and 

d� observed di ameter of  aggl omerates whi ch touch fi l m  s urfaces . 

The compounds whi ch were observed under the opti cal mi cros cope 

have been s ummari zed i n  Tabl es V l l - 1  and VI I - 2 .  
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Tabl e VI I - 1 . Compounds Used for Opti ca l Mi croscopy Study .  
Polys tyrene Compounds 

Vol ume 
Fi l l er Ave . Di ameter Fracti on Mi x ing  Mi xi ng Ti me 
T:i�e d� (Hm) ( - ) Mi xer Tern� . (0C} (Mi nutes ) · 

CaC03 1 7 . 0 . 05 Mi 1 1  1 50°C  20 
3 . 0  0 . 05 Mi 1 1  1 50°C 20 
0 . 4  0 . 05 Mi 1 1  1 50°C 20 
0 . 07 0 . 05 t4i 1 1  1 50°C 20 

Coated 5 . 0  0 . 05 Mi 1 1  1 50°C 20 
CaC03 3 . 0  0 . 05 Mi 1 1  1 50°C 20 

0 . 5  0 . 05 Mi 1 1  1 50°C  20  
0 . 07 0 . 05 t4i 1 1  1 50°C 20 

CaC03 0 . 07 0 . 05 I M  1 50°C 3 
5 

1 0  

Coated 0 . 07 0 . 05 I M  1 50°C 1 
CaC03 3 

5 
1 0  
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Tabl e V I I -2 . Compounds Used for Opti cal f4i eros copy Study . 
Polypropylene Compounds 

Vol ume 
Fi 1 1  er Ave . Di ameter Fraction Mi xi ng f4i xi ng Ti me 
T�[!e d� { urn) {- )  Mi xer Tern�. { oq {Mi nutes } 

CaC03 1 7 . 0 . 05 Mi 1 1  l 75°C 20 
3 . 0  0 . 05 Mi 1 1  l 75 °C  20 
0 . 4  0 . 05 Mi l l  1 75°C 20 
0 . 07 0 . 05 f4i 1 1  1 75°C 20 

Coated 5 . 0  0 . 05 Mi 1 1  1 75 ° C  20 
CaC03 3 . 0 0 . 05 Mi l l  l 75°C 20 

0 . 5  0 . 05 Mi l l  1 75 ° C  20 
0 . 07 0 . 05 f1i 1 1  1 75°C 20 

CaC03 0 . 07 0 . 05 IM  1 75°C  1 
3 
5 

CaC03 0 . 07 0 . 05 I M  1 75°C 1 
3 
5 

1 0  

CaC03 3 0 . 20 
0 . 30 
0 . 40 

Coated 1 0 . 20 
CaC03 0 . 30 

0 . 40 Prepared by Ferro 
Coated 3 . 0  0 . 05 
CaC03 0 . 1 0  
Coated 0 . 5  0 . 05 
CaC03 0 . 1 0  
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C .  RESULTS 

C . l . General 

A wi de range of polys tyrene and polypropyl ene compounds were 

obse rved wi th the opti cal mi croscope . Compress i on mol ded thi n  fi l ms 

of  compound were genera l l y  prepared for observati on . 

The mi ni mum s i ze of aggl omerates we cou l d reasonably determi ne 

to esti mate aggl omerate s i ze di s tribution was 20 �m because i t  was 

necessary to use l ow magn i fi cati on ( x40 ) to focus through the enti re 

thi ckness of the fi l m  specimens . Hi gh magn i fi cati ons o f  x400 were 

used to observe the detai l ed s tructure of aggl omerates . 

C . 2 .  Po lys tyrene Compounds 

Fi gures V I I -2  through V I I - S  show some typi cal opti cal 

mi crographs of  polystyrene compounds processed wi th a two rol l mi l l  

or  an i nternal mi xer .  The vol ume fractions of these compounds are 

0 . 05 .  The mi xi ng temperature used was 1 50°C . The mi xi ng ti me i s  

20 mi nutes for a l l the two rol l  mi l l  compounds and vari es from 

1 mi nute to 1 0  mi nutes for the i nternal mi xer compound . 

C . 2 . a .  Two rol l  mi l l  prepared compounds . Fi gure V I I -2  

represents a seri es  of polys tyrene/uncoated ca l ci um carbonate 

compounds prepared on a two rol l  mi l l  at 1 50°C .  The vol ume fracti on 

of fi l l er i s  0 . 05 .  The magni fi cati on i s  x40 . The nomi na l  u l ti mate 

parti cl e s i ze vari es from 1 7  �m to 0 . 07 �m. Ul timate parti cl es of 

1 7  �m and 3 �m may be observed .  These are wel l di s persed and 



(a )  1 7�im 

( b) Su m X 40 

Figure VI I - 2 . Opti cal mi crographs of PS/uncoat . Caco3 compounds 
{ �  = 0 . 0 5 ,  dp = various ) {TRM 1 50°C , 20 mi n . ) .  
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(c ) 0 .  51J m 

( d) 0.  071J m 
X 40 

Fi gure V I I -2  ( cont i n ued ) 



( a )  S� m 

( b) 3� m X 40 

Fi gure Vl l - 3 .  Opti cal mi crographs of PS/Coat . caco3 compounds 
( �  = 0 . 05 ,  dp = vari ous ) ( TRM 1 50° C ,  20 mi n . ) . 

1 34 



1 35 

(c J  0. 4JJ m 

( d) 0. 07JJ m 
X 40 

F i g u re VI I - 3  ( conti n ued) 



• 

• 

. ' 

. . 

( a )  mi n .  

• • 

( b )  5 mi n .  

' 

• 

• 

.. 

X 40 

Fi gure V I I - 4 .  Opti cal mi crographs of PS/uncoat. Caco3 compounds 
( $  = 0 . 05 ,  dp = 0 . 07 11m) ( I M 1 50°C ,  25 RPt4 ) . 
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( a ) 1 mi n .  

• • 
• 

( b )  5 mi n .  

. .  ' 

' · •  

• 

• 

. -

X 40 
Fi gure VI I - 5 .  Opti cal mi crographs o f  PS/coat . Caco3 compounds 

($ = 0 . 05 ,  dp = 0 . 07 �m) ( I M 1 50°C , 25  RPM} . 
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aggl omerates a re not found . Ul ti mate parti c l es of  0 . 4  �m and 0 . 07 �m 

cal c i um carbonates are not vi s i bl e .  Few aggl omerates have · been 

observed .  These compounds woul d seem to have fai rly  good di s pers i ons . 

Fi gure VI I - 3  presents polystyrene/coated cal ci um carbonate 

compounds . Agai n ,  we observe fai rly good di spers i on at any u l ti mate 

parti c l e s i ze .  

C . 2 . b .  I nternal mi xer prepared compounds . Fi gures V I I -4  and 

V I I - S  show some typi ca l  opti cal mi crographs of i nternal mi xer 

processed polystyrene/ uncoated and coated cal ci um carbonate compound ,  

respecti ve ly . The mi xi ng time vari ed as i ndi cated i n  the fi gures . 

The ul t imate parti cl e s i ze i s  0 . 07 �m for both fi gures . 

The di spers i on i s  cl early di fferent from two rol l  un i t  

processed compounds . Large aggl omerates of parti cul ates are observed 

i n  the compounds prepared i n  an i nterna l mi xer for both uncoated and 

coated cal c i um carbonates . 

C . 3 .  Polypropylene Compounds 

��e now turn to the polypropyl ene compounds . Fi gures VI I - 6  

through VI I - 1 0  represent opti cal mi crographs of  vari ous polypropyl ene 

compounds . Vol ume fracti ons are a lways 0 . 05 .  The mi xi ng temperature 

was 1 75 ° C ,  both for the two rol l  mi l l  and the i nterna l  mi xer .  The 

mi xi ng time i s  aga i n  20 mi nutes for al l two rol l  mi l l  compounds and 

vari es from 1 mi nute to 1 0  mi nutes for the i nte.rnal mi xer prepared 

compounds . 



( a )  1 7  lJm 

( b ) 3 lJm 

Fi gure V I I - 6 .  Opti cal mi crographs of  PP/unc . CaC03 compoun ds 
( TRM 1 75°C ,  20 mi n . ) � = 0 . 05 .  
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{ c )  0 . 4  llm 

{ d )  0 . 07 llm 

F igure V I I -6 ( conti nued ) 



(a ) 1 7u m  

Fi gure V I I - 7 .  Opti cal mi crographs of PP/ unc .  Caco3 compounds 
( TRM 1 75°C , 20 mi n . )  � = 0 . 05 .  
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( c) 0. 4 lJ m  

( d ) 0 . 071J m 

Fi gure V I I -7 ( conti nued ) 
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Fi gure VI I - 9 .  Opti cal mi crographs of PP/coat . Caco3 compounds 
( TRM 1 75°C ,  20 mi n . ) $ =  0 . 05 .  
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(c )  0. 5 � m  

( d) 0 . 07 � m  

Fi gure V I I - 9  ( conti nued ) 



( a )  5 \.l m  

( b )  3 \.1 m  

Fi gure Vl l - 1 0 .  Opti cal mi crographs of PP/coat .  Caco3 compounds 
(TRM 1 75°C , 20 mi n . } $ = 0 . 05 .  
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(c )  0 . 5  IJ m  

( d) 0. 07 \..l ffi 

F i gure V I I - 1 0  ( con t i nued ) 
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C . 3 . a .  Two ro l l  mi l l  prepared compounds . Fi gures VI I - 6  

through VI I - 8  s how a seri es o f  micrographs o f  polypropy l ene/ uncoated 

cal c i um carbonate compounds prepared by two rol l  mi xi ng mi l l .  The 

magni fi cati ons are x40 i n  Fi gure VI I - 6  and x400 i n  Fi gure V I I - 7 .  At 

l ow magn i fi cat i ons of x40 ( Fi gure VI I - 6 ) , i t  may be seen that the 

l arge parti cul ates ( l arger than 1 �m ) form some s tructures , not found 

for the case of polystyrene compounds . Smal l er  parti cul ates ( l ess 

than 1 �m) form aggl omerates obvi ous l y .  The number of  aggl omerates 

i n  these compounds are much greater than polys tyrene compounds . 

Deta i l s  of  parti cul ate s tructure have been presented i n  

Fi gure Vl l - 7  at a magni fi cati on o f  x400 . Some s tructure may be seen 

i n  l arge s i ze parti cul ates ( l arger than 1 �m) . �1any aggl omerates may 

be observed to contai n smal l er parti cul ates . The ul timate parti c l es 

are i nvi si bl e  i n  the mi crographs of  the two sma l l uncoated ca l ci um 

carbonates ( dp = 0 . 4  �m and 0 . 07 �m ) .  

Fi gure V I I-8  presents a cl ose- up view of polypropy l ene/uncoated 

cal c i um carbonate compound ( dp = 0 . 07 �m , � = 0 . 05 )  processed on a 

two rol l  mi xi ng mi l l . Aggl omerates of cal c i um carbonate have a broad 

s i ze di s tri bution . The aggl omerate structure i s  s i mi l ar to a 

caul i fl ower .  

Mi crographs of polypropyl ene/steari c  aci d coated cal ci um 

carbonate compounds (agai n mi xed on a two ro l l  mi l l ) are s hown i n  

Fi gures Vl l - 9  and V I I - 1 0 .  Di spers i on o f  l arge cal ci um carbonates 

{ l arger than 1 �m) wi th s teari c aci d surface coat ing  are better than 

uncoated cal c i um carbonates for both magni fi cati ons ( x40 and x400 ) 
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( Fi gures VI I - 9  and V I I - 1 0 ) . Steari c acid surface coati ng of cal ci um 

carbonate i mp roves di spers i on .  The s i tuation i s  not cl ear wi th 

smal l e r  parti cul ates whose u l ti mate di ameters are smal l e r  than 1 �m.  

It i s  necessary to observe a l arger area of compound fi lm  for these 

systems . Thi s  wi l l  be di s cussed i n  a l ater sect ion . 

Fi gure V I I- 1 1 s hows some other polyp ropy l ene compounds 

prepared wi th a two rol l mi xi ng mi l l . These contai n mi crographs of 

tal c ,  s i l ane s urface coated tal c and mi ca compounds . Large 

aggl omerates  are not observed for these parti cul ates . The effect of 

the s u rface coati ng i s  not c l ear .  

C . 3 . b .  I nterna l  mi xer prepared compounds . Opti cal mi crographs 

of i nterna l  mi xer compounds have been s hown i n  Fi gures V I I - 1 2  and 

V I I - 1 3 . The mi xi ng ti me va ri es from 1 mi n ute to 1 0  mi nutes . The 

ul t imate parti c le  di ameter i s  0 . 07 �m . 

Fi gure VI I - 1 2  represents the effect of mi xi ng ti me for 

polypropylene/ uncoated cal ci um carbonate compounds . I t  may be seen 

that the number and s i ze of aggl omerates decrease as mi xi ng progresses . 

Some very l arge aggl omerates ( greater than 1 00 �m) are observed . 

Steari c aci d coated ca l ci um carbonate compounds are presented 

i n  Fi gure V I I - 1 3 .  Aga i n ,  the effect of mi xi ng ti me i s  cl ea r .  Both 

number  and s i ze of aggl omerates decrease wi th mi xi ng ti me .  I t  s houl d 

be noted that the number of aggl omerates i n  the coated ca l ci um car­

bonate compounds i s  greater than uncoated cal ci um carbonate compounds . 
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(a )  Talc 

( b) Si lane coated Talc 

Fi gure V I I - 1 1 .  Opti ca l mi crographs of PP/ani sotropi c fi l l er compounds 
(TRM 1 75°C , 20 mi n . ) $ = 0 . 05 .  
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{ c )  M ica 

Fi gure V I I - 1 1 ( conti nued ) 



( a )  1 min  

( b )  5 min 

Fi gure VI I - 1 2 .  Opti cal mi crographs of PP/unc .  Caco3 compounds 
( I �1 1 75°C , 25 RPM ) .  
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(a ) 1 min 

(b )  5 m in  

Fi gure V I I - 1 3 .  Opti ca l mi crographs of PP/coat . caco3 compounds 
( I M 1 75°C , 25 RPM) . 
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D .  DI SCUSSI ON 

D .  1 .  Genera 1 

We now di scuss the di spers i on of smal l parti cl es q uanti tati vely .  

The number of  aggl omerates i n  1 cm3 of compound N ( d ) , the d i s tri buti on 

functi on of aggl omerates P ( d )  and vol ume fracti on of aggl omerates 

$ ( d )  were defi ned i n  Eqs . ( VI I - 1 ) ,  ( VI I -2 ) , and (V I I - 3 ) , res pecti ve ly .  

These q uanti ti es are determi ned as  a functi on of the s i ze of 

aggl omerates for vari ous compounds . 

D . 2 .  Po lys tyrene Compounds 

Fi gures V I I - 1 4  and V I I - 1 5  s how the number of  aggl omerates i n  

1 cm3 compound N ( d )· a s  a function of di ameter o f  aggl omerates d for 

polys tyrene/uncoated and coated cal ci um carbonate compounds , 

respecti vely .  The mi xi ng devi ce and mi xi ng time are i ndi cated i n  the 

fi gures . Here I M  and TRM are used as abbrevi ati ons for i nternal  

mi xer and two rol l  mi xi ng mi l l  prepared compounds , res pecti vely . 

The number of agg l omerates decreases drasti cal ly  wi th i ncreas i ng 

agg l omerate s i ze at any mi xi ng time and vari es wi th mi xi ng devi ce . 

The number of  agg l omerates i n  polystyrene/uncoated cal ci um 

carbonate ( Fi gure VI I - 1 4 )  tends to decrease as mi xi ng progresses . 

One of the pecul i ar characteri sti cs i s  that the number of  aggl ome rates 

decrease i s  not cons i stent wi th i ncreas i ng mi xi ng t ime i nternal  

mi xer prepared compounds , but an i ntermedi ate maxi ma is  observed .  

It  shoul d be po i nted out that the number of  l arge aggl omerates 

does not s how a rapi d decrease wi th mi xi ng ti me i n  i nternal mi xer 
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prepared compounds . The two rol l  mi l l  prepared compounds have a much 

smal l er number of  aggl omerates , especi al l y  at l arge aggl omerate s i zes . 

There seem due to be two reasons for the above observati ons . 

One i s  the exi s tence of  a thi n l ayer of uni ncorporated parti cul ates 

formed on the chamber wal l of the i nternal mi xer .  Thi s  was di scussed 

i n  the previ ous chapter . Thi s l ayer of un i ncorporated fi l l er coul d 

s upply the l arge aggl omerates i nto polymer phase conti nuousl y .  

Another reason i s  the vi scos i ty and temperature of  the compound 

duri ng the mi xi ng process .  The compound i s  surrounded by the chamber 

wal l  i n  the i nternal  mi xer .  The temperature of the compound i s  

genera l l y  hi gher than the set mi xi ng temperature of 1 50°C due to the 

vi scous heat generation . Thi s was measured duri ng the mi x i ng process 

by a thermocoupl e  l ocated i n  a chamber wal l .  The temperature \'las 

5 to l 0°C  h i gher than the set temperature . The compound i s  exposed 

to ai r atmosphere on the two rol l  mi l l . I t  i s  expected that the 

actual temperatures of compounds i n  the i nternal mi xer are sub­

s tanti al l y  h i gher than on the t\o1o ro l l  mi l l . 

The vi s cos i ty of polys tyrene i s  strongly dependent upon the 

temperature as di s cussed i n  Chapter I V .  Effect of l ow temperature 

may overcome the l ow shear rate i n  the two rol l mi l l .  The vi scos i ty 

of compound woul d be much hi gher i n  the two rol l  mi l l  than i n  the 

i nternal mi xer .  Thi s l eads to better di spers i on i n  two rol l mi l l  

prepared compounds . 

Fi gure V I I - 1 5  s hows the number of aggl omerates N ( d )  as a 

functi on of  the di ameter of  aggl omerates d for polystyrene/coated 
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cal c i um carbonate compounds . The number of  aggl omerates decreases 

drasti cal ly  wi th mi xi ng time i n  the i nternal mi xer ,  especi a l ly i n  the 

l arge aggl omerate s i ze regi on .  Thi s may be due to the rapi d 

di sappearance of parti cul ate l ayers on the chamber surface . Large 

aggl omerates were not suppl i ed any more after s uch l ayers di sappear . 

The weak  parti cl e- parti cl e i nteraction of s teari c aci d coated cal ci um 

carbonate promotes the d isappearance of  parti cl e l ayers and the break­

down of l arge aggl omerates . Steari c aci d  s urface treatment may reduce 

the parti c l e-metal s urface i nteracti on as wel l as i nterparti c l e  

i nteracti on . The two rol l mi l l  compound agai n reduces the number of 

aggl omerates drasti ca l ly .  

Di stri bution functions P ( d }  for polys tyrene/ uncoated and coated 

cal c i um carbonate compounds are pl otted i n  Fi gures V I I - 1 6  and 

VI I- 1 7 ,  respecti ve ly .  

P ( d }  of  the uncoated cal ci um carbonate compounds ( Fi gure V l l- 1 6 )  

tends to s catter . Hi gh fracti on o f  l arge aggl omerates (�1 00 �m ) may 

be observed .  They are greater than 2% of the total number of  

agg l omerates . The di s tri buti on functi on of the two rol l  mi l l  compound 

shows a sharp decay wi th aggl omerate s i ze .  

Coated cal ci um carbonate compounds ( Fi gure V I I - 1 7 )  are found 

to possess more cons i stent appeari ng di s tri buti on functi ons . The 

di s tri bution of aggl omerates changes after 1 mi nute of  mi xi ng i n  an 

i nterna l  mi xer ,  and i t  is unchanged wi th further mi xi ng . The fracti on 

of l arge aggl omerates  (�1 00 �m ) are much smal l er than uncoated 

cal ci um carbonate compounds . I n  addi ti on , di s tri buti on functi on s  for 
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i nternal mi xer prepared compounds after 3 mi nutes of mi xi ng  are q ui te 

s i mi l ar to that of the two rol l  mi l l  compound .  

Fi gures VI I - 1 8  and VI I - 1 9  show the vol ume fracti on o f  

aggl omerates � ( d )  a s  a functi on of aggl omerate s i ze range for poly­

s tyrene/ uncoated and coated cal ci um carbonate compounds , respecti vely .  

Functi on � ( d )  of  uncoated cal ci um carbonate compounds i ncreases wi th 

) ncreas i ng aggl omerate s i ze ( Fi gure V I I - 1 8) . Thi s  s ugges ts the 

exi s tence of very l arge aggl omerates . Very l arge aggl omerates may be 

s uppl ied  from the uni ncorporated parti c l e  l ayer on the chamber wal l .  

Such uni ncorporated parti cl e l ayers may be regarded as a reservoi r 

of aggl omerates of fi l l er .  The two rol l  mi l l  prepared compound i s  an 

exception . The � ( d )  functi on decreases wi th si ze of aggl omerates . 

Fi gure V l l - 1 9  s hows the vol ume fracti on of aggl omerates for 

coated cal ci um carbonates . Functi ons � ( d )  for a l l compounds after 

3 mi nutes of mi xi ng tend to decrease s l i ghtly wi th si ze of aggl omerates . 

The di s pers i on i s  better than the case of uncoated cal ci um carbonate 

as l ong as the fracti on of l arge aggl omerates are concerned . 

0 . 3 .  Pol ypropyl ene Compounds 

Fi gure VI I-20 shows the number of aggl omerates N ( d )  as a 

functi on of aggl omerate di ameter for polypropyl ene/ uncoated cal ci um 

carbonate compounds . The function N ( d )  decreases very rapi dly wi th 

i ncreas i ng aggl omerate di ameter d at any mi xi ng ti me and devi ce . The 

functi on N { d )  decreases wi th mi xi ng ti me .  The reducti on of N ( d )  wi th 

mi xi ng time i s  much more con s i s tent than the case of polystyrene 

compounds previ ous ly  di s cussed . 
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The mi xi ng i n  a two rol l mi l l  i s  not as effecti ve as the 

polystyrenes case . A l arge number of agglomerates s ti l l  rema i n after 

20 mi nutes of mi xi ng i n  a two ro l l  mi l l ,  un l i ke the case o f  poly­

s tyrene compounds . 

Thi s  s i gni fi cant di fference on the amount of l arge aggl omerates 

between the two ro l l  mi l l  prepared polystyrene and polypropy l ene 

compound may resu l t from the marked di fference on the acti vati on 

energi es . The acti vation energi es of  polystyrene and polypropy l ene 

are 25 kca l /mol e and 9- 1 0  kcal /mol e ,  respecti vely ( W- 7 ) . The 

vi s cos i ty of po lypropyl ene i s  much l es s  temperature sens i ti ve compared 

wi th polys tyrene . 

I t  wou l d  be expected that the actual temperature of res i n  

duri ng mi xi ng i s  s ubs tanti a l l y  hi gher than the set temperature o f  

1 75°C i n  the i nterna l mi xer and l ower than that i n  the two rol l mi l l .  

The change of  the vi scos i ty of  polypropyl ene due to the temperature 

di fference i n  mi xi ng devi ces i s , however ,  smal l .  

Polypropy l ene/s teari c aci d s urface coated cal ci um carbonate 

compounds possess the greatest n umber of aggl omerates ( Fi gure VI I - 21 ) 

o f  a l l .  The number of smal l es t  aggl omerates ( 20 �m to 40 �m) i s  

greater than 1 00 , 000 per 1 cm3 of compound .  N ( d ) , number o f  

agg l omerates , decreases most  rapi dly wi th i ncreasi ng aggl omerate 

di ameter and number of l arge aggl omerates ( > 1 00 �m) are smal l er than 

that of uncoated cal ci um carbonate compounds . Steari c aci d s urface 

coating  of cal c i um carbonate i s  effecti ve to reduce the number of  

l a rge aggl omerates both i n  polystyrene and polypropy l ene . 
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Fi gure V I I -22 and VI I -2 3  show di s tri buti on functi ons for 

polypropyl ene/ uncoated and coated cal c i um carbonate compounds , 

respecti ve ly .  

1 67 

I t  i s  very c l ear  that the di s tri buti on functi ons of  coated 

cal ci um carbonate compounds ( Fi gure VI I -23 ) decay much more sharply 

than uncoated cal ci um carbonate compounds ( Fi gure V I I - 22 ) .  Fracti ons 

of  l arge aggl omerates w i th i n  the s i ze range of 1 00 �m to 1 20 �m are 

6 x 1 0- 3  to 3 x 1 0-2  for uncoated cal ci um carbonate compounds and 

about 1 x 1 0- 3  for coated cal ci um carbonate compounds . 

The fol l ow i ng may be concl uded . The s tea ri c aci d s urface 

coati ng of cal c i um carbonate reduces the fracti on of l arge 

agglomerates both i n  po lys tyrene and po lypropy l ene compounds . The 

breakdown of aggl omerates may be accel erated by s urface coati ng . 

However ,  the coated parti cul ate compounds possess greater numbers of 

smal l aggl omerates . 

Fi gures V I I -24 and Vl l-25 p lot  the vol ume fracti on of 

aggl omerates � ( d )  as a functi on of aggl omerate s i ze for polypropyl ene/ 

uncoated and coated cal ci um carbonate compounds . There i s  a noti ce-

abl e  di fference beb1een these two . The function � ( d )  decreases wi th 

i ncreas i ng aggl omerate s i ze much more s harply i n  coated ca l ci um 

carbonate compounds ( Fi gure VI I -25 ) than i n  the uncoated cal ci um 

carbonate compounds ( Fi gure V I I - 24 ) . Steari c aci d coati ng tends to 

reduce the exi s tence of very l arge aggl omerates . 
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D . 4 .  Representati on of Di spers i on 

Several methods of determi nati on of di spers i on are p resented 

i n  thi s  s ecti on . As previ ous ly di s cussed , aggl omerates i n  compounds 

have been found to possess a wi de range of di ameter and a s harply 

decreas i ng di s tri buti on functi on as aggl omerate s i ze i ncreases . 

Di s tri buti on of aggl omerate s i ze i n  steari c aci d s urface treated 

cal c i um carbonate compounds i s  very di fferent from that wi th 

uncoated parti c l es .  Coated ca l ci um carbonate compounds possess 

reduced numbers of l arge aggl omerates compared to uncoated cal c i um 

carbonate compounds . 

D . 4 . a .  Total number of aqql omerates . Fi rst we cons i der the 

total n umber of aggl omerates i n  1 cm3 of compound E N ( d ) . Thi s  counts 

the number of aggl omerates whose di ameter i s  greater than 20 �m. 

Fi gure VI I -26 shows EN ( d ) , total number of aggl omerates i n  1 cm3 of 

compound ,  as a functi on of mi xi ng time both i n  an i n ternal mi xer and 

a two rol l  mi l l . Percentage val ues i ndi cated i n  thi s  fi gure for 

polystyrene compounds show amounts of fi l l er remai n on the chamber 

wal l of i nternal mi xer ,  that i s ,  uni ncorporated fi l l er .  I t  i s  cl ear 

that di spers i on i s  i mproved as mi xi ng progresses . Improvement of 

di spers i on occurs fi rst rapi dly and approaches s teady s tate . As far 

as the total number of aggl omerates greater than 20 m i s  concerned , 

di spers i on i s  the bes t i n  polystyrene/coated cal c i um carbonate sys tem . 

The order i s  as fol l ows . 

PS/Coat .  CaC03 > PS/Uncoat .  CaC03 > PP/Uncoat . CaC03 > PP/Coat .  CaC03 . 
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Good d i s pers i ons i n  polystyrene compounds are due to the hi gh 

vi s cosi ty of matri x polymer duri ng the mi xi ng process . 

We note that the di spers i on of coated cal ci um carbonate i s  

worse than uncoated cal ci um carbonate i n  polypropyl ene compounds . 

Thi s may be due to the weak i nteraction forces between coated 

parti cl es and the mechani sm of di spers i on .  Weak i nteracti on forces 

between parti cl es acce lerate the breakdown of aggl omerates i nto the 

greater number of smal l er aggl omerates . Thi s  may i ncrease the total 

number of aggl omerates i n  1 cm3 of compound . Another reason , the 

mechani sm of di s pers i on ,  wi l l  be di scussed i n  Chapter XI I I ,  Theory 

of Mi xi ng . 

D . 4 . b .  Total vo l ume fraction of aggl omerates . The second 

method consi ders the total vol ume fracti on of aggl omerates E $ ( d ) . 

Agai n aggl omerates whi ch are greater than · 20 �m are counted . Here 

the functi on $ ( d )  has been defi ned i n  Eq . ( VI I - 3 ) . We may pl ot 

1 - E$ ( d )  as a functi on of mi xi ng time ( Fi gure V I I -27 ) .  I n  thi s p l o t ,  

the bes t di spers i on may be  represented a s  1 - E $ ( d }  equal to 1 .  

Di s pers i on of fi l l er  i s  i mproved as mi xi ng time i ncreases . 

We address our attenti on to the l arge aggl omerates . Total 

vol ume fracti on of aggl omerates whi ch are greater than 1 00 �m ,  E $ ( d ) , 
1 00 

i s  cons i dered here .  Taki ng a vol ume fracti on � ( d )  rather than a 

number of  aggl omerates N ( d }  emphasi zes the exi s tence of  l arge 

aggl omerates . 

The functi on E $ ( d )  for vari o us compounds are shown i n  
1 00 

Fi gure V I I-28 as a functi on of mi xi ng time .  The functi on E $ ( d )  
1 00 
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decreases as mi xi ng progresses . Val ues of r � ( d )  are not p l otted 
1 00 

for the fol l owi ng compounds : 

PS/Uncoated Caco3 TRM mi xed 

PS/Coated CaC03 TRM mi xed 

I M mi xed ; 3 ,  5 ,  1 0  mi n .  

These compounds have the val ues o f  E � ( d )  sma l l er  than 1 x 1 0- 3 . 
1 00 

The di s pers i on o f  these compounds are exce l l ent .  
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Mos t  compounds i mprove thei r di spers i on as mi xi ng progres ses . 

The fas test i mprovement may be seen i n  polystyrene/coated cal c i um 

carbonate compounds . The polystyrene/uncoated cal c i um carbonate com­

pounds have a pecul i ar behavi or .  The di s pers i on gets worse as mi xi ng 

time i ncreases i n  an i nternal  mi xer. Thi s  is  due to the exi stence 

of parti cul ate l ayer .  Thi s  suppl i es a number of l arge aggl omerates 

i n  matri x phase . Among the i nternal  mi xer compounds , order of  

di spers i on i s  

PS/Coat . CaC03 > PP/Coat . CaC03 > PP/Uncoat .  CaC03 > PS/Uncoa t .  CaC03 . 

Steari c aci d s urface coati ng contri butes the di spers i on to reduce the 

amount of l arge aggl omerates . 

��e note the order of di spers i on 1 eve 1 based on the tota 1 

vol ume fracti on of  the l arge aggl omerates E � ( d ) i s  very di fferent 
1 00 

from the order of  di spers i on l evel determi ned upon the total n umber 

of aggl omerates . 

D . 4 . c .  Aggl omerate number and s i ze rel ati on . l�e have 

determi ned the l evel s of di spers i on for vari ous compounds based on the 

total number of aggl omerates E N ( d ) , the total vol ume fracti on of  
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aggl omerates E $ ( d )  and the total vol ume fracti on of l arge aggl omerates 

E $ ( d ) . I t  was found that the l eve l of di spers i on we determi ned i s  
1 00 
s trongly dependent upon where we address our attenti on . 

An i ndex of di spers i on ought to have the characteri s ti cs of 

express i ng the compl ex state of di spers i on .  Once s uch an i ndex of 

di spers i on is  defi ned , the gradi ng of the l evel of  di spers i on i s  the 

matter of where the cri teri on i s  set. 

A wi de range of  characteri s ti cs of di spers i on may be wel l 

represented by the number of aggl omerates as a functi on of aggl omerate 

s i ze .  

Fi gures V I I -29 th rough V I I - 32 present the number o f  agg l omerates 

i n  1 cm3 N as a functi on of aggl omerate s i ze d i n  l ogari thmi c sca l es a 
for various compounds . l�e note that the amounts o f  aggl omerates are 

wel l represented by 

N = a • d-b  
a { V I I - 5 )  

where a denotes the number of  aggl omerates at d = 1 �m and b i s  the 

power i ndex . Val ues of  b i ndi cate how rapi d ly the number of  

aggl omerates decreases wi th the s i ze of aggl omerates . The sol i d  l i nes 

i n  Fi gures VI I -29 through VI I - 32 are obtai ned by a l east square 

method . 

Tabl es VI I - 3  through VI I -6 s ummari ze the parameters a ,  b and 

the correl ati on coeffi c ient for vari ous compounds . 

The correl ation coeffi c ient for the curve fi tti ng w i th 

Eq . ( V I I - 5 )  i s  greater than 0 . 97 i n  general . Total  number of 
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Tab l e V I I - 3 .  Parameter a and b for PS/Unc . Caco3 ( dp = 0 . 07 �m , 
cp = 0 . 05} 

a b Correl ati on 
Ti me Coeffi ci ent 

Devi ce (mi n } (l[cm3l ( - )  (- ) 
1 5 . 00 X 1 08 3 . 1 8  0 . 9704 

I M  3 3 .  72 X 1 07 2 . 54 0 . 9768 
(25 RPM)  

2 . 80 X 1 06 5 1 . 96 0 . 9708 

1 0  2 . 08 X 1 07 2 . 32 0 . 9896 

TRM 20 1 .  35 X 1 01 0  4 . 46 0 . 9995 
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Tab1 e VI I - 4 .  Parameter a and b for PS/Coat .  CaC03 ( dp = 0 . 07 �m , 
$ = 0 . 05 } 

a b Corre l ati on 
Time Coeffi ci ent 

Devi ce (mi n �  {1 /cm3} {- } { - }  
1 1 . 9 X 1 08 2 . 75 0 . 9884 

I M  3 6 . 90 X 1 08 3 . 32 0 . 9940 
( 25 RPM )  

2 . 22 X 1 09 5 3 . 62 0 . 9896 

1 0  1 . 68 X 1 08 3 . 01 0 . 9864 

TRM 20 8 . 81 X 1 07 3 . 2 7  0 . 9999 

- -- - ---
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Tab l e  VI I - 5 .  Parameter a and b for PP/Unc . Caco3 ( dp = 0 . 07 �m , 
$ = 0 . 05 ) 

a b Correl ati on 
T ime Coeffi ci ent 

Devi ce (mi n )  {l/cm3 ) ( - }  ( - }  
1 9 . 79 X 1 08 2 . 87 0 . 9930 

I M  3 7 .  82 X 1 08 2 . 93 0 .  9681 
( 2 5  RPM ) 

2 . 92 X 1 09 5 3 . 41 0 . 9945 

1 0  1 .  85 X 1 09 3 . 36 0 . 9940 

TRM 20 1 . 00 X 1 09 3 . 05 0 . 9930 
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Tabl e VI I - 6 . Parameter a and b for PP/Coat . CaC03 ( dp = 0 . 07 �m , 
4> = 0 . 05 ) 

a b Corre l ati on 
Ti me Coeffi ci ent 

Devi ce ( mi n l ( l /cm3) {- }  {- )  
1 1 . 20 X 1 01 3  4 . 87 0 . 9936 

I M  
7 . 08 X 1 01 3  { 25 RPM )  3 5 . 40 0 . 9889 

5 2 . 82 X 1 01 3  5 . 34 0 . 9832 

TRM 20 5 . 25 X 1 01 2  5 . 00 0 . 9984 



aggl omerates and the s i ze of aggl omerates are wel l represented by a 

power l aw rel ation . 

t�e may defi ne a di s pers i on i ndex as 
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PL ; a ,  b ,  c ( VI I -6 )  

where PL means power l aw rel ati on of Na and d ,  and a ,  b denote the 

parameters i n  power l aw assumption shown i n  Eq . ( V I I - S ) , and c i s  a 

correl ati on coeffi ci ent .  

For exampl e ,  the di spers i on i ndex of i nternal mi xer prepared 

polypropyl ene/uncoated cal ci um carbonate compound (mi xi ng temperature , 

1 75°C ;  rotor s peed , 25 rpm ; mi xi ng time , 5 mi nutes ) i s  

PL ; 2 . 92 x 1 09 , 3 . 41 , 0 . 9940 . ( V I I - 7 )  

Fi gures V I I - 33 and Vl l - 34 p l ot the val ues of  a and b ,  

respecti vel y .  A val ue represents the number o f  aggl omerates havi ng a 

di ameter of 1 �m . Polypropy l ene/coated cal ci um carbonate compounds 

possess the greates t a val ues and po lys tyrene/uncoated cal ci um 

carbonate compounds have the smal l es t  ( Fi gure V I I - 33 ) . 

Val ues of b represent the s l opes i n  l og Na versus l og d pl ots . 

The greatest s l opes are found for polypropyl ene/coated cal ci um 

carbonate compounds . The number of aggl omerates decays most  rapi dly 

w i th i ncreas i ng s i ze i n  these compounds . The sma l l es t  s l opes are 

found for polystyrene/uncoated cal ci um carbonate compounds . 

D . 4 . d .  Rel ati onship between di spers i on and mechani cal 

properti es . The mechani cal  properti es of pol ypropyl ene/cal c i um 
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carbonate compounds have been characteri zed by K .  rtural i .  A Mons anto 

Tensi ometer was used for a tens i l e  test .  A seri es of compounds were 

compress i on mol ded i nto a thi ckness of 0 . 04 em a t  200°C and then 

q uenched i n  water . Dumbbel l shaped speci mens were obta i ned by punch­

i ng wi th a dumbbel l s hape di e .  The i ni ti a l sampl e l ength was 4 em. 

Fi ve to twel ve spec imens were tested . A s trong correl ation was found 

between the functi on r $ ( d )  and el ongati on at break e ( Fi gure V I I - 35 ) .  . 
1 00 

E l ongati on break e of seri es of polypropyl ene/ca l ci um carbonate com-

pounds i s  pl otted as the function ( r $ ( d ) ) - 1 . As the vol ume fracti on 
1 00 

of l arge aggl omerates decreases , the e l ongati on at break i ncreases . 
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CHAPTER V I I I  

SCANNI NG ELECTRON M I CROSCOPY 

A. I NTRODUCTI ON 

The di s pers i on of compounds based on l arge aggl omerates 

( greater than 20 �m ) has been characteri zed by opti cal mi croscopy . 

Thi s was carri ed out us i ng compressi on mol ded thi n fi l ms of compounds 

( thi ckness about 1 00 �m ) and was observed through thi ckness di recti on 

at rel ati vely  l ow magni fi cati ons of x40 and x400 . 

Scanni ng el ectron mi croscopy s urveys the s urface or fracture 

s urface of compounds at much hi gher magni fi cati on l evel s .  Thi s 

a l l ows us to make detai l ed observati ons of di s persed parti cul ates and 

aggl omerates . 

The transmi s s i on el ectron mi croscope has not been used i n  the 

present research . Thi s , i n  genera l , requ i res a very thi n spec imen 
0 0 

rangi ng from 500 A to 1 000 A .  The thi ckness of  the s peci men i s  

genera l l y  sma l l er than the di mens i ons of many of the ul t imate 

parti cl es  empl oyed i n  the present research . 

B .  EXPERIMENTAL PROCEDURE 

Fracture s urfaces of compounds were observed under the s canni ng 

e l ectron mi croscope . Pi eces of the mi xes prepared were broken i nto 

bi ts wi th a hammer and compress i on mol ded i nto a thi ckness of about 

1 mm at 200°C and q uenched i n  water.  These compound fragments were 

1 92 
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broken i n  a l i q ui d  ni trogen . Cross secti onal s urfaces were observed 

under a s canni ng el ectron mi cros cope . 

Some compound s heets were heat treated before fracture i n  

l iq ui d ni trogen .  Polystyrene compounds were heated to 1 90°C for 

2 hours . Polypropyl ene compounds were heated to 1 80°C and anneal ed 

at  a cool i ng rate of -0 . 33°C/mi n .  

C .  RESULTS 

C . l . I sotropi c Parti cul ates 

C . l . a . Cal c i um carbonate compounds . Fi gures V I I I - 1  through 

VI I I- 1 2  present e l ectron mi crographs of vari ous polys tyrene/ca l ci um 

carbonate compounds . Al l compounds were pared on a two rol l  mi l l  at 

1 50°C .  Mi xi ng ti me is  20 mi nutes for � = 0 . 05 and 0 . 1 0 ,  45 mi nutes 

for � = 0 . 30 .  

F igures VI I I - 1  through VI I I -6  exhi bi t cross secti onal s urface 

of  q uenched specimen .  Fi gure VI I I - 1  shows the el ectron mi crographs 

of polys tyrene/uncoated and s teari c aci d s urface coated cal ci um 

carbonate compounds ( dp = 3 �m , $ = 0 . 05 ) . Both uncoated and coated 

cal ci um carbonates appear wel l d ispersed i n  polys tyrene . The parti cu­

l ates are wel l separated .  The vol ume fracti on of fi l l er i ncreases 

i n  Fi gure V I I I - 2  ( �  = 0 . 1 0 ) , and VI I I - 3  and V I I I -4  (� = 0 . 30 ) . The 

parti cl e s i ze i s  aga i n  3 �m i n  these mi crographs . I n  the compounds 

of vol ume fracti on � =  0 . 1 0  ( Fi gure VI I I -2 ) , parti cul ates are s ti l l  

separated from each other .  At  the vol ume fraction of 0 . 30 

( Fi gures  VI I I - 3  and VI I I - 4 ) , however ,  the parti cul ates appear to 



( a )  PS/Uncoat .  Caco3 X2000 

( b )  PS/Coat .  CaC03 X2000 
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Fi gure V I I I - 1 . E l ectron mi crographs of PS/CaC03 compound ( $  = 0 . 05 ,  
dp = 3 �� (TRM 1 50°C 20 mi n ) . 



( a ) PS/Uncoat .  Caco3 X2000 

( b )  PS/Coat . CaC03 X2000 
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Fi gure V I I I -2 . E l ectron mi crographs of PS/Caco3 compound ( �  = 0 . 1 0 , 
dp = 3 �m ) (TRM 1 50°C 20 mi n ) .  



(a ) X450 

( b )  X2000 

F i gure V I I I -3 . E l ectron mi crographs of PS/uncoat . Caco3 ($ = 0 . 30 ,  
dp  = 3 �m ) (TRM 1 50°C 4 5  mi n ) . 

1 96 



( a )  X450 

( b )  X2000 

F igure V I I I -4 .  El ectron micrographs of PS/coat .  CaC03 compound 
( 9  = 0 . 30 ,  dp = 3 �m ) (TRM 1 50°C 45 m1 n ) . 
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Fi gure V I I I - 5 .  

( a )  X2000 

( b )  xsooo 

El ec tron mi crographs of PS/uncoa t .  CaC03 compound 
( �  = 0 . 30 ,  dp = 0 . 4  �m ) ( TRM 1 50°C 45 mi n ) . 
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( a ) X2000 

( b )  X5000 

F igure V I I I -6 . E l ectron mi crographs of PS/coa t .  Caco3 ( �  = 0 . 30 ,  
dp = 0 . 5  �m ) (TRM 1 50°C 45 mi n ) .  
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( a )  PS/Uncoat .  Caco3 X2000 

( b )  PS/�oa t . CaC03 X 2 000 

F i gure V I I I -7 .  E l ec tron mi crographs of heat treated PS/CaC03 
compound ( �  = 0 . 05 ,  dp = 3 �m) {TRM 1 50°C 20 m i n ) .  

200 



( a )  PS/Uncoat .  Caco3 X2000 

( b )  PS/Coat . CaC03 X2000 

F i gure V I I I - 8 .  E l ectron micrographs of heat treated PS/CaCO� com­
pound ( �  = 0 . 1 0 , dp = 3 �m ) {TRM 1 50° C 20 mi n ) . 
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( a }  X450 

( b )  X2000 

Fi gure V I I I - 9 .  El ectron mi crographs of  heat treated PS/uncoat . Caco3 compound ( $  = 0 . 10 ,  dp = 3 urn } ( TRM 1 50° C 45 mi n } .  
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( a )  X450 

( b )  X2000 

Fi gure V I I I - 1 0 .  E l ectron mi crographs of heat treated PS/coat . Caco3 ( $  = 0 . 30 ,  dp = 3 �m) (TRM 1 50° C 45  mi n ) .  



( a ) X2000 

( b )  X5000 

F i gure V I I I - 1 1 . E l ectron mi crographs of heat treated PS/uncoa t .  
caco3 ( �  = 0 . 05 ,  d p  = 0 . 4  �m ) ( TRM l 50°C 4 5  mi n ) .  

204 
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(a ) X2000 

( b }  X5000 

F igure V I I I -1 2 .  El ectron mi crographs of heat treated PS/coat .  Caco3 ( �  = 0 . 30 ,  dp = 0 . 5  �m ) (TRM 1 50° C 45 mi n ) . 
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touch each other .  Thi s i s  more c l ear  i n  the coated ca l ci um carbonate 

compound ( Fi gure V I I I -4 ) . Coated ca l ci um carbonate parti c l es appear 

more c l early on the fractured s urface than uncoated case . I t  seems 

l i ke uncoated parti c l es are covered wi th polymer .  However ,  the cl ear 

exi stence of aggl omerates i s  not observed i n  e i ther uncoated and 

coated s ampl es . 

Sma l l er parti cul ates of ca l ci um carbonate tend to form 

agg l omerates . Fi gures V I I I - 5  and V I I I - 6  exhi b i t uncoated cal ci um 

carbonate ( dp = 0 . 4  pm) and coated cal c i um carbonate ( dp = 0 . 5 pm ) 

compounds , res pecti vely . The vol ume fracti ons are 0 . 30 i n  both cases . 

Some aggl omerates may be observed i n  both uncoated and coated cal c i um 

carbonate sys tems . 

Mi crographs of heat treated ( 1 90°C for 2 hours ) polystyrene 

compounds are gi ven i n  Fi gure V I I I - 7  th rough V I I I - 1 2 .  I t  was i ntended 

to see i f  the parti cul ates from some types of structures ( typi cal ly 

aggl omerates and three-di mensi onal networks ) due to the parti c l e­

parti cl e i nteraction forces duri ng heat treatment at 1 90°C .  Under 

s uch condi ti ons polystyrene has a reasonably l ow vi scos i ty .  

Fi gures  V I I I - 7  and V I I I -8  exhi bi t heat treated l ow vol ume 

fracti on compounds { $ = 0 . 05 and $ =  0 . 1 0 , respecti ve ly ) .  The 

parti cl e s i ze i s  3 pm . Both uncoated and coated cal ci um carbonates 

are we l l  separated and di s pers i on i s  unchanged by the heat treatment .  

Fi gures V I I I - 9  and V I I I - 1 0  show hi gh vol ume fracti on compounds 

($  = 0 . 30 ) . Agai n ,  the parti cl e s i ze i s  3 pm . Parti cul ates touch 

each other at thi s l oadi ng l evel . The parti cul ates appear more 
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cl early i n  coated cal ci um carbonate sys tems . These two cha racteri s ti cs 

are the same as the quenched compounds { dp = 3 �m , � = 0 . 30 )  s hown i n  

Fi gures V I I I - 3  and V I I I -4 . The effect of heat treatment i s  not c l ear .  

The heat treated compounds conta i n i ng smal l er cal ci um 

carbonates ( dp = 0 . 4  �m for uncoated and 0 . 5 �m for coated ) are shown 

i n  Fi gures V I I I - 1 1  and V I I I- 1 2 .  Vol ume l oadi ng l evel s a re 0 . 30 .  I n  

these mi crographs the di spers i on of uncoated cal ci um carbonate seems 

unchanged (or even i mproved ) by heat treatment ( compare Fi gure VI I I - 1 1  

and V I I I - 5 } , and coated cal c i um carbonate seems to form aggl omerates 

after heat treatment { compare Fi gure V I I I - 1 2  and V I I I-6 ) .  I n  

genera l , the effect o f  heat treatment i s  not c l ear .  

C . l . b .  Carbon bl ack compounds . The polypropyl ene/carbon 

b l ack compound was thermal ly treated . Thi s was performed i n  s uch a 

way as to mel t  out and then recrys ta l l i ze the matri x phase . The com­

pound was heated up to l 80°C and cool ed down at the cool i ng rate of 

-0 . 33°C/mi nutes . 

Fi gure V I I I - 1 3  shows opti cal photomi crographs of polypropyl ene 

spherul i tes . Unfi l l ed polypropyl ene fi l m  ( th i ckness of 1 00 �m } was 

observed under c ross pol ari zed l i gh t  wi th a compensator .  The s i ze of 

the s pherul i tes i s  roughly  1 00 �m. 

Fi gure V I I I - 1 4  represents e l ectron mi c rographs of heat treated 

polypropyl ene/carbon bl ack compounds ( dp = 0 . 32 �m , � = 0 . 20 } . 

Thi ckness of the compounded s heet i s  1 mm .  The s pherul i te s tructure 

was observed on fractured cross secti on s urfaces . The s i ze of the 

s pherul i te i s  rough ly 50 �m. A rough s urface i s  observed at the 
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( a ) Xl 00 

( b )  X400 

Fi gure V I I I - 1 3 .  Opt i cal m i crographs of hea t treated PP . Spheru l i tes 
under cross pol ari zed l i ght . 
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( a )  X300 

( b )  Xl 000 

Fi gure V I I I - 1 4 .  El ectron mi crographs of heat treated PP/CB compounds 
(� = 0 . 20 ,  dp = 0 . 32 �m ) (TRM 1 7 5°C 20 mi n ) . 
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boundary of the spherul i tes . These may be parti cul ates or aggregates 

of carbon b l ack . Thi s  wi l l  be di s cussed i n  Chapte r  X I  and· Chapter  X I I 

i n  conjuncti on wi th the e l ectri cal conducti vi ty of heat treated poly­

propyl ene/carbon b l ack compounds . 

C . 2 .  Ani sotropi c Parti cul ates 

Some ani sotropi c parti cl es ( ta l c ,  s i l ane treated ta l c and 

mi ca ) compounds have been observed usi ng s canni ng e l ectron mi croscopy . 

Fi gures V I I I - 1 5  and V I I I - 1 6 represent mi crographs of the 

fractured cross secti on of uncoated and s i l ane coated tal c compounds , 

respecti vel y .  No aggl omerati on i s  observed . I t  i s  s i gn i fi cant that 

the di s c  s hape parti cul ates of tal c  are ori ented i n  one di recti on 

( hori zontal di recti on i n  mi crograph ) .  Thi s  presumably occurred i n  

the compressi on mol di ng process .  The di recti on of compress i on i s  

verti ca l i n  these mi crographs . The effect of s urface treatment i s  not 

cl ear .  

The e l ectron mi crograph of  the polypropy lene/mi ca compound i s  

gi ven i n  Fi gure V I I I - 1 7 .  Thi s  aga i n  s hows a s trong ori entati on of 

the mi ca parti cul ates in the perpendi cul ar di recti on to the compress i on 

di recti on . 

D .  DISCUSS I ON 

D . l .  I sotropi c Parti cul ates 

Scanni ng e lectron mi croscopy of the i sotropi c parti cul ate 

compounds l eads us to the fol l owi ng concl usi ons . 



(a ) X300 

( b )  Xl OOO 

Fi gure V I I I - 1 5 .  El ectron micrographs of PP/uncoa t .  ta l c  compound ( �  = 0 . 05 ,  dp = 1 . 9 �m ) (TRM 1 7 5°C 20 m in ) .  
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( a ) X300 

( b )  Xl OOO 

Figure V I I I - 1 6 .  El ectron m icrographs of PP/coat . tal c  ( �  = 0 . 05 )  
(TRM 1 7 5°C 20 mi n ) .  
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X300 

Fi gure V I I I - 1 7 .  El ectron mi crograph of PP/m i ca compound ( �  = 0 . 05 )  
(TRM 1 75°C 20 mi n ) .  
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1 .  Large parti cul ates ( greater  than 1 �m} are wel l separated 

be l ow the vol ume fracti on of 0. 1 0 .  These come i n  contact a t  a vol ume 

fracti on of 0 . 30 .  

2 .  Sma l l parti cul ates  ( l ess than 1 �m}  tend to form 

aggl omerates . 

3 .  I ndi vi dual parti cul ates appear more cl early i n  s teari c 

.ac i d  coated cal ci um carbonate . 

4 .  At l ow vol ume fracti ons ( l ess than � =  0 . 1 0 ) , parti cul ates 

do not aggl omerate duri ng heat treatment .  The effect of heat treat­

ment i s  not c l ear at hi gh vol ume fracti on .  

Scanni ng el ectron mi croscopy by i ts character a l l ows us to 

observe a two- di mens i onal surface { or cross secti onal surface ) of the 

materi al . The structures whi ch may be formed by parti cul ates are , 

however , i mp l i ed to be a three-di mens i onal . I t  i s  often very 

di ffi cul t to di s ti ngui sh aggl omerates i n  the mi crographs . Scanni ng 

el ectron mi cros copy may be used together wi th ooti cal mi croscopy to 

j udge the exi s tence of aggl omerates . 

Scanni ng el ectron mi croscopy surveys the two-di mensi onal 

fracture s urface of the compounds . The probabi l i ty that an aggl omerate 

appears on the surface of the observati on i s  l ow .  A tremendous l abor 

woul d be requi red to obta i n  rel i abl e data s i nce a reasonab ly l arge 

area mus t be observed . I n  addi ti on , the s i zes of aggl omerates whi ch 

appear on the surface are di fferent from the true di ameters of the 

aggl omerates . To overcome thi s  di ffi cul ty ,  one must l ean on the 

s tati sti cal formul a  proposed by Hol l i day et a l . ( } and Mi hi ra 

et a 1 { ) . 



Quanti tati ve res ul ts were not obtai ned by the method of 

s canni ng electron mi croscopy i n  the present research . 

Steari c aci d s urface coated ca l ci um carbonates appear more 

clearly than uncoated ones . Uncoated cal ci um carbonates are ,  how­

ever , covered wi th polymer . Debondi ng of pol ymer may occur at the 

s urface of coated ca l ci um carbonate when the compound was fractured 

i n  l i qui d ni trogen . Breakage mi ght occur i n  the polymer phase i n  

uncoated cal ci um carbonate compound . 
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I t  i s  wel l known that the smal l parti c l e  fi l l ed polymer mel ts 

possess thi xotropi c ti me dependent rheol ogi cal properti es (M- 1 9 ,  

S- 1 0 ,S- l l , S- 1 2 , T-8 ) . Suetsugu ( S- 1 0 )  poi nted out that the magni tude 

of s tress or vi s cos i ty overshoot i n  steady shear fl ow i s  dependent 

upon the previ ous agi ng ti me and the deformati on h i story .  The stress 

overshoot i s  greater as the agi ng ti me i ncreases . The agi ng ti me 

denotes the peri od at whi ch compound samp le  i s  exoosed to an e l evated 

temperature wi thout deformati on . I t  s houl d thus be expected that the 

fi l l er parti cul ates form or reform some type of s tructure duri ng the 

agi ng process .  

I t  was i ntended to observe the devel opment of parti cul ate 

s tructure after thermal treatment ( agi ng )  by e l ectron mi croscope . 

However ,  no cl ear concl usi ons were poss i b l e .  

Heat treatment o f  polypropyl ene/carbon bl ack compounds may 

change the parti cul a te s tructure or l ocati on . Spheru l i te s tructures 

are formed i n  these compounds and carbon b l ack parti cu l ates seem to 

be squeezed out from the crys ta l l i ne phase . Thi s  cannot be s trongly 



concl uded because  of the two-di mens i onal nature of the scanni ng 

el ectron mi croscopy method . The formation of  the th ree-di mensi onal 

parti cul ate s tructure s uch as the network s tructure duri ng the heat 

treatment can be observed by el ectri cal conducti vi ty meas urement .  

Thi s wi l l  b e  di s cussed i n  Chapter XI , El ectri cal Conducti vi ty 

Meas urement and Chapter X I I , Determi nati on of Di spers i on Based on 

Percol ati on Theory . 

0 . 2 .  Ani sotropi c Parti cul ates 
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I n  the compounds of ani sotropi c fi l l ers whi ch have di s c  s hapes , 

aggl omerates are not found and parti cul ates are separated from each 

other . Thi s  agrees wi th the observati ons by opti cal mi croscopy . 

Ani sotropi c parti cul ates empl oyed i n  the present research possess 

re l ati vely  l arge di mens i ons . Tal c  and s i l ane coated tal c  are l to 

2 �m and mi ca i s  5 to 1 0  �m i n  the di s c  di ameters . Thi s  may l ead to 

good di spers i on .  These parti cul ates are found to have hi gh 

ori entati on after the compressi on �ol di ng process .  Thi s may have a 

s i gni fi cant effect on the mechani cal properti es of compounds . 



CHAPTER I X  

SMALL ANGLE L I GHT SCATTERING 

A.  I NTRODUCTI ON 

We have characteri zed the di s pers i on of sma l l parti cul ates 

by opti cal mi croscopy ( Chapter V I I )  and scanni ng el ectron mi croscopy 

(Chapter V I I I ) .  

I t  has been i ndi cated , i n  the present research , that i t  i s  

the parti cul ates wh i ch have ul ti mate parti cl e di ameters of l es s  than 

1 �m that tend to form aggl omerates i n  compounds . Such aggl omerates 

appear to possess  a wi de range of si zes . For examp l e ,  cal c i um 

carbonate parti cu l ates whi ch possess an average nomi nal u l ti mate 

parti cl e s i ze of 0 . 07 �m , both i n  uncoated and i n  the surface coated 

mode , form aggl omerates of over 1 00 �m i n  di ameter .  Smal l 

aggl omerates may be expected to have a s i ze approachi ng the s i ze of 

u l ti mate parti cul ates . 

Large aggl omerates greater than 20 �m have been succes sful ly  

characteri zed by the opti cal mi croscope at a magni fi cati on of  40. 

Characteri zati on of sma l l agg l omerates i s ,  however ,  more di ffi cul t .  

We have not been abl e  to quanti tati vely characteri ze these by 

opti cal and e l ectron mi croscopy methods . At h i gh magn i fi cati ons 

i n  an opti cal mi croscope the depth of good forcus i s  narrow and the 

coverage a rea i s  l ow .  

21 7 



21 8 

The smal l ang l e  l i ght scatteri ng (SALS ) technique i s  a uni que 

method to characteri ze sma 1 1  aggl omerates . Thi s  characteri- zes 

s catterers ( ul timate parti cl es or agg l omerates ) from sub-mi cron range 

to rough ly 20 �m or above i n  di ameter .  The theoreti cal background 

of th i s  techn i que has been devel oped i n  the pas t several years i n  

conj uncti on wi th x- ray scatteri ng . The sma l l angl e  l i ght  s catteri ng 

method a l l ows us to obtai n fas t  and easy characteri zati on of smal l 

parti cul ate fi l l ed compounds . 

Fi gure I X- 1  compares the sma l l angl e  l i ght s catteri ng techni q ue 

and opti cal mi croscopy i n  the s i ze range of characteri z ing  obj ects . 

Thi s i s  done for an examp l e  of an i nternal  mi xer prepared polypropy l ene/ 

uncoated cal c i um carbonate compound ( dp = 0 . 07 �m , � = 0 . 05 ) . I t  

ought to be noted that the number of aggl omerates i ncreases drasti cal ly 

wi th decreas i ng s i ze .  The n umber o f  the aggl omerates i n  the 

characteri zati on range of smal l angl e l i ght  scatteri ng techni q ue i s  

q u i te s i gni fi cant .  

B .  E XPERI MENTAL APPARATUS AND P ROCEDURE 

The compounds were prepared on a two rol l mi xi ng mi l l  and i n  

a n  i n terna l  mi xer .  Condi ti ons o f  mi xi ng have been di s cussed i n  

Chapter I I I , Mater ia l s and Samp l e  Process i ng .  

The mi xes were broken i nto smal l pi eces , and compress i on 

mol ded s l owly a t  the temperature of 200°C i nto the thi ckness of 

1 00 �m. S l ow compress i on and hi gh temperatures were used to 

prevent the further breakdown of aggl omerates . Ferrotype s tai n l ess 
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s teel p l ates were used for compress i on mol di ng �recess to obtai n 

smooth s urfaces . 
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A sma l l angl e l i ght scatteri ng apparatus has been constructed 

by the author i n  our l aboratory .  A schemati c drawing and photograph 

of the apparatus are shown i n  Fi gures I X-2 and I X- 3 ,  respecti vely . 

The apparatus i s  composed of a dark box , a control l er 

( EG  & G Pri nceton App l i ed Research ; Model 1 2 1 6  Mul ti channel Detector 

Control l er ) , a mon i tor ( Textroni x ;  605 Storage Moni tor ) , a computer 

{ EG & G Pri nceton App l i ed Research ; OMA- I I I  Sys tem) , a pri n ter 

{ EPSON ; Dot Matri x Pri nter , Model FX- 80 ) and a p l otter { Bausch & Lomb 

Hous ton I ns trument ; DMP-40 Seri es Di gi ta l P l otter .  

The dark box contai ns ( i ) a l ow profi l e  opti cal bench ( Ori el ) ,  

( i i )  a l aser l i ght  source (Spectra Phys i cs ; hel i um-neon randomly 

pol ari zed l aser , 4 mW , Model 1 02-4 ) ,  ( i i i )  a s hutter { I LEX ) , 

( i v )  neutra l  dens i ty fi l ters (Ori e l ) ,  ( v )  a pol a ri zer ( Ori el ) ,  

( v i ) samp l e chamber havi ng heaters connected to a temperature con­

trol l er { OMEGA ; programmabl e  control l er ) , ( vi i )  an ana lyzer (Ori el ) ,  

( v i i i ) a screen , { i x )  camera l ens ( Ni kon ; Mi cro N i kkor 55 mm 1 : 2 . 8 ) 

and ( x ) vi di con detector head ( EG & G Pri nceton App l i ed Research ; 

S i l i con Target Detector Head Model 1 2 528 ) . 

Thi s  apparatus al l ows two types of detecti ng methods . One i s  

a photograph i c  method . A second i s  a vi di con-computer d ig i tal method . 

I n  the photographi c method , the screen i n  the dark box was 

s i mp ly  rep l aced by pol aroi d fi l m  { Kodak ;  Type- 55 ) .  
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Fi gure I X- 2 .  Di agram of  sma l l  angl e l i ght s cattering apparatus . 
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Fi gure I X- 3 .  Photograph o f  smal l angl e �i ght scatteri ng apparatus . 
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The procedure of the vi di con- computer method i s  as fol l ows . 

The i n tens i ty of the i nc i dent beam from the l aser l i ght source was 

reduced wi th a neutra l  dens i ty fi l ter to a proper i ntens i ty l evel , 

and pol ari zed wi th a pol ari zer .  Thi s  i nci dent beam i mpi nges on a 

fi l m  s peci men of compound i n  the cons tant temperature samp l e chamber .  

The scattered l i ght  passes through the ana lyze r  and projects an i mage 

on a screen . Thi s  i s  detected by the vi di con camera uni t . 

The i ri s  of the camera l ens i s  set to 5 . 6 .  The focus of the 

i mage was checked by a moni tor .  The sampl e-screen di s tance can vary 

from 1 5  em to 45 em . The pol ari zer and analyzer were usual l y  set 

to a para l l el ( Vv ) pos i ti on .  

The center beam s top was located at the center of the screen 

when the beam was too strong . The scatteri ng ang l e 2 was determi ned 

by a di ffracti on grati ng ( Ori el ) .  

The detector was programmed to scan a n arrow area i ncl udi ng 

the center beam pos i ti on .  The number of scans for the s cattered 

l i ght  i mage was prog rammed to 1 00 .  I ntens i ti es of scattered l i ght  

were accumu l ated as  a functi on of pos i ti on .  Fi ve di fferent fi l m  

samp l es were exami ned and the i ntensi ty profi l es were averaged . 

Background correcti ons were carri ed out . 

Average s cattered i ntens i ty profi l es were s tored i n  a fl oppy 

di s k  and used for further treatment .  The Debye-Bueche and Gui n i er 

theori es of scatteri ng were empl oyed to i nterp ret the data . Programs 

for di fferent theori es of s catteri ng and thei r graphi ca l  representa­

ti ons were devel oped . These i ncl ude a l i near l eas t square curve 

fi tti ng . 
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The vari ous compounds whi ch have been characteri zed by smal l 

ang l e  l i ght s catteri ng ( vi di con-computer method )  are s ummari zed 

i n  Tabl ex I X- 1  and I X-2 . 

C .  THEORETICAL BACKGROUND 

The perti nent theoreti cal background of smal l angl e scatteri ng 

phenomenon i s  i ntroduced i n  thi s secti on . 

C . l .  Reci procal Phenomenon 

The s cattered i ntensi ty profi l e  i s  governed by (D-4 ) 

I (q )  = I  I F (q ) i 2 e "' 

where I e i s  the Thomson s cattered i ntens i ty and the s tructural 

amp l i tude F (q ) i s  

or 

where p i s  the e l ectron dens i ty ,  V is  vol ume of s catterer ,  and 

y ( r) i s  the correl ati on functi on . "' 
Scatteri ng i ntens i ty and scatterer s i ze are rel ated 

mathemati cal ly through Fouri er i nversi on .  The i ntens i ty vari es 

{ I  X- 1 )  

( I  X-2 ) 

( I X-3 )  

i nversely proporti onal to  the characteri sti c s i ze of  the s catterer 

o r  the parti c l e .  I f  the s i ze of parti cl es gets l arger ,  the scatteri ng 
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Tabl e I X- 1 . Compounds Used for Sma l l Ang l e Li Jht Scatteri ng 
Experiment ( Polystyrene Compounds 

Vol ume 
Fi 1 1  er Avg . Di ameter Fracti on M i x i ng M ix i ng Time 
T�Ee dE �llm) �� - } Mi xer TemE · ( °C }  (Mi nutes·) 
CaC03 1 7 .  0 . 05 Mi l l  1 50 °C 20 

3 . 0 0 . 05 Mi l l  1 50°C 20 
0 . 4 0 . 05 Mi l l  1 50 °C 20 

0 .  l 0 
0 . 07 0 . 05 Mi l l  1 50 °C 20 

Coated 5 . 0  0 . 05 M i l l l 50°C 20 
CaC03 3 . 0 0 . 05 �1i 1 1  1 50°C  20 

0 . 5  0 . 05 Mi l l  l 50°C 20 
0 . 1 0  

0 . 07 0 . 05 Mi l l  1 50°C 20 

CaC03 0 . 4  0 . 04 H1 l 50°C 2 
20 

0 . 07 0 . 05 IM  l 50°C 3 
5 

1 0  

Coated 0 . 5  0 . 05 IM 1 50°C 2 
CaC03 20 

0 . 07 0 . 05 IM 1 50°C  1 
3 
5 

1 0  
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Tabl e  I X-2 . Compounds Used for Sma l l Ang l e  li ght Scatteri ng 
Experiment ( Polypropy l ene Compounds )  

Vol ume 
Fi 1 1  er Avg . Di ameter Fracti on M ix i ng Mi x i ng Time 
TxEe dE {l1m} <P( - �  Mi xer TemE . { °C ) (Mi nutes } 
Caco1 1 7 .  0 . 05 Mi l l  1 75 °C 20 

3 . 0  0 . 05 Mi 1 1  1 75 °C 20 
0 . 4  0 . 05 Mi l l  1 75 °C 20 
0 . 07 0 . 05 Mi l l  1 7 5 °C 20 

Coat . 5 . 0 0 . 05 Mi l l  1 7 5  °C 20 
CaC03 3 . 0  0 . 05 Mi l l  l 75 °C 20 

0 . 5  0 . 05 Mi l l  1 75 °C 20 
0 . 07 0 . 05 Mi l l  1 7 5 °C 20 

Caco3 0 . 4  0 . 05 IM l 75 °C 2 
20 

0 . 07 0 . 05 IM 1 7 5 °C 1 
3 
4 

Coat . 0 . 5  0 . 05 I M  1 7 5 °C 2 
CaC03 20 

0 . 07 0 . 0� IM l 7 5 °C 1 
3 
5 

1 0  

CaC03 3 0 . 20 
0 . 30 
0 . 40 

Coa t .  1 0 . 20 
CaC03 0 . 30 Prepared by Ferro 0 . 40 
Coa t .  1 . 0  0 . 05 
CaC03 0 . 1 0  
Coat .  0 . 5  0 . 05 
CaC03 0 . 1 0  



i ntens i ty curve moves to smal l er scatteri ng ang l es . Thi s  i s  due to 

the fact that when the scatterer i s  l arge , the path d i fference 

becomes l arger .  Hence the i ntens i ty decays fas ter l eadi ng to the 

sh i ft of the s catte red i ntens i ty toward sma l l er s catteri ng angl e .  

A sharp decay of  the s cattered i ntens i ty s uggests the exi stence of 

l arge scatterers . 

C . 2 .  Scatteri ng Ang l e  and Other Scal es 

We defi ne the q ang l e  as 
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4n . q = -- · s 1 n e  A ( I X-4 )  

where A i s  the  wavel ength of  l i ght i n  ai r and 2e i s  the s catteri ng 

angl e .  

The s i mp l es t  o f  s catteri ng theori es i s  that  o f  di ffracti on 

by an organ i zed array i n  l atti ce . Thi s y ie l ds a seri es of di screte 

peaks governed by 

nA  = 2dhk l  s i n e  

where dh kl i s  an i n terp l anar spaci ng . 

( I X- 5 )  

Another i s  the s i ze o f  i so l ated doma ins . Thi s  can be estimated 

by the maxi ma of the scattered l i ght  i ntens i ty profi l e .  When domai ns 

pos sess eq ual di ameter and are i sol ated from each other ( H- 5 ) , 

( 2nda/ A ) s i n e  = 5 . 765  ( I X-6 )  

where da i s  a di ameter of  domai n ,  that i s , di ameter of aggl omerate 



or ul ti mate parti c l e  and 2a i s  the s catteri ng angl e at fi rs t order 

maxi ma . Eq uati ons ( I X-4 )  and ( I X- 5 )  may be rewri tten as 
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1 q = 2n1r -d- ( I X-7 )  
hk l  

and 

q = 2 x 5 . 765/da ( I X-B) 

respecti vel y .  

The i nterp l anar spaci ng dhk l  and domai n s i ze da are i ncl uded 

i n  the fi gures of i ntens i ty profi l es .  These sca l es gi ve us an i dea 

what magn i tude of spaci ng or domai n si ze make maj or contri buti ons to 

the i ntens i ty profi l e .  

C . 3 .  Gui n i er ' s Approxi mati on 

Gui n ier  ( G-4 , G-5 ) obtai ned approxi mated express i on of the 

s cattered i ntens i ty profi l e  from the cons i derat ion of the radi us of 

gyrati on . 

I s (q ) 
= I s (O} 

= 

= 

= 

where 

1 92<r2>+ g4<r4> - 6 1 20 

1 - 92<r2> 
6 

R 2 q2 
1 - g 

3 
- R  2q2 / 3  

Kl e g ( I X-9 } 



Here 

2 - 1 2 Rg 
- 2 <r  > 

R9 : radi us of gyrati on of scatterer , 

K1 : constant ,  

y { r ) : corre l a ti on functi on . 

Eq uati on ( I X-9 )  i s  val i d  when Rgq i s  smal l .  

Equati on ( I X-9 ) l eads to 

G 2 q2 
tn I s ( q )  = tn K2 - 9 

3 

where K2 i s  a constant. 
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( I  X- 1 0 )  

( I  X- 1 1 )  

Express i ons for the i ntens i ty profi l e  may be obtai ned assumi ng 

the correl ati on functi on is  of the Gauss i an form (M-20 ) .  

- r2 /a  2 
y ( r )  = e 2 

where a2 i s  cal l ed correl ati on di s tance . Thi s y ie l ds 

a/ q2 
�n I s ( q )  = tn K3 - 4 

( I  X- 1 2 } 

( I X- 1 3 )  

The radi us of  gyrati on R9 and the correl ati on di s tance are 

rel ated by 

( I X- 1 4 )  



Thi s  rel ation can be obtai ned by s ubsti tuti ng the Gaus s i an form 

correl ati on functi on ( Eq .  ( I X- 1 2 )  i nto Eq . ( I X- 1 0 ) ) .  
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We can determi ne the correl ati on di s tance a2 and the radi us of 

gyrati on Rg from the s l ope of the strai ght l i ne in the ln I s ( g )  

vers us q2 p l ot ( Gui ni er p l ot )  near zero ang l e .  Devi ati ons may occur 

at greater an g les . The i ntensi ty profi l e  i n  the Gui ni er p l ot i s  not 

s trai ght . Th i s  i s  due to the exi s tence of the smal l er s catterers . 

The smal l q angl e  regi on where Gui ni er ' s approximated formul a i s  

s ati s fi ed may be cal l ed the Gui ni er regi on . 

C . 4 . Debye- Bueche ' s  Stati s ti ca l  Theory 

Debye and Bueche ( D-6) have i nves ti gated the i nhomogenei ty of 

Luci te by smal l angl e l i ght scatteri ng .  The fl uctuati on of  the 

refracti ve i ndex l eads to the scattering of l i ght .  

They ( D-6) proposed a correl ati on functi on of 

- rta1 y ( r ) = e 

where a 1 i s  a correl ati on di s tance . 

( I  X- 1 5 )  

The physi ca l  mean ing  of the correl ati on functi on i s  that the 

probabi l i ty of a poi nt  at a di s tance r i n  an arbi trary di recti on from 

a gi ven poi nt  i n  the scatterer wi l l  i tsel f a l so be i n  the s catterer. 

Debye-Bueches correl ati on functi on ( Eq .  ( I X- 1 5 ) ) may be deri ved 

from the pres umpti on that the i nhomogenous phases a re of random 

shape and s i ze ( D-6) . 

They obtai ned the s cattered i ntens i ty profi l e  of  the form 



a 3 
1 I s ( q )  = K4 __ ....:...,2�2=---=2 ( 1 + a1 q ) 
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( I  X- 1 6 )  

where K4 i s  a constan t .  Debye-Bueche ' s  formul a  { Eq .  ( I X- 1 6 ) ) was 

obta i ned wi thout maki ng res tri cti ons on the magn i tude of q · r. Thei r 

formul a i s  more general than the Gui ni er approxi mati on ( Eq .  ( I X-9 ) ) 

i n  the s ense i t  i s  not l i mi ted to sma l l q but i t  i s  based on a random 

s tati st ic .  

Equati on ( I X- 1 6 ) may be  rewri tten 

1 - l /2 ( q )  = K - l /2 ( a  - 3/2 + a  l /2 q2 ) s s 1 l ( I  X- 1 7 )  

The correl ati on di s tance a1 may be obta i ned from an i ntercept and a 

s l ope of the s trai ght l i ne i n  the I- l /2 (q } vers us q2 p l ot { Debye­

Bueche p l ot ) . 

Devi ati on from a s trai ght l i ne may be found i n  the sma l l angl e 

reg i on .  Thi s  i s  due to the exi stence of the scatterers of greater 

s i zes . 

The range of q angl e where the i ntensi ty profi l e  i n  the Debye­

Bueche p l ot i s  wel l s ati s fi ed may be cal l ed the Debye- Bueche regi on . 

We can obtai n rel ati on between Debye-Bueche type correl ation 

di s tance a1 and the radi us of gyrati on Rg by substi tuti ng Eq . ( I X- 1 5 }  

i nto Eq . ( I X- 1 0 ) . We obtai n 

R = 61 12 a g 1 ( I  X-1 8 )  
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C . 5 .  Correl ati on Functi ons and Di s tances 

Fi gures I X- 4  and I X-5 s how the characteri sti cs of Debye-Bueche 

and Gui n i er type corre lati on functions . Both correl ati on functi ons 

decay rapi dly at smal l correl ati on di s tances . \�hen the matri x phase 

i s  homogeneous and the vol ume fracti on of scatterers i s  l ow ,  the 

di s tance r corresponds to the s i ze of the s catterer and the corre­

l ati on functi on ( r ) corresponds to a di stri buti on of  the s catterers . 

Sma l l correl ati on di stances , hence , denote the presence of only sma l l 

s catterers . 

C . 6 .  Radi us o f  Gyrati on for a Group of  Scatterers 

Gui ni er and Debye-Bueche type correl ati on di stances a2 and a1 
were rel ated to the radi us of gyrati on Rg through Eq .  ( I X- 1 4 ) and 

Eq . ( I X- 1 8) , respecti vel y .  

I n  the system wh i ch contai ns scatterers of  the vari ous shapes 

and s i zes , the experi mental ly determi ned radi us of gyration Rg i s  

an average val ue . We cons i der thi s  probl em here . 

I n  the di scus s i on of  radi us of gyrati on of  a parti c l e ,  Gui n i er 

( G-5 ) obtai ned 

where 

and 

2 R 2 
g 

. . . J ( I  X- 1 9 ) 

( I X-20) 

( I X-2 1 ) 
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Here 

I e : Thomson scattered i ntensi ty ,  

Rg : radi us of gyrati on of  a parti c l e ,  

n :  number o f  el ectrons i n  a pa rti c l e .  

We may rewri te th i s  for a group of the s catterers : 

q2 R2 . 
I s ( q } = I e i 

Pi n 2 ( 1 - 39 ' , + . . .  ) 
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( I  X-22 } 

where i denotes the type of the scatterer , P ; the probabi l i ty of the 

type i scatterers , n1 the number of el ectrons i n  the type i 

s catterer ,  and Rg , i i s  the radi us of gyrati on of type i scatterer.  

Equat ion ( I X-22 ) l eads to 
� 2 2 

2 1.. P .  n .  R • . 1 , g , 1 ) 
- �3 1 

2 + • • •  

I P . n .  
i 1 1 

( I  X-23 )  

Compari ng th i s  wi th Eq . ( I X-22 ) we obta i n  the characteri st i c radi us 

of gyrati on for a group of scatterers . 

We note 

� 2 2 ? P i ni Rg , i  
r2 = ....;_1 ___ """':"""_ 
g r P .  n . 2 

f 1 1 

2 2 6 n .  a: v .  a: R . 1 , g , 1 

( I  X-24)  

( I X-25}  

whe re v1 denotes the vol ume of type i s catterer .  Equati on ( I X-24)  

is  then 

., � pi R� , i r = ...;..1 -____,=---
g I p R6 . 

i i g ' 1 
( I X-26 )  



236 

form . 

{ I X-27 )  

where P ( R9 ) i s  a probabi l i ty dens i ty funct i on .  

When the s catterers are spheri cal , the characteri st i c di ameter 

of spheres i s  

Ci = 2 (i) l /2 R 3 g 

C . 7 .  Gui n ier  and Debye-Bueche Regi ons 

{ I X-28) 

Ray l ei gh ( R- 3) , in 1 9 1 4 ,  proposed a formul a  for the s cattered 

i ntens i ty profi l e  from a sphere of radi us R .  

where 

41 = ( l 
3 ( s i n  qR - qR  • cos qR )t 

( qR) 

Gui n i er ( G-4 , G- 5 ) , i n  the deri vati on of h i s approxi mated 

formul a ,  as s umed q R  < 1 .  Under thi s  condi ti on 

and 

93 R3 
s i n  qR  = qR  - - 6 

92 R2 
cos q R  = 1 - - 2 

( I  X-29 )  

( I  X- 30 ) 

( I X- 31 ) 

( I  X- 32 ) 
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Then Eq . ( I X-29 )  reduces 

( I  X- 33) 

The scattered i ntens i ty is proporti onal to R6 at  smal l angl e 

reg i on ( z-average ) .  The important conc l us i on i s  that the spheres of 

l arge radi us R strongly contri bute the i ntens i ty p rofi l e  i n  the 

Gui ni er regi on , when the spheres have di s tri buti on i n  s i ze .  

We now consi der the Debye-Bueche regi on . Debye and Bueche 

( D-6) made no restri cti on i n  the angl e  q when they deri ved the 

s cattered i ntens i ty profi l e .  

At greater qR  va l ues the functi on osci l l ates . Equati on 

( I  X-29 )  becomes 

( I  X- 34 ) 

I n  thi s reg i on , the contri buti ons from the l arge s catterer are 

rel ati vely weak compared wi th Eq . ( I X- 33)  for the Gui n i er regi on . 

When the scatterer has the di stri buti on i n  si ze ,  Gui n i er regi on 

at smal l angl e meas ures the scattered l i ght from the l a rger 

s catterer preferabl y .  At l arger angl es thi s  i s  no l onger the case . 

D .  PHOTOGRAPHI C  METHOD 

D . l .  Polys tyrene Compounds 

D . l . a .  Resu l ts .  Typi ca l scattered l i ght i ntens i ty profi l es 

of polystyrene compounds are presented i n  th i s  secti on . Al l compounds 
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descri bed i n  thi s secti on were prepared on a two rol l mi xi ng mi l l .  

The mi xi ng temperature was 1 50°C and mi xi ng pe ri od i s  20 mi n utes for 

al l compounds . 

Pol ari zer and analyzer were set to Vv pos i ti on ( para l l el ) . 

The center beam s top was rot used i n  the photographi c method . 

Fi gures I X-6 and I X- 7  present the s cattered l i ght i ntens i ti es 

of uncoated and s teari c aci d coated cal ci um carbonate compounds , 

respecti vely . The vol ume l oadi ng l evel i s  0 . 05 fo r both cases . The 

nomi nal u l timate parti cl e s i ze vari es from 1 7  urn to 0 . 07 urn for 

uncoated cal ci um carbonates and 5 urn to 0 . 07 urn for coated cal ci um 

carbonates . 

Al l compounds possess  a maxi mum i ntens i ty near the center 

( center i s  the pos i ti on of  the l aser beam ) , and the i ntensi ty 

decreases as the scattering angl e 29 i ncreases . The i ntens i ty of 

scattered l i ght is  i ndependent of the azi muthal ang l e u .  The 

scattered l i ght i ntens i ty and i ntens i ty profi l e  a l ong the s catteri ng 

angl e  i s  dependent upon the compounds . 

The smal l es t  parti cul ates (dp = 0 . 07 urn) , both uncoated and 

coated , s how the l owes t scattered i ntens i ty .  The l arges t cal ci um 

carbonate ( dp = 1 7  urn ) and the smal l es t  ( dp = 0 . 07 urn} present the 

s harpest  decay of the scattered l i ght i ntens i ty al ong the scatteri ng 

angl e .  

D . l . b .  Di scuss i on .  The characteri s ti cs of  the scattered 

l i ght i ntens i ty profi l e  refl ect the morphol ogi cal or the s tructural 

features of the parti cul ates and thei r aggl omerates i n  the speci men . 
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The con ti nuous decay of the scattered l i ght al ong the 

scatte ri ng ang l e  suggests that the s i ze of scatterer (most l i kely 
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the u l timate parti cl es or the aggl omerates ) has a di s tri buti on and are 

not a monodi spersed . The di s tri buti on of the ori gi nal parti c les i s  

not sharp and the occurrence of aggl omerates broadens the di stri bu­

tion . Thus sharp peaks s houl d not be expected . 

The s cattered l i ght i n tens i ty i s  i ndependent of azi muthal 

angl e Thi s  s uggests that the s hape of the scatterer i s  i sotropi c ,  

and any an i sotropi c structure randomly ori ented . Cal ci um carbonate 

parti cul ates possess rhombi c s hapes . E l ectron mi crographs of cal ci um 

carbonate compounds i n  Chapter V I I I  s how random orientati ons of 

parti cul ates . Another form of scatterer i s  the aggl ome rate . The 

opti cal mi crographs of the aggl omerates i n  Chapter V I I show that the 

shape of the agg l omerates is i rregul ar but may be roughly  regarded 

as spheri cal . 

I ntens i ty and i n tens i ty profi l e  of the scattered l i ght refl ect 

the amount of the scatterer and the s i ze di s tri buti on of the 

s catterer ,  res pecti vely . The l owest i n tensi ty i s  for the sma l l es t  

cal ci um ca rbonate (dp = 0 . 07 m ) . 

0 . 2 .  Polypropyl ene Compounds 

D . 2 . a . Resu l ts .  Fi gure I X-8 shows the Hv pattern and Vv 
pattern of the unfi l l ed polypropyl ene fi l m  obtai ned at  room tem­

perature . Polypropyl ene fi l m  was quenched i n  water after compressi on 
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mol di ng .  I t  i s  c l ear that the polypropy l ene fi l m  contai ns a 

crysta l l i ne spherul i te phase . 

245 

Fi gures I X-9  through I X- 1 2  represent scattered l i ght  i ntensi ty 

profi l es for vari ous polypropy l ene compounds . These i ncl ude uncoated 

and coated cal ci um carbonate , tal c  and mi ca compounds . I ntens i ty 

profi l es i n  Fi gures I X-9  and I X- 1 0  present H and V patterns , v v 
respecti vely . These were obtai ned at room temperature . I n tens i ty 

profi l es i n  Fi gures I X- 1 1  and I X- 1 2  were obtai ned a t  the el evated 

temperatures of 1 85°C wi th H and V pos i ti on ,  respecti vely . v v 
I t  s houl d be noted that the Hv patterns obta i ned at room 

temperature ( Fi gure I X-9 ) seem to be the s uperpos i ti on of two types 

of i ntensi ty patterns . One i s  the four petal pattern resu l ti ng from 

spherul i tes of  matri x phase or cross ( X ) pattern from a s heaf 

s tructure whi ch i s  a premature state of spheru l i te .  The other 

pattern wh i ch possesses a maxi ma at the center i s  due to the fi l l er 

parti cul ates . Scatteri ng from the spheru l i tes i s  dependent upon 

the azi mutha l  angl e .  Scatteri ng from the parti cul ates i s  i ndependent 

of the azi muthal  angl e .  

The exi s tence o f  two types of s cattered i ntens i ty patterns i s  

l ess c l ear i n  the Vv pos i ti on ( Fi gure I X- 1 0 ) . We mus t ,  however , 

expect the V patterns a l so res u l t  from two di sti ngui shabl e scatterers , v 
the crystal l i ne phase of polypropyl ene and fi l l er  parti cul ates . 

The scatteri ng of l i ght  from the crys ta l l i ne phase of  the 

polypropy l ene matri x must be el i mi nated to characteri ze the di spers i on 
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( a ) · PP /Unc. CaC0 3 ( b) PP /Coa t. CaC03 

Fi gure I X- 1 0 .  SALS patterns from vari ous PP compounds ( � = 0 . 05 ) :  Vv , NDF = 1 . 0 ,  2 sec . , 
sampl e- fi l m = 1 3  em. 
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(a ) PP /Unc. CaC0 3 dp=0 . 07ll m ( b) PP /Coat. CaC0 3 dp= O. 07ll m 

Fi gure I X- 1 1 .  SALS patterns from vari ous PP compounds ( $ = 0 . 05 )  at l 85°C : H , NOF = 0 . 0 ,  2 sec . , 
s ampl e- fi l m  = 1 3  em . v 
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(a ) PP /Unc . CaC0 3 dp= 0 . 07l.J m ( b) PP /Coat . CaC0 3 dp= O. 07l.J m 

Fi gure I X- 1 1 . SALS patterns from vari ous PP compounds ( �  = 0 . 05 }  at l 85°C : H , NDF = 0 . 0 ,  2 sec . , 
s ampl e- fi l m  = 1 3  em . v 

N 
<..n 
0 



� 
co 1--
a.. 
a.. 
-
.c 

co 
.5::! 
:lE -
a.. 
a.. 
-
co -

251 

"'0 QJ ::I t: 
.,... .4-J t: 0 u -

.--I X 
..... 

QJ � :::::1 C'l 
.,... 
u.. 



(a ) PP/ Unc. CaC0 3 dp=0 . 07� m ( b) PP /Coat .CaCO 3 dp=O.  07l.J m 

Fi gure I X- 1 2 .  SALS patterns  from vari ous PP compounds ( ' = 0 . 05 )  at 1 85°C : V , NDF = 1 . 0 ,  2 s ec . , 
s ampl e- fi l m  = 1 3  em . v 
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f fi l l er parti cul ates . The temperature of the fi l m  speci men was 

el evated to 1 85°C to mel t the polypropy l ene .  

Both H and V i n tensi ty patterns  at  1 85°C gi ven i n  Fi gures v v 
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I X- 1 1 and I X- 1 2  do not show the exi s tence of the spheru l i te s tructure . 

These ori gi nate i n  the fi l l er parti cul ates and thei r aggl omerates 

a l one .  The characteri s ti cs of the scattered l i ght i ntens i ty profi l es 

at  the e l evated temperature are the same as the polys tyrene compounds . 

D . 2 . b .  Di scuss i on .  Appl i cati on of smal l angl e l i ght scatteri ng 

techniques for crystal l i ne polymer compounds requ i res the use of 

el evated temperature above the mel ti ng temperature of matri x polymer .  

The i ntens i ty o f  the s cattered l i ght , a s  a res ul t ,  dras ti cal ly 

decreases . 

The type of crys ta l l i ne shape { spheru l i te or  s heaf) i s  not 

c l ear  because of the stron g i ntens i ty near the center of the beam 

pos i ti on due to the parti cul ates . 

Other characteri st ics of s cattered i ntens i ty profi l es are 

qu i te s i mi l ar to polystyrene compounds . 

E .  QUANTITATI VE METHOD { VI DICON-COMPUTER METHOD )  

A smal l angl e l i ght scatteri ng apparatus wi th a two-di mens i onal 

pos i ti on sens i ti ve detector has been used to obta i n  quanti tati ve 

data . The apparatus was exp l ai ned i n  detai l i n  Secti on B ,  Experi ­

mental Procedure . 



E . l . Polystyrene Compounds 

E . l . a . Resu l ts . Fi gures I X- 1 3  and I X- 1 4  rep res ent the 

re l ati ve i ntens i ty profi l es of polystyrene compounds . These are 

p l otted as a functi on of q ang l e .  Two other sca l es , i n terp l anar 

spaci ng dhk l  and domai n s i ze da , defi ned i n  Eqs .  ( I X- 2 )  and ( I X- 3 ) , 

respecti vely , were i nc l uded . These s ca l es g i ve us an i dea what 

magni tude of  spacing  and doma i n  s i ze whi ch make major contri buti ons 

to the i n tens i ty profi l e .  

Fi gure I X- 1 3 shows the rel ati ve i ntens i ty profi l es of 

uncoated cal ci um carbonate fi l l ed polystyrene compounds of vol ume 

fracti on 0 . 05 .  Nomi nal  parti cl e s i zes are i ndi cated i n  the fi gure . 

These were prepa red i n  a two ro l l  mi xi ng mi l l .  Parti cul ates havi ng 

a nomi na l  s i ze of 3 �m exhi bi t  the s l owes t decay of i ntens i ty wi th 
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q angl e .  Seventeen �m parti cul ates whew a sharper decay . Thi s  

i ndi cates the exi s tence of l arge pa rti cul ates . We may expect that 

the decay of s cattered l i ght i ntensi ty i s  s l ower as the s i ze of the 

scatterer decreases . The rel ati ve i n tens i ti es of the smal l er 

parti cul ates ( dp = 0 . 4  �m and 0 . 07 �m) decays , however ,  mo re rapi dly 

than those o f  the l arger parti c les .  The smal l es t  parti cul ates 

( dp = 0 . 07 �m ) show the mos t abrupt decay . Thi s  s ugges ts the 

exi s tence of l arge scatterers . Opti cal mi croscopy ( Chapter V I I )  

and e l ectron mi cros copy ( Chapter VI I I ) of polystyrene compounds 

i ndi cate the exi stence of such aggl omerates when the parti c l e  s i ze 

i s  smal l er than 1 �m. It i s  reasonabl e to regard the more abrupt 
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decay of i ntens i ty profi l es for smal l parti cul ates (dp = 0 . 4  �m and 

0 . 07 �m ) i s  due to the aggl omerates . 
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The rel ati ve i ntens i ty profi l es of steari c aci d cal c i um 

carbonate compounds ( Fi gure I X- 1 4 ) are very s imi l ar to the cases of 

uncoated cal c i um carbonate compounds . The compounds whi ch contai n  

parti cul ates smal l er than 1 �m show an abrupt decay of thei r i ntens i ty 

profi l e . Agg l omerates have been confi rmed for those compounds usi ng 

opti ca l and e l ectron mi croscopes . 

Fi gures I X- 1 5  and I X- 1 6  s how the behavi or  of rel ati ve 

i ntens i ti es for the same seri es of compounds . The maxi mum i ntens i ti es 

of the l 7  m cal ci um carbonate compounds near zero ang l e  (q = 0 ) 
were taken as 1 00 i n  constructi ng the pl ots . I ntens i ty profi l es of 

other compounds were compared . The scattered i ntens i ty drasti cal l y  

decreases wi th decreas i ng parti cl e s i ze .  Thi s may suggest the number 

of l arge scatterers are fewer i n  the compounds contai n i ng the smal l 

parti cul ates . I n  l arge parti cul ate compounds , the u l ti mate parti cl es 

are the l arge s catterers . The number of l arge s catterers ( ul ti mate 

parti c l es ) i n  the compounds of l arge parti cul ates can be much greater 

than the number of l arge scatters (aggl omerates ) i n  sma l l parti cul ate 

compounds . 

The effect of the vo l ume fracti on of parti cul ates i s  s hown i n  

Fi gures I X- 1 7  and I X- 1 8  for uncoated and coated cal ci um carbonate 

compounds , res pecti vel y .  Vol ume fracti ons o f  0 . 05 and 0 . 1 0  are com­

pared . The decay of rel ati ve i ntens i ty profi l es at  the hi gher l oadi ng 

i s  s l i gh tly s l ower than in the l ower l oadi ng compound .  Thi s  may be 
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an effect of i nterpa rti cul ate di s tances . As l oadi ng l evel i ncreases , 

i nterparti c le  di s tance decreases . I t  can make the decay of the 

i ntens i ty profi l e  s l ower . Thi s i s  more s i gni fi cant i n  coated cal ci um 

carbonate compounds . 

Compounds were prepared i n  an i nternal  mi xer .  Peri ods of 

mi xi ng were vari ed from 1 mi nute to 20 mi nutes . Al l the compounds 

have a vol ume fracti on of 0 . 05 .  

Fi gures I X- 1 9  and I X-20 show the rel ati ve i nten s i ty profi l es 

for uncoated cal ci um carbonate ( dp = 0 . 4  �m )  and coated cal ci um 

carbonate ( dp = 0 . 5 �)  compounds . The decay of the rel ati ve i ntensi ty 

i s  s l ow after l ong peri ods of mi xi ng for both cases . I t  s uggests the 

di sappearance of aggl omerates . 

Fi gures I X-2 1  and I X-22 represent the behavi or of the rel ati ve 

i ntens i ti es for the smal l es t  parti cul ates ( dp = 0 . 07 m) compounds . 

Determi nati on of the decay tendency i s  more di ffi cul t here because 

of the extremely sharp decay i n  the smal l angl e  regi on and the l ow 

magni tude of rel ati ve i ntens i ti es i n  the l arge angl e regi on .  

E . l . b .  Di s cus s i on .  I n  thi s  secti on , we di scuss the di spersi on 

of sma l l parti cul ates i n  p l asti cs i n  conj uncti on wi th the Gui n i er 

( G-5) and Debye-Bueche ( D-6) theori es of smal l ang l e  l i ght scatteri ng .  

These theori es were i n troduced in  Secti on A ,  Theoreti cal Background .  

The Debye-Bueche correl ation di s tance a1 and  Gui n i er corre­

l ati on di s tance a2 are obta ined . These were defi ned i n  Eqs .  ( I X- 1 5 )  

and ( I X- 1 2 ) ) ,  respecti vel y .  
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A Gui n i er p l ot ( l n  1 1 10 vs . q2 ) of two rol l mi l l  mi xed 

polystyrene/uncoated cal ci um carbonate compounds i s  gi ven i n  

268 

Fi gure I X-23 .  Strai ght l i nes are obtai ned by l east square curve 

fi tti ng . Parti cl e s i zes determi ned vary from 1 7  �m to 0 . 07 �m .  The 

vol ume fracti on i s  0 . 05 for al l compounds . The exi stence of 

aggl omerates has been con fi rmed for the 0 . 07 �m and 0 . 4  �m compounds 

by opti cal and e l ectron microscopy . 

We note that 0 . 07 �m parti cul ate compounds exhi bi t the s harpest 

decay of l n  1 1 1 0 wi th q2 ang l e .  Thi s i ndi cates the exi s tence of 

l arge s catterers , i . e . ,  the aggl omerates . The occurrence of 

aggl omerates of vari ous s i zes was found i n  opti cal s tudi es . The 

correl ati on di s tance a2 of th i s  compound i s  1 1 . 5 �m and thus much 

greater than the u l timate parti cl e si ze of 0 . 07 �m .  The sharp decay 

of the 1 7  �m parti cul ate compound i s  probably due to the l arge 

ul ti mate parti cl es .  Thi s  cal ci um carbonate possesses a fai rly broad 

s i ze di stri buti on due to natural gri ndi ng manufacturi ng process . A 

correl ati on di stance of 1 0 . 6  �m i s  obtai ned . 

The 3 �m and 0 . 4  �m parti cul ate compounds posses s  correl ation 

di stances of 1 7 . 03 �m and 3 . 75 �m , respecti vely .  The correl ati on 

di stance of the 0 . 4  m parti cul ate compound i s  nearly 1 0  ti mes greater 

than the average parti cl e s i ze .  Thi s seems agai n to be due to the 

formati on of aggl omerates . 

The correl ati on di s tance , the radi us of gyrati on and the 

characteri st i c di ameter are s ummari zed i n  Tabl e I X- 3  for these 

compounds . 
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v· 

Tabl e I X-3 .  Parameters Obta i ned from Gu i n i er and Debye-Bueche P l ots 
for Two Rol l Mi l l  Prepared PS/Unc . Caco3 wi th Var ious  
Parti cl e S i ze 

Nomi nal Gu i n i er Parti cl e Vol ume Mixi ng q Rg d Surface S i ze Fract ion Time - 1 ) 
a2 

Coat i n  d Mi n . )  lJm ( lJm 
No 1 7 .  0 . 05 20 0 . 089-0 . 20 1 0 . 6  9 . 1 8  

No 3 .  0 . 05 20 0 . 089-0 . 23 7 . 01 6 . 09 1 5 . 7  

No 0 . 4  0 . 05 20 0 . 089-0 . 36 3 . 7 5  3 . 25 8 . 39 

No 0 . 07 0 . 05 20 0 . 089-0 . 20 1 1 . 5 9 . 96 25 . 7  
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We note that the compounds of two fi ne cal ci um carbonates 

(dp = 0 . 07 � and 0 . 4  � ) possess correl ati on di s tances whi ch are 

much greater than the average ul t imate parti cl e s i ze .  The two coarse 

cal ci um ca rbonates are natural g round g rades . These have fai rly  broad 

s i ze di stri buti ons . Correl ati on d istances are i n  reasonab l e agree­

ment wi th the average u l ti mate parti cl e s i zes . 

I t  i s  cl ear  that the compounds wh i ch contai n l arge aggl omerates 

have much greater correl ati on di s tances than the ul ti mate parti cl e 

s i ze of the fi l l er .  

We now di s cuss the effect of the vol ume fracti on of fi l l er .  

Fi gure I X- 24 and Fi gure I X-25 , respecti vely , rep resent the Gui n i er 

and Debye-Bueche p l ots for uncoated cal ci um carbonate compounds . 

Vol ume fracti ons of 0 . 05 and 0 . 1 0  are compared . The nomi nal  pa rti c l e  

s i ze i s  0 . 4 �m .  The Gui n i er  corre lati on di s tances a2 of Eq . ( I X- 1 2 ) 
are 7 . 89 � for � = 0 . 05 and 7 . 00 �m for � =  0 . 1 0  are obtai ned . 

Large correl ati on di s tances compared wi th nomi nal parti c l e  s i ze a re 

due to aggl omerates . The Gui ni er correl ati on d i s tances are not 

s i gni fi cantly affected by the vol ume fracti on of fi l l er .  

The Debye-Bueche correl ati on di s tance a1 for these compounds 

are 0 . 368 �m (� = 0 . 05 ) and 0 . 551 �m (� = 0 . 1 0 ) . These roughly agree 

wi th the nomi nal  u l ti mate parti c l e  s i ze of 0 . 4  u rn .  

S imi l ar types of  p l ots are obtai ned for the steari c aci d 

coated cal ci um carbonate compounds ( Fi gures I X-26 and I X-27 ) . The 

vol ume fracti ons are 0 . 05 and 0 . 1 0  agai n .  Debye- Bueche correl ati on 

di s tances are 0 . 51 3  �m for $ = 0 . 05 and 0 . 600 for � = 0 . 1 0 . These 
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are i n  good agreement wi th the nomi nal parti cl e s i ze of 0 . 5  �m . 

The corre l ati on di stances a2 , a 1 obtai ned from Gui n i er and 

Debye- Bueche p l ots are s ummari zed i n  Tabl e I X-4 .  Thi s i nc l udes the 

radi us of gyrati on R and characteri st ic  di ameter of scatterer d. g 
These were cal cul ated from the fol l owi ng equati ons : 

Equati on 

Gui n i er a2 I X- 1 3  

Rg I X- 1 4  

d I X- 1 8  

Debye-Bueche a, I X- 1 7  

Rg I X- 1 8  

d I X-28 

Characteri s ti c di ameters obtai ned from Debye-Bueche p l ots 

are s ti l l  greater than the nomi nal parti cl e s i ze .  

276 

We now cons i der the effect of the peri od of mi x i ng i n  an 

i n ternal  mi xer .  The scattered i ntens i ty profi l es were obtai ned for 

fi ve di fferent secti ons of fi lm  specimen and are averaged to determi ne 

the correl ati on di stances . 

Cal ci um carbonates whi ch have nomi nal ul t i mate parti cl e s i zes 

of l es s  than 1 �m were chosen to s tudy the effect of mi xi ng time .  

Compounds of  these parti cul ates conta in  agg l omerates . I t  was 

expected that the i mprovement of di spers i on wi th mi xi ng time i s  most 

pronounced wi th these parti cul ates due to the breakdown of 

aggl omerates . 



Tabl e I X-4 . Parameters Obta i ned from Gu i n i er and Debye-Bueche Pl ots for Two Rol l  Mi l l  Prepared 
PS/CaC03 Compounds wi th Di fferent Vo l ume Fracti ons 

Nomi na l Gu i n i er 
Parti cl e Vol ume q a2 Rg d q a l Surface S i ze Fract ion 

( IJm - 1  ) ( -1 Coat i n  ( IJm JJID ) ( J.Im )  J.lm 
No 0 . 4  0 . 05 20 0 . 1 7-0 . 3 1 7 . 98 6 .  91 1 7 . 8 1 . 53-2 . 80 0 . 368 

Yes 0 . 5  0 . 05 20 0 . 1 7 -0 . 31 8 . 1 6  7 . 07 1 8 . 2  1 . 53-2 . 80 0 . 51 3  1 . 26 

No 0 . 4  0 .  l 0 20 0 . 1 7-0 . 3 1 7 . 00 6 . 06 1 5 . 7  1 . 53-2 . 80 0 .  551 1 . 35 

Yes 0 . 5  0 . 1 0  20 0 . 1 7 -0 . 3 1  6 . 33 5 . 48 1 4 . 1 5  l . 53 -2 . 80 0 . 600 1 . 47 

d 

2 . 33 

1 . 24 

3 . 48 

3 . 79 

N 
....... 
....... 
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Fi rs t we determi ne the effect of the mi xi ng ti me for uncoated 

and coated cal ci um carbonate compounds whi ch have nomi nal parti cl e 

s i zes of 0 . 4 um and 0 . 5  � ,  respecti vely .  Peri ods of mi xi ng are 

2 mi nutes and 20 mi nutes i n  an i nternal mi xer.  The rotor speed i s  

50 rpm and vol ume fracti on i s  0 . 05 .  

Fi gures I X- 28 and I X-29 gi ve Gui ni er and Debye-Bueche p lots 

for polystyrene/uncoated cal ci um carbonate compounds ( dp = 0 . 4  �m ,  

� = 0 . 05 ) . I t  i s  cl ear that the s l opes of  both the Gui n i er and 

Debye-Bueche p l ots decrease as mi xi ng progresses . The correl ati on 

di stances decrease wi th mi xi ng ti me .  

As di s cussed i n  Secti on C ,  Theoreti cal Background , when 

correl ati on di s tances are smal l ,  the specimen contai ns greater 

amounts of smal l scatterers . The decrease of correl ati on di s tances 

both i n  Gui n ier  and Debye regi ons i ndi cates the di sappearance of 

l arge aggl omerates and the rel ati ve i ncrease of sma l l aggl omerates . 

The effect of mi xi ng time on coated cal ci um carbonate compounds 

i s  not as s trong as on uncoated compounds . The di stri buti on of the 

scatterer s i ze i s  a lmost constant after 2 mi nutes of mi xi ng i n  the 

Gui ni er regi on ( Fi gure I X- 30 ) . In  the Debye-Bueche region 

( Fi gure I X- 31 ) ,  the effect of mi xi ng i s  more c l ear .  Th i s  i ndi cates 

that the aggl omerate s i ze di stri buti on changed i n  the di recti on of 

produc ing  sma l l aggl omerates . 

Tabl e I X-5  s ummari zes correl ati on di s tances and other 

q uanti ti es of polys tyrene/ca lc i um carbonate compounds ( dp = 0 . 4  �m  

and 0 . 5 �) . The quanti ti es computed from both Gui n i er  and 
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Tabl e I X-5 . Parameters Obta i ned from Gu i n i er and Debye-Bueche Pl ots for I nternal Mi xer Prepared 
PS/CaC03 Compounds ( RPM = 50) 

Nom i nal  Gu i ni er De bye-Bueche 
Parti cl e Vol ume M i x i ng q a2 Rg d q a l Rg Surface S i ze Fract i on T ime 

Coati ng dp ( IJm)  4> ( - )  ( Mi n .  ) ( IJm- 1 ) ( IJm )  ( IJm ) ( IJm )  ( IJm-1 ) ( IJm )  ( 11m )  
No 0 . 4  0 . 05 2 0 . 1 5-0 . 3 1  7 . 63 6 . 6 1 1 7 .  1 1 .  53-2 . 80 0 . 578 1 . 42 

No 0 . 4  0 . 05 20 0 . 1 7- 0 . 31 6 . 84 5 . 92 1 5 . 3  1 . 53-2 . 80 0 . 450 1 . 1 0  

Yes 0 . 5  0 . 05 2 0 . 1 7-0 . 31 5 . 98 5 . 1 8  1 3 . 4 1 . 53-2 . 80 0 . 577 1 . 41 

Yes 0 . 5  0 . 05 20 0 . 1 7-0 . 31 6 . 32 5 . 47 1 4 . 1  1 . 53-2 . 80 0 . 482 1 . 1 8  

d 
( IJm )  
3 . 66 

2 . 85 

3 . 65 

3 . 05 

N 
(X) 
w 



Debye-Bueche p l ots s hows the di sappearance of l arge aggl omerates as 

mi xi ng progresses . 

Corre l ati on di s tances of these compounds obtai ned from 

Gui n i er p l ots and Debye-Bueche pl ots are gi ven i n  Fi gures I X- 32 and 

I X- 33 ,  respecti vely , as a functi on of mi xi ng time .  

Gui n i er correl ation di s tances of uncoated ca l ci um carbonate 

284 

compounds decrease from 7 . 63 �m to 6 . 84 �m as mi xi ng p rogresses . 

Large aggl omerates di sappear . Coated cal c i um carbonate compounds 

mai n tai n a correl ati on di s tance of about 6 �m .  Thi s  i s  smal l er than 

the uncoated cal ci um carbonate compounds . I t  s hou l d  be expected 

that the di stri buti on of aggl omerates i s  ri ch i n  smal l aggl omerates 

i n  coated cl aci um carbonate compounds . The smal l aggl omerates changed 

thei r s i ze di stri buti on more rapi dly duri ng mi xi ng . 

We now determi ne the effect of mi xi ng  t ime for the fi nest 

ca l ci um carbonate ( dp = 0. 07 �m ) .  The vol ume fracti on i s  agai n 0 . 05 .  

Compounds were prepared i n  a n  i nternal mi xer a t  1 50°C a t  the rotor 

speed of 25 rpm . 

Fi gures I X- 34 and I X- 35 show Gui n i er and Debye-Bueche p l ots 

for uncoated cal ci um carbonate compounds . The mi xi ng t ime vari es 

from 3 mi nutes to 1 0  mi nutes . Gui ni er p l ots of these compounds a re 

not wel l represented by s trai ght l i nes , but a lways decay exponenti al ly  

wi th ang l e  q2 . We obta in  l arger correl ati on d i s tances at smal l er 

angl es . Debye-Bueche p l ots ( Fi gure I X- 35 )  for these compounds are 

wel l rep resented by the strai ght l i nes in the l arge angl e regi on .  
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Fi gure I X-.34 . Gui n i e r  pl ots for i nterna l  mi xer p repared PS/unc . Caco3 ( dp = 0 . 07 lJm , � = 0 . 05 ) . 
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Simi l ar p l ots are obtai ned for coated cal ci um carbonate 

compounds wi th the same ul ti mate parti cl e s i ze .  These are s hown i n  

Fi gures I X- 36 and I X- 37 .  

289 

We s ummari ze the Debye-Bueche and Gui n ier  correl ati on di s tances 

and other quanti ti es i n  Tabl e I X- 6 .  Correl ati on di s tance , i n  

genera l , decreases as mi xi ng progresses , i ndi cati ng the di s appearance 

of the l arge aggl omerates . 

Gui n i er and Debye- Bueche corre l at ion d i stances are pl otted as 

a functi on of the mi x i ng peri od i n  Fi gures I X- 38 and I X- 39 ,  

respecti vely . Improvement of di spers i on i s  cl ear. As the mi xi ng 

progresses , di s tri buti on of aggl omerates sh i fts to the smal l er s i ze .  

Li kewi se  0 . 4  m and 0 . 5 m parti cul ate compounds , smal l er correl ati on 

di s tances were determi ned for coated cal ci um carbonate compound wi th 

0 . 07 m parti cul ates . The aggl omerate s i ze d i stri buti on i n  the 

sma l l s i ze range ( Debye-Bueche regi on ) s hows a drast i c  change wi th 

i ncreasi ng mi xi ng time . The drasti c change of Debye-Bueche correl a­

ti on di s tances a1 s ugges ts that the i ncreas i ng number of smal l 

aggl omerates . 

E . 2 .  Polypropyl ene Compounds 

E . 2 . a .  Res u l ts .  The crys tal l i ne s tructure of the 

polypropy l ene matri x affects the scattered i ntens i ty profi l e .  Thi s  

was di scussed i n  Secti on D whi l e  cons i deri ng the Photographi c Method . 

We fi rst di s cuss the effect of meas urement temperature . 
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Tab l e  I X-6 . Parameters Obtai ned from Gui ni er and Debye-Bueche P l ots for I nternal Mi xer Prepared 
PS/CaC03 Compounds ( RPM = 2 5 )  

Nomi na 1 Gui n i er Debye-Bueche 
Parti c l e  Mi xi ng Rg d Rg Surface S i ze Time q a2 q 

( IJm- 1 ) ( - 1  Coat i n  m)  Mi n . } ( �Jm )  ( }Jffi lJm ( �Jm )  
No 0 . 05 3 0 . 1 7-0 .  31 1 1 . 8  1 0 . 2  26 . 4  1 . 53-2 . 80 1 . 04 

No 0 . 07 0 . 05 5 0 . 1 7-0 . 31 1 0 . 5  9 . 09 2 3 . 5  l .  53-2 . 80 0 . 387 0 . 948 

No 0 . 07 0 . 05 1 0  0 . 1 7- 0 . 31 1 0 . 7  9 . 27 2 3 . 9  l .  53-2 . 80 0 .  31 5 0 .  772 

Yes 0 . 07 0 . 05 1 0 . 1 7-0 . 31 9 . 79 8 . 48 2 1 . 9  1 .  53- 2 . 80 0 .  582 1 . 4 3  

Yes 0 . 07 0 . 05 3 0 . 1 7- 0 . 31 1 0 . 3 8 . 92 2 3 . 0  1 .  53-2 . 80 0 . 302 0 . 740 

Yes 0 . 07 0 . 05 1 0  0 . 1 7-0 . 31 1 0 . 0  8 . 66 22 . 4  1 . 53-2 . 80 0 . 255 0 . 625 

d 
lJffi 

2 . 69 

2 . 45 

1 . 99 

3 . 68 

l .  91 

1 .  61 

N 1.0 N 
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Figures I X- 40 through I X-42 show the effect of temperature 

i ncrease on the i ntens i ty profi l e  of vari ous polypropy l ene/ca l ci um 

carbonate compounds prepared both by Ferro Corporati on and i n  our 

1 aboratory . 

295 

The i ntens i ty was measured at room temperature and 1 85°C where 

po lypropy l ene i s  i n  a mol ten s tate . We note maxi ma i n  the i ntens i ty 

profi l e  at room temperature . Thi s  was taken as 1 00 i n  these fi gures . 

The i ntensi ty at 1 85°C was compared . 

Fi gures I X-40 and I X-41 s how rel ati ve i ntens i ty profi l es of 

polypropyl ene/cal ci um carbonate compounds ( prepared by Ferro 

Corporati on )  wi th vol ume fracti ons of 0 . 1 36 and 0 . 1 96 ,  respecti vel y .  

We observe a remarkabl e decreas e o f  scattered i ntens i ty i n  the mel t 

stage i n  both cases . Mel t  compounds have only  1 0  percent ( $ = 0 . 1 36 )  

and 50 percent ( $ = 0 . 1 96 )  of the scattered i n tens i ty of the sol i d  

s tate compound . Thi s  i s  due to the d i sappearance of the crys tal l i ne 

phase of polypropy l ene at el evated temperatures . Thi s  reducti on i s  

smal l er at hi gh vol ume fracti on . 

Fi gure I X- 42 shows rel ati ve i n tens i ty profi l es of polypropyl ene/ 

cal ci um carbonate compounds ( dp = 0 . 4  urn, �  = 0 . 05 )  prepared i n  our 

l aboratory .  Aga i n  we observe dras ti c reducti ons of scattered 

i ntens i ty at the e l evated temperature . 

Reducti ons of i ntens i ty of thi s sort were observed for al l 

polypropyl ene compounds . 

We now di s cuss i ntensi ty profi l es of polypropy l ene compounds 

at 1 85°C .  
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Fi gure I X-43 gi ves the effect of parti cul ate s i ze on the 

rel ati ve i ntens i ty profi l es .  Compounds were prepared on a two rol l 

mi l l .  The scattered i ntensi ty profi l e  i s  s trongly dependent upon 

parti cl e s i ze .  The sharpness of the decay i ncreases wi th i ncreas i ng 

parti cul ate s i ze whi ch i s  menti oned i n  the fi gure . The sma l l es t  

parti cul ate s i ze ( dp = 0 . 07 �m} i s  the excepti on .  Compounds of thi s  

parti cl e exhi b i t abrupt decay- l i ke 1 7  urn parti cul ate , s uggesti ng the 

exi stence of l arge aggl omerates . I n  the polypropy l ene matri x ,  the 

0 . 4  �m cal ci um carbonate does not show the rapi d decay of rel ati ve 

i ntens i ty profi l e .  Th i s  i s  di fferen t from the behavi or o f  the 

i ntens i ty profi l es for the s ame parti cl es i n  the polystyrene matri x .  

The effect of the vol ume fracti on o f  fi l l er may be seen i n  

Fi gures I X- 44 and I X-45 . The compounds were prepared by Ferro 

Corporati on . The vol ume fracti on vari es from 0 . 084 to 0 . 1 96 both 

i n  the 3 �m parti cul ate compounds ( Fi gure I X-44 }  and i n  the 1 �m 

parti cul ate compounds ( Fi gure I X-45 ) . The 3 �m uncoated cal ci um 

carbonate compounds s how a cl ear effect of vol ume l oadi ng l evel . As 

l oadi ng l eve l i ncreases , the i ntens i ty profi l e  decays more gentl y .  

I n  Fi gure I X-45 ( dp = 1 �m)  the effect of  the l oadi ng l evel i s  not 

c l ear .  

We now turn to the effect of mi xi ng time in an i nternal mi xe r. 

Fi gures I X- 46 and I X-47 s how p l ots for po lypropy l ene/uncoated and 

coated cal ci um carbonate compounds , respectivel y .  The nomi nal parti cl e 

s i ze i s  0 . 4  �m for uncoated cal c i um carbonate and 0 . 5  �m for coated 

cal ci um carbonate . The mi x ing  ti mes are 2 mi nutes and 20  mi nutes 
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for both cases . We may observe that the scatteri ng i n tens i ty profi l e  

becomes broader after l ong peri ods of mi xi ng . Thi s  sugges ts the di s­

appearance of l arge aggl omerates as mi xi ng p rogresses . Th i s  i s  more 

pronounced for uncoated ca l ci um carbonate compounds . 

The rel ati ve i ntens i ty profi l es of the sma l l est  cal ci um 

carbonate ( dp = 0 . 07 �m) compounds are gi ven i n  Fi gures I X-48 and 

I X-49 .  We may observe that the uncoated cal ci um carbonate compounds 

( Fi gure I X-48) exh i bi t  broader i ntensi ty profi l es than the coated 

cal ci um carbonate compounds ( Fi gure I X-49 ) . Thi s  i ndi cates that 

coated cal ci um carbonate compounds have a greater probabi l i ty of 

l arge aggl omerates . The effect of mi xi ng t ime i s  not c l ear i n  the 

uncoated c l aci um carbonate compounds . The i ntens i ty p rofi l es of the 

s cattered l i ght get broader after l onger peri ods of mi xi ng i n  the 

coated ca l c i um carbonate compounds . Thi s  shows that the coated 

cal ci um carbonate compounds possess greater n umbers of aggl omerates 

after short mi xi ng ti mes . However , the i mprovement of di spersi on i s  

more pronounced than uncoated cal ci um carbonate compounds . 

E . 2 . b .  Di s cuss i on .  I ntens i ty profi l es of the scattered l i ght 

for vari ous polypropy l ene/ca l ci um carbonate compounds are rep l otted 

as Gui n i er p l ots at l ow ang l e  and Debye-Bueche p l ots at the greater 

ang le  regi on .  The corre l ati on d is tances were determined . The l evel 

of the di s pers i on i s  d i scussed i n  terms of the correl ation di s tances . 

Fi gures I X- 50 and I X- 5 1  present Gui ni er and Debye-Bueche p lots 

for vari ous polypropy l ene/ uncoated cal ci um carbonate compounds 

prepared by a two ro l l  mi l l .  Thes e cover a wi de range of parti c l e  
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s i zes , that i s , from 0 . 07 �m to 1 7  �m .  The vol ume fraction of fi l l er 

i s  0 . 05 for al l compounds . The effect of the s i ze of parti cul ate i s  

c l ear especi a l ly i n  the Gui n i er p l ot ( Fi gure I X- 50 ) . The s l opes of 

Gui n i er  p l ots decrease as the nomi na l  parti cul ate s i ze decreases 

except for the fi nes t parti cul ate whi ch has a s i ze of 0 . 07 �m . The 

smal l es t  parti cul ate has the s tronges t tendency to form aggl omerates 

i n  compounds . 

The correl ati on di s tances determi ned by the l eas t sq uare 

method and other q uanti ties are s ummari zed i n  Tabl e I X- 7 .  

We now determi ne the effect o f  the peri od of mi x i ng for the 

compounds prepared i n  an i nternal mi xer.  Fi ne parti cul ates wh ich 

have nomi nal  average di ameters of l ess than 1 �m were chosen for 

thi s  s tudy s i nce the exi s tence of aggl omerates has been confi rmed 

under opti cal mi croscope for such parti cul ates . 

Fi rs t we compare uncoated ca l ci um carbonate compounds whi ch 

have a nomi nal parti cl e s i ze of 0 . 4  �m .  Two compounds whi ch  have 

mi xing ti mes of 2 mi n utes and 20 mi nutes are compared . Fi gures 

I X- 52 and I X-53  represent  Gui ni er and Debye-Bueche p l ots . The effect 

of mi xing i s  cl early seen i n  a Gui n i er p l ot .  The s l ope at l ow angl es 

decreases as mi xi ng progresses . 

S i mi l ar pl ots are obta ined for coated cal c i um carbonate 

compounds ( dp = 0 . 5 � m ,  $ = 0 . 05 ) . Agai n the effect of the peri od 

of mi xi ng i s  more pronounced i n  the Gui n i er regi on whi ch represents 

the i n tens i ty of the scattered l i ght  from l arge aggl omerates 

( Fi gure I X- 54 ) . The Debye-Bueche p lot ( Fi gure I X- 55 )  whi ch 



Tabl e  I X- 7 .  Parameters Obtai ned from Gui ni er and Debye-Bueche P l ots for Two Rol l Mi l l  Prepared 
PP/Unc . CaC03 Compounds wi th Vari o us Parti c l e  Si ze 

Nomi nal Gui n ier  Debye-Bueche 
Parti c l e  Vol ume a2 Rg d a, Rg Surface Si ze Fracti on 

Coat i n  q, - JJm ) 
No 1 7  0 . 05 20 6 . 09 5 . 27 1 3 . 6  0 . 733 1 . 80 

No 3 0 . 05 20 0 . 1 7-0 . 31 4 . 63 4 .  01 1 0 . 4  1 .  53-2 . 80 0 . 558 1 . 44 

No 0 . 4  0 . 05 20 0 . 1 7- 0 . 31 1 . 37 1 . 1 9 3 . 06 1 .  53- 2 . 80 0 . 464 1 . 1 4  

No 0 . 07 0 . 05 20 0 . 1 7-0 . 31 4 . 99 4 .  32 1 1 . 2  1 .  53-2 . 80 0 . 432 1 . 06 

d 

4 . 64 

3 . 72 

2 . 93 

2 . 7 3 

w ...... 
...... 
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represent greater angl e  regi on does not show a c l ear effect  of mi xi ng 

peri od . 

Corre l at i on di s tances and other q uanti ti es obta i ned from 

Gui n ier  and Debye- Bueche p l ots for these compounds are s ummari zed i n  

Tabl e I X- 8 .  Gui n i er correl ati on di s tances decrease wi th mi xi ng 

t ime .  A marked decrease i s  observed i n  coated cal ci um carbonate 

compounds . We note that the number of aggl omerates (or  scatterers ) 

decreases more rapi dly wi th i ncreasi ng s i ze ;  i n  other words , 

di stri buti on of aggl omerate s i ze decay more rap i dly  as the s i ze 

i ncreases , when the correl ati on di s tance i s  smal l .  Correl ati on 

di stances i n  the Debye-Bueche p l ots are very cl ose to the nomi nal 

parti cul ate s i zes and i mprovement of di spersi on i s  not cl ear  i n  thi s 

regi on .  

Corre l ati on di s tances are p lotted as a function of the peri od 

of mi xi ng  i n  Fi gures I X- 56 and I X- 57 .  

The effect of mi xi ng peri od has al so been determi ned for the 

fi nest parti cul ate compounds ( dp = 0 . 07 �m) . Gui n i er and Debye­

Bueche p l ots were prepared for the uncoated ( Fi gures I X-58 and I X- 59 )  

and coated ( F i gures I X-60 and I X-61 ) parti c l es .  

Tabl e I X- 9  s ummari zes the Debye-Bueche and Gui n i er correl ati on 

di stances for these compounds . 

Fi gures I X- 58 and I X-59 p l ot Debye-Bueche and Gui n i er 

correl ati on di s tances as a functi on of mi xing ti me .  The change of 

aggl omerate s i ze di s tri buti on i s  cl ear i n  the surface treated cal ci um 

carbonate compounds duri ng mi x ing .  



Tab le  I X- 8 .  Parameters Obtai ned from Gui n i er  and Debye-Bueche P l ots for I nternal  Mi xer Prepared 
PP/CaC03 Compounds ( RPM = 50 ) 

Nomi nal Gui n i er Debye-Bueche 
Parti cl e Vo l ume Mi xi ng q a2 Rg d q a l Rg d Surface Si ze Fracti on Ti me , _ ,  

Coati n 
No 0 . 4  0 . 05 2 0 . 1 7- 0 . 31 4 . 62 4 . 00 1 0 . 3  1 .  53- 2 . 80 0 . 383 0 . 938 2 . 42 

No 0 . 4  0 . 05 20  0 . 1 7- 0 . 3 1  3 . 33 2 . 86 7 . 38 1 . 53-2 . 80 0 . 42 1 1 . 03 2 . 66 

Yes 0 . 5 0 . 05 2 0 . 1 7- 0 . 31 4 . 60 3 . 98 1 0 . 3 1 .  53-2 . 80 0 . 404 0 . 990 2 . 56 

Yes 0 . 5 0 . 05 20  0 . 1 7- 0 . 31 3 . 07 2 . 66 6 . 87 1 .  53-2 . 80 0 . 379 0 . 928 2 . 40 

w __, 
....... 
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Tab le  I X- 9 .  Parameters Obtai ned from Gui n i er and Debye-Bueche P l ots for I nterna l  Mi xer Prepared 
PP/CaC03 Compounds ( RPM = 25 )  

Nomi nal Gui ni er Debye-Bueche 
Parti cl e Vol ume q a2 d Rg Surface Si ze Fracti on a 1 

( - 1  Coati n cp - l-Im 
No 0 . 07 0 . 05 1 0 . 1 7- 0 . 4 3  2 .  71 2 . 35 6 . 06 0 . 429 1 . 05 

No 0 . 07 0 . 05 3 0 . 1 7- 0 . 43 3 . 1 5  2 . 73 7 . 04 0 . 68-2 . 80 0 . 444 1 . 09 

No 0 . 07 0 . 05 5 0 . 1 7-0 . 43 2 . 99 2 . 59 6 . 69 0 . 68-2 . 80 0 . 453  1 . 1 1  

No 0 . 07 0 . 05 1 0  0 . 1 7- 0 . 43 2 . 43 2 . 1 0  5 . 43 0 . 68- 2 . 80 0 . 436 1 . 07 

Yes 0 . 07 0 . 05 1 0 . 1 7- 0 . 34 6 . 59 5 .  71 1 4 . 8  1 .  53- 2 . 80 0 . 549 1 .  34 

Yes 0 . 07 0 . 07 3 0 . 1 7- 0 . 34 6 . 58 5 . 70 1 4 . 7  1 .  53- 2 . 80 0 . 495 1 . 2 1  

Yes 0 . 07 0 . 07 5 o .  1 7-0 . 34 6 .  04 5 .  2 3  1 3 . 7  1 . 53-2 . 80 0 . 472 1 . 1 7  

d 

2 . 7 1 

2 . 81 

2 . 87 

2 . 76 

3 . 47 

3 . 1 3  

2 . 99 

w N � 
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We may compare correl ati on di stances of polypropyl ene compounds 

{ Fi gures I X- 62 and I X-63 )  wi th polys ty rene compounds ( Fi gures I X- 37 

and I X- 38 ,  pp . 291 , 293) . Decreases of the correl ati on di s tances are 

more s i gn i fi cant i n  the polystyrene compounds . The Debye-Bueche 

correl ati on di s tance of polystyrene compounds ( Fi gure I X- 38 )  approach 

the nomi nal average pa rti cl e s i ze of 0 . 07 �m more rapi dly than 

polypropy l ene compounds { Fi gure I X-63 ) .  These may be due to the 

hi gh vi scos i ty of the polystyrene matri x duri ng the mi xi ng .  

The correl ati on di s tances were determi ned by the s ame methods 

for some hi gh  l oadi ng l evel compounds . Vol ume fracti on vari es from 

0 . 084 to 0 . 1 96 .  These correspond to 20 Wt % to 40 Wt % .  These were 

p repared by Ferro Corporati on . 

Tabl e I X- 1 0  s ummari zes the correl ati on di s tances of h i gh 

l oadi ng l evel compounds . These are pl otted as a functi on of the 

vol ume fracti on of fi l l er i n  Fi gures I X- 64 and I X-65 . 

Both Gui ni er and Debye-Bueche correl ati on di s tances tend to 

decrease wi th i ncreas i ng vol ume fracti on of fi l l er .  Th i s  i s  due to 

the decreasi ng i n ter-parti cul ate di stance at h i gh l oadi ng l evel . 

Abnormal behavior  i f  found for a compound of 1 �m parti cul ate at 

a vol ume fracti on of 0 . 1 96 ( cl osed tri ang l e  symbol ) .  The correl ation 

di s tances are too l arge compared to the others both i n  Debye-Bueche 

and Gui ni ere regi on . Agg l omerates have been found on ly  for thi s 

compound under the opt i ca l  mi croscope . The exi s tence of l arge 

aggl omerates i s  detected by unusua l ly  l arge correl ati on di stances . 

Th i s  i s  found i n  the Gui ni er correl ation di s tance { Fi gure I X- 63 ) . 
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Tabl e I X- 1 0 . Parameters Obtai ned from Gui ni er and Debye-Bueche P l ots for PP/Caco3 Compounds wi th 
Hi gh Vol ume Fracti ons  of Fi l l er . ( P repared by Ferro . ) 

Nomi nal Gui n i er Debye-Bueche 
Parti cl e Vol ume Rg d Rg Surface Si ze Fracti on a2 a , 

Coated d cp -
No 3 0 . 084 - 0 . 1 7- 0 . 68 1 . 61 l .  39 3 . 58 0 . 385 0. 943 

No 3 0 . 1 36 - 0 . 1 7-0 . 68 1 . 30 1 . 1 3  2 . 91 l .  53-2 . 80 0 . 359 0 . 879 

No 3 0 . 1 96 - 0 . 1 7- 0 . 68 0 . 838 0 . 726 1 . 87 1 .  53-2 . 80 0 . 320 0 . 784 

Yes l 0 . 084 - 0 . 1 7-0 . 68 1 .  36 1 . 1 8  3 . 04 1 .  53- 2 . 80 0 . 341 0 . 835 

Yes 1 o .  1 36 - 0 . 1 7- 0 . 68 1 . 24 1 . 07 2 .  77 1 .  53-2 . 80 0 . 325 0 . 796 

Yes 1 0 . 1 96 - 0 . 1 7-0 . 68 1 . 26 1 . 09 2 . 82 l .  53-2 . 80 0 . 31 8  0 .  779 

d 

2 . 43 

2 . 2 7 

2 . 02 

2 . 1 6  

2 . 06 

2 . 01 

w N 00 
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CHAPTER X 

ELECTRICAL CONDUCTIV ITY f4EASUREMENT 

A .  I NTRODUCTION 

I n  the present chapter ,  el ectri cal conducti vi ti es of vari ous 

carbon b l ack compounds are reported . These i ncl ude two rol l mi l l  and 

i nternal mi xer prepared polypropyl ene/carbon bl ack compounds . 

Three types of carbon bl acks were empl oyed .  Those are N990 ,  

N326 , and  N35l ( s uppl i ed by Huber Corporati on ) .  N990 has the 

l argest di ameter ( dp = 0 . 32 �m ) and the l owest  structure among a l l .  

N 326 and N35l possess al most i denti cal di ameters (dp = 0 . 026 �m and 

0 . 028 �m, respecti vely ) , but N351 has a hi gher s tructure than N326 . 

Here the term s tructure concerns the characteri zati on of the bl ack 

aggregates . 

The po lystyrene/carbon bl ack compounds usua l ly possessed much 

l ower el ectri cal conducti v i t i es than the po lypropyl ene/carbon bl ack 

compounds . The el ectri ca l conducti vi ties of the polystyrene/carbon 

bl ack compounds ( < l o- 1 0 n- 1  cm- 1 ) were then no l onger measurabl e 

usi ng the apparatus devel oped i n  our l aboratory . The conducti vi t ies 

of such compounds were measured us i ng the apparatus of Prof .  R .  H .  

Roberts ( Depa rtment of Chemi cal Engi neeri ng ,  Un i vers i ty of Akron ) 

wi th the hel p of Mr . K .  Mura l i .  
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B .  EXPERI MENTAL PROCEDURE 

Sampl es for el ectri ca l conducti vi ty measurement requi re 

speci al  preparation , namely to mi n i mi ze contact res i s tance . An 

apparatus has been devel oped i n  our l aboratory .  
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Compounds were prepared on the two rol l mi l l  and i n  the 

i nternal mi xer .  Methods o f  compound ing  have been di scussed i n  deta i l  

i n  Chapter I I I , Materi a l s  and Samp l e  Process i ng .  

Mi xes were compress i on mo lded a t  200°C  i nto a thi cknes s of 

0 . 36 mm. Carbon bl acks , in  genera l , exi st  in the form of pel l ets 

before compoundi ng . The thi ckness of the compound sheet { 0 . 36 mm)  

was chosen to be greater than the s i ze of the carbon bl ack pel l ets 

{ rough ly  0 . 1  mm) . Then carbon black pel l ets , i f  those exi s t  i n  the 

compounds , do not reach from one surface to the other surface of the 

s heet samp l e .  Thi s  avoi ds measuri ng the conducti v i ty of carbon bl ack 

i tsel f i f  di spers i on is poor .  

Compress i on mol ded mi xes were quenched in  water . Some mi xes 

were annea l ed from 200°C to 90°C at the cool i ng rate of - 1 . 34°C/min .  

Ferro type s ta i n l es s  s teel p lates were used to obta i n  the smooth 

surfaces . The surfaces of the s heet samp l es were scrubbed wi th fi ne 

steel wool  to remove the polymer fi l m  whi ch may cover the carbon 

b l ac k  aggregates or aggl omerates . 

S i l ver pa i nt { DuPont El ectron i c  Materia l s I nc . Conductor 

Compos i ti on ) was appl i ed on both surfaces of the sheet samp l e  to 

mi n imi ze the con tact res i s tance between sampl e and el ectrodes . 



Sampl es were vacuum dried at 60° C for the peri od of 24 hours before 

the measurements . 

The compounds used for el ectr i ca l  conducti vi ty measurement 

are summari zed i n  Tabl e X- 1 .  

An el ectri ca l conducti vi ty measurement apparatus has been 

constructed i n  our l aboratory .  A schemati c  drawi ng and photographs 

of the apparatus a re g i ven in Figures X- 1 and X-2 ,  respecti vely .  
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The apparatus i s  composed of a regu l ated power s upply ( Lambda ; 

Regu l ated Power Supply } , a vo l tage readout ( Kei thl ey ;  1 92 Programmabl e 

Di g i ta l  Mu l ti meter } , an el ectri c current readout ( Fl uke ;  8050 A 

Di gi ta l  Mul t imeter } , a buffer uni t and a test spec imen . The test 

secti on has two el ectrodes and two quard ri ngs . Both the el ectrodes 

and the guard ri ngs are copper. The guard ri ngs prevent the surface 

current of the conducti ve test  spec imen . Wei ght of 1 00 gr .  was used 

to obta i n  a good contact between the el ectrodes , the guard ri ngs and 

the sheet sampl e .  The copper el ectrodes and the guard ri ngs were 

pol i s hed wi th steel wool before the measurements . 

The vo l tage and the el ectri c current through the thi ckness 

di recti on of the s heet specimen were measured . The area of measure­

ment i s  1 0  cm2 ( 2 . 5  em x 4 em } . 

C .  RESULTS AND DI SCUSS I ON 

The el ectri cal conducti vi ty was cal cul ated wi th the fol l owing 

equation . 
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Tab le X- 1 .  Compounds Used for El ectri cal Conducti vi ty Measurements 

Vol ume 
w t 

Mi xi ng 
Polymer Grade Fraction 1 xer Time 

{mi n}  
Polystyrene N990 0 . 30 TRM 20 
( mi x .  temp . 
= 1 50°C }  

Polypropyl ene N990 0 . 30 TRM 20* 
(mi x .  temp . 0 . 25 TRM 20 
· = 1 75°C )  0 . 20 TRt4 20* 

0 . 1 5  TRM 20 

N351 0 . 30 TRM 20 
0 . 20 TRM 20 
0 . 1 0  TRM 20 
0 . 05 TRM 20 

N326 0 . 30 TRM 20 
0 . 20 TR�1 20 
0 . 1 0  TRM 20 
0 . 05 TRM 20 

N990 0 . 20 I M  0 
0 . 20 I M  3 
0 . 20 I M  5 
0 . 20 I M  1 0  
0 . 20 1 M  20 

N351 0 . 20 I M  0 
0 . 20 I M  3 
0 . 20 I M  5 
0 . 20 I M  1 0  
0 . 20 I M  20 
0 . 05 I M  0 
0 . 05 I M  3 
0 . 05 I M  5 
0 . 05 r r� 1 0  
0 . 05 I M  20 

N326 0 . 20 I M  0 
0 . 20 I M  3 
0 . 20 I M  5 
0 . 20 I M  1 0  
0 . 20 I M  20 

tTRM = two rol l mi l l ;  I M  = i nternal mi xer . 
* 
I ncl udes annea l ed sampl e .  
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Fi gure X-2 .  Photographs of el ectri cal conducti vi ty meas urement 
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I H ( - 1  - 1 ) a = V A n · em (.X- 1 ) 

where a denotes el ectri ca l conducti vi ty ,  I the el ectri c current 

through the s pec imen , V the appl i ed vol tage through the spec-i men , H 

the thi ckness of the speci men , and A i s  the measurement area . 

C . l . Effect of Appl i ed Vol tage 

E l ectr i cal  conducti vi ti es of carbon bl ack compounds have been 

determi ned for a wide range of appl i ed vol tages . 

Po lys tyrene/carbon bl ack compounds ( dp = 0 . 32 �m , � = 0 . 30 ) 

were prepa red i n  a two rol l  mi x i ng mi l l . E l ectri ca l  conducti vi ti es 

of thi s  compound are exhi bi ted as a functi on of appl i ed vol tage i n  

Fi gure X- 3 . The appl i ed vol tage was changed from 1 vol t  to above 

200 vol ts .  The el ectri cal conducti v i ty of compounds appears to be an 

exponenti a l ly i ncreas i ng functi on wi th appl i ed vol tage . 

The behav ior of the el ectri cal conducti vi ty a i n  the l ow 

vol tage regi on i s  gi ven i n  Fi gures X-4 through X-6 .  

Fi gure X-4 shows the el ectrical conducti vi ty behavior  of 

polypropyl ene/carbon b l ack compounds ( N35l , dp = 0 . 028 �m) . The 

vo l ume fraction of carbon bl ack � vari es from 0 . 1 0  to 0 . 30 .  These 

compounds were prepared i n  a two rol l mi l l .  The appl i ed vol tage 

covers 1 0-4  vol t  to 1 vol t .  I n  the l ow vol tage regi on ( bel ow 1 vol t) , 

el ectri c conduct i v i t ies a of compounds are constant a t  any vo l ume 

fracti on .  I t  i s  found that the el ectri ca l conducti v i ty i ncreases 

wi th i ncreas i ng vol ume fracti on of fi l l er .  
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Fi gure X-4 .  E l ectri ca l conducti vi ty as  a functi on of app l i ed vol tage 
for PP/CB wi th vari ous vol ume fracti ons . 
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E l ectri cal conducti v i ti es i n  the l ow vo l tage region  for the 

i nternal mi xer prepared polypropyl ene/carbon bl ack compounds ( N990 , 

dp = 0 . 32 IJm � 4> = 0 . 20 )  were gi ven i n  Fi gure X-5 .  �1i xi ng  time vari es 

from 0 mi nute ( i mmedi ately after the fi l l er d i sappeared near entrance 

of i nterna l mi xer )  to 20 mi nutes . The appl i ed vol tage aga i n  covers 

1 0-4 vo l t  to l vol t .  E l ectri cal conducti vi t ies of  the l ower con-

ducti vi ty compounds were no l onger measurabl e at the very l o\'1 vol tage 

reg ion because of the extremely l ow va l ues of the e l ectri c current 

read ing ( see Eq . ( X- 1 ) ) .  

I t  i s  found that the el ectri c conducti v i ti es of U990 bl ack 

compounds are constant i n  the l ow appl i ed vo l tage regi on wi th any 

mi xi ng time . The e l ectri ca l conducti v i ty of i nternal mi xer compound 

decreases drast i ca l l y  as mi x i ng progresses . 

E l ectri ca l conducti vi ty was measured for ei ght sheet sampl es 

of the i nterna l mi xer compounds and four sheet samp l es of the two 

rol l  mi l l  prepared compounds . The el ectri ca l conducti v i ty of these 

sheet samp l es vari es . An exampl e  i s  gi ven i n  Fi gure X-6 .  Poly­

propyl ene/carbon bl ack compounds { dp = 0 . 32 \Jm , � = 0 . 20 )  were pre­

pared i n  an  i nterna l mi xer . The mi xi ng time i s  2 . 5 mi nutes . E i ght 

d i fferent s heet sampl es covers conducti vi ty from 5 . 3  x 1 0- S  to 

4 . 1  x 1 0- 3  n-1 cm- 1 . One of the reasons for thi s fl uctuation may be 

nonuni form mi xi ng i n  the i nternal mi xer . S imi l ar fl uctuati ons are 

observed for the two rol l mi l l  prepared compounds . The fl uctuation 

i s ,  i n  general , greater for the l ow conducti v i ty compounds . 



C . 2 .  Effect of Vol ume Fraction and Type of Ca rbon B l ack 
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E l ectri cal conducti v i t ies of various compounds were represented 

as a functi on of vo l ume fraction of carbon b lack i n  Fi gure X- 7 .  

Both two rol l mi l l  mi xed compounds and i nterna l mi xer prepared com­

pounds were mi xed for a peri od of 20 mi nutes . Conducti v i ti es were 

averaged over four samp l es for the two rol l  mi l l  compounds and ei ght 

samp l es for the i nternal mi xer compounds . The maxi mum and mi ni mum 

va l ues of conducti v i ti es were i nd i cated . Conducti v i ti es of two rol l 

mi l l  compounds were pl otted wi th cl osed symbol s  and i nternal mi xer 

compounds wi th open symbol s .  We note that the N990 bl ack 

( dp = 0 . 32 �m) compounds possess the l owest el ectri cal conducti vi t ies 

at any vo l ume fracti on . N351 ( dp = 0 . 028 �m) and N326 ( dp = 0 . 026 llm) 

bl ack compounds s how s i mi l ar conducti ve behav i or .  N326 bl ack com­

pounds , however ,  possess s l i ghtly hi gher conduct iv i ty than N351 bl ack 

compounds at any vo l ume fraction . The order of e l ectri ca l con­

ducti vi ty i s  the same as the i nverse order of bl ack parti cl e di ameter .  

Conducti v i ty :  N326 · � N351 >> N990 

B l ack Di ameter : 0 . 026 � 0 . 028 << 0 . 32 ( m) 

The conducti v i ty behavior  of compounds appears to be governed by 

bl ack d i ameter .  As the di ameter of the carbon bl ack i ncreases , 

e l ectri cal conducti vi ty decreases . Di butyl phtha l ate { DB P )  structure 

i ndex does not have a s trong corre lation wi th conducti v i ty .  

Conduct i v i ty :  N326 � N351 >> N990 

DBP I ndex :  71 1 2 1 42 
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E l ectri ca l  conducti vi ty decreases wi th decrea s i ng vo l ume 

fraction of carbon b l ack . Thi s i s  most conspi cuous i n  N990 bl ack 

compounds . E l ectri cal conducti vi ties of i nterna l mi xer compounds are 

found to be approxi mately the same as two ro l l  mi l l  compounds at  hi gh 

vol ume fracti ons ( �  = 0 . 20 ) . At l ow vol ume fracti on ( �  = 0 . 05 ) , the 

i nterna l mi xer compounds have l ower conducti v i ty than two rol l  mi l l  

compounds . 

C . 3 .  Effect of Anneal i ng  and Matri x Polymer 

A few po lypropyl ene/carbon bl ack ( N990 ) compounds whi ch were 

mi xed on a two rol l  mi l l  at l 75°C for 20 mi nutes were annea l ed i n  a 

compress i on mol di ng process .  These are compress ion mol ded at 200°C  

and  annea l ed wi th a cool i ng rate of  -1 . 34°C/mi n .  Fi gure X-8 coM­

pares the el ectri cal conducti vi t ies of quenched po lypropyl ene com­

pounds ( cl osed symbol s )  and anneal ed compounds ( open symbol s ) .  These 

are averaged over four sampl es .  Heat treatment has a notab le  effect 

on el ectri cal conductiv i ty o� compounds .  The conducti v i ty of poly­

propyl ene/carbon b l ack compounds i ncreased 1 6  t imes at  the vo l ume 

fraction of 0 . 30 a nd 500 times at the vol ume fraction of 0 . 20 .  

The el ectri ca l conducti v i ty of polystyrene/carbon b l ack 

compound is added i n  Figure X-8 .  Mi xi ng temperature is 1 50°C . The 

po lystyrene compound pos sesses much l ower conducti v i ty i n  contrast 

to po lypropyl ene compounds . Th i s  is probably due to the hi gher 

vi scos i ty of the polystyrene matri x duri ng mi x i ng .  A conti nuous 

network s tructure of carbon bl ack may be i nduced by annea l i ng .  The 
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formation of crysta l l i ne phase duri ng the annea l i ng may promote 

network formati on i n  the case of polypropyl ene . 

C . 4 .  Effect o f  Mixi ng Time 

The el ectr ica l  conducti vi ty of compounds changes wi th mi xi ng 

time .  The effect o f  mi xi ng t ime was determi ned for the i nternal 

mi xer compounds . 
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Fi gure X-9 shows el ectri cal conducti vi ty as a functi on of 

mi xi ng t ime for three types of polypropyl ene/carbon bl ack compounds . 

The mi xi ng t ime vari es from 0 mi nute to 20 mi nutes . The vol ume 

fracti on of b l ack i s  the same for a l l compounds , that i s ,  0 . 20 .  N990 

bl ack compounds s how an abrupt decay of conducti vi ty i n  the fi rst 

1 0  mi nutes and mai nta i n  a constant va l ue .  The other two types of 

bl acks ( N326 and N351 ) s how only  mi nor decreases of conducti vi t ies 

wi th mi xi ng t ime .  

A s i mi l ar p l ot i s  obta i ned for two di fferent vol ume fracti ons 

of N351 b l ack ( �  = 0 . 20 and 0 . 05 )  i n  polypropyl ene i n  Fi gure X- 1 0 . 

The conducti v i ty of l ow vol ume fracti on compounds { �  = 0 . 05 )  decreases 

i n  the fi rst 2 . 5  mi nutes of mi xi ng then decreases s l owly . 

C . 5 .  Qua l i tati ve Correlat ion wi th the Level of Di spers i on 

The resu l ts of the el ectri cal conducti v i ty measurement 

obta i ned i n  the present research i ndi cate correl ations wi th the l evel 

of di s pers i on of carbon bl ack .  Low conducti vi ty corresponds to  good 

d i s pers i on .  We may compare the trends wi th those we have seen i n  the 

cal ci um carbonate compounds v i a  opti cal  mi croscopy . 
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1 .  Polypropyl ene/carbon bl ack compounds conduct iv i t ies are 

greater than the conducti v i t ies of the polystyrene/carbon bl ack com­

pounds . Thi s  i s  s i mi l ar  to the ca l c i um carbonate compounds and may 

be a ttri buted to polypropyl ene pos ses s i ng much l ower vi scos i ty than 

polys tyrene . Th i s  p resumably l eads to the l ower l evel of di spers i on .  

2 .  The compounds of the fi ner carbon bl acks possess greater 

e l ectr i cal  conducti v i ty than the coarse bl ack . The s tronger 

part ic l e-parti cl e (or aggregate-aggregate } i nteraction has been 

i nd i cated for the fi ner bl acks and ca l c i um carbonates by the sed imen­

tation vo l ume experi ment ( Chapter V ) . Thi s  s trong parti c l e-part i c l e 

i n teracti on l eads to l ower l evel s  of di spers i on . 

3 .  E l ectri cal conducti v i t i es of bl ack compounds decreases as 

mi xi ng progresses . 

Al l of the above shows that compounds whi ch p resumably have 

l ow l evel s of di spers i on show hi gh el ectri ca l conducti vi ti es . 

Severa l authors ( B- S ,C- 3 , 0- l ,H-9 ) have reported a correl ation 

between the el ectri cal conducti v i ty and the mi xi ng condi ti ons for 

vari ous e l astomer/carbon bl ack compounds .  As mi xi ng progresses , the 

el ectri ca l  conducti vi ti es of compounds decreases . They compared 

the i r resu l ts of el ectri cal conducti v i ty measurement wi th el ectron 

photomi crographs ( D- 1 ) ,  opti ca l photomi crographs ( B- S ,C-3 ) and surface 

roughness measurements ( C- 3} . I t  was genera l l y  found that the 

el ectri cal conducti v i ty i s  hi gh when the l evel of d i s pers i on of bl ack 

i s  l ow .  



No qua l i tati ve expl anation for the rel at ions h i p  between the 

conductiv i ty of compound and the l evel of di spers i on has been pre­

sented . We wi l l  qua l i tati vely i nterpret the res u l ts of el ectri ca l 

conducti v i ty measurement wi th perco l ati on theory , and formul ate i ts 

rel at ion to the d i spers i on l evel i n  the fol l owing  chapter. 
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CHAPTER X I  

DETERM I NATI ON OF D I SPERS ION FROM ELECTRI CAL 

CONDUCT IV ITY MEASUREMENTS 

I n  th i s  chapter , we use percol ation theory to devel op a 

representa ti on of d i spers i on based on el ectr i ca l  conducti vi ty measure­

ments . Leve l s of di spers i on have been determi ned for a seri es of 

polypropy l ene and polystyrene/carbon bl ack compounds us i ng the newly 

proposed concepts . Fina l ly ,  the degree of d i spers i on i s  compared wi th 

mechanica l  property of compounds . 

A .  ELECTRI CAL CONDUCT IV ITY AND PERCOLATION THEORY 

I t  i s  of our i nterest to determine the i nternal structure and 

d i spers ion of conduct i ve fi l l er from the e lectrica l conducti v i ty of 

compounds . Si nce the 1 950 ' s ,  vari ous authors ( B-5 ,C- 3 ,C- 1 ,H-9 ,M-6 , 

P- 5 , V- 2 ,V-4 , V- 5 , V- 6 , V- 7 )  have meas ured e l ectri cal conducti vi ty of 

carbon b l ack fi l l ed systems to characteri ze the l evel of di spers i on . 

I t  i s  genera l l y  bel i eved that a sequenti a l  structu re formed by carbon 

bl ac k  i n  a matri x  i ncreases conducti v i ty of a compound . No quanti ta­

t i ve theory wh i ch i nterprets el ectri ca l  conducti v i ty of compounds to 

characteri ze the l evel of di spers i on has been proposed to the present . 

A . l . S impl e Reg i ster Mode l 

The s impl est model whi ch expl a i ns the conduct iv i ty-structure 

rel ati onsh i p  i s  i l l u strated in Fi gure XI - l ( a )  and ( b ) . 
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Fi gure XI- l ( a ) shows the segmenta l s tructure of carbon b l ack i n  

compounds . The carbon bl ack structure connects a n  el ectrode to 

another e l ectrode . E l ectrons transfer a l ong the segmenta l structure 

(pathway ) and conduction occurs . We may repl ace l ong cha i ns of 

part ic l es reach i ng from one el ectrode to another el ectrode wi th 

el ectri c regi s ters ( Fi gure X I- l ( b ) . I t  s uggests that the con­

�ucti v i ty i s  

n 
a =  2 _1 : .!!. 

i = l r i r 
( XI- 1 ) 

where n i s  the number of l ong bridges per un i t  area , r i s  the 

res i s tance of a s i ng l e l ong cha i n  of carbon bl ack .  The h igh  con­

ducti vi ty of compounds i s  associ ated wi th the number of l ong cha i ns .  

However , i t  seems more reasonabl e to assume a three-d imens i onal 

network s tructure where cha i ns are connected by shunts in a very com-

pl ex manner . I t  requi res a more soph i sti cated method of characteri z i ng 

the conductiv i ty of such sys tems . 

A . 2 .  Perco l ati on Model 

We now assume that carbon bl ack forms a three-d imens iona l  

network s tructure i n  matri x .  A schemati c drawi ng of a three­

dimensi onal network s tructure i s  g iven i n  F igure XI -2 . 

A . 2 . a .  Contact res i stance and conducti v i ty .  Before turn i ng 

to a di scuss i on of quant i tative characteri zation of d i spers i on ,  we 

shal l di scuss  the contact res i s tance of two spheres . 



Fi gure X I -2 . 

0 

0 0 

Concept of three-di mens i ona l  network structure ( or 
i n fi n i te 1 y 1 a rge c 1 us te r )  . 
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When the contacti ng area between two substances i s  l arge 

enough , the res i s tance i s  i nversely proporti ona l to the area . How­

ever , i f  the area i s  smal l then constr i ct i on of the current tends to 

make res i stance i nversely proporti onal to the di ameter of the con­

tact area ( B-6 ) .  

- 1 rcont - 2aa ( XI - 2 )  

where rcont denotes contact res i stance between two substances , a 

d i ameter of contact area , and a conducti vi ty of contacti ng substance . 

We may assume 

a a: d p 

where dp i s  the d i ameter of contacti ng parti c l es . 

( Xl - 3 )  

Here we shal l cons ider the res i s tance of one pathway . I t  i s  

c l ear  that 

R = R + R path cont body ( XI -4 )  

where Rpath i s  a res i stance of one pathway , Rcont and Rbody are the 

total contact and body res i stance ( the res i s tance due to the 

parti c l es ) i n  one pathway . As sumi ng the average number of part i c l es 

wh i ch form a pathway through a uni t l ength i s  i nversel y proporti onal 

to the di ameter of partic l es , i n  the network format ion , we obta i n  

- 1 Rcont = N • r cont a: -2-2dpa 
( XI - 5 )  
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( XI -6 )  

where L i s  the extended l ength of path , A i s  the cross secti onal area 

of pathway , and N i s  the number of parti cl es i n  a pathway . 

- 1 N 
a: dp 

Then we obta i n  

( X I - 7 )  

( X I -8)  

The res i s tance of a pathway is i nversely proporti onal to the square 

of part i cl e s i ze .  

Now we sha l l  cons i der the res i st i v i ty p by tak i ng i nto account 

the number of pathways per un i t  surface area n .  

n a: ( s i ze of a l attice s i te ) 2 

a: d2 
p 

F i nal ly  we obta i n  

Rpath = n • Rpa th 

2 l 
a: 

( d  ) • -2 p (d  ) p 

( X I - 9 }  

( X I - 1 0 )  

I t  i s  noteworthy tha t res i sti vi ty and conducti v i ty of a n  enti re system 

cons i st i ng of contacti ng spheres are i ndependent of s i ze of spheres , 

though contact res i s tance i s  a function of s i ze of spheres . 
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A . 2 . b .  E l ectri ca l  conducti v i ty-vol ume fraction rel a ti onsh ip .  

E l ectri cal conducti v i ty-vol ume fraction rel ati onsh i p  may be  obta i ned 

for two d i sti ngu i shed mi x cond i ti ons , that i s ,  a . . random mi x "  and 

1 1Separate mi x . " 

F i rs t ,  we consi der the percol ation theory ( K-4 , K- 5 , K- 6 , R- 5 )  

for a "random mi x . "  Rudd and Fri sch ( R- 5 }  proposed the fo 1 1  owi ng 

equation for perco l ati on probabi l i ty above a cri t ica l  probabi l i ty :  

for p > Pc ( XI - 1 1 )  

where P ( p )  denotes percol at ion probabi l i ty ,  k proportional constant , 

p probabi l i ty of occupi ed s i tes i n  l attice and pc cri ti ca l  probabi l i ty 

above wh i ch percol ati on occurs . 

Ki rkpatrick ( K-5 , K-6 )  proposed an equation whi ch rel ates 

percol ati on probabi l i ty P to the el ectrical  conducti v i ty .  

and 

where 

G ( p }  = � = p { p }  • Mtt 

G { p ) : norma l i zed conductiv i ty ;  

o ( p ) : conduct iv i ty at probabi l i ty of occupancy p ;  

( X I - 1 2 ) 

( X I - 1 3 )  

cr ( l ) :  conducti v i ty at  probabi l i ty of occupancy 1 ( compl etely 

occupi ed l atti ce ) . 
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Substi tuti ng Eqs .  { X I - 1 1 )  and { XI - 1 3 )  i nto Eq . ( XI - 1 2 ) , we 

obta i n  

( XI- 1 4 ) 

We may rewri te thi s equati on wi th vol ume fracti on of occup ied s i te 

i n  l atti ce 

because 

where 

G ( cp ) = A1L_ = k (.! - �) 1 . 1 +8 � f f 

cp = p · f 

¢ :  vol ume fracti on of fi l l er ;  

9max = maximum a tta i nabl e vol ume fraction of fi l l er ;  

( X I - 1 5 )  

( X I - 1 6 )  

cp c = cri t i cal  vol ume fraction of fi l l er above wh i c h  per­

col ati on occurs ; 

f :  fi l l  factor . 

cpmax ' ¢c ' f and B are the known quanti t ies and are summari zed i n  

Tab l e  X I - 1 . 

We s hou l d  determi ne the proporti ona l i ty constant k i n  

Eq . { X I I - 1 5 )  to obta i n  a compl ete conducti v i ty-vol ume fract i on 

rel ati onsh i p .  The percol ati on probabi l i ty obta i ned by Ki rkpatri ck 

( K- 5 , K- 6 )  and Dean et al . ( D-2 , 0-3 )  i s  s hown in Fi gure XI - 3 .  
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Tab l e X I - 1 . Cons tants for Eq uati on ( XI - 1 5 )  

Cri t ica l  Vol ume 
Fi l l i ng Factor Fracti on Constant Constant 

Latti ce f <Pc B k 

S . C .  0 . 5236 0 . 1 6  0 . 35-0 . 40 0 . 976  

b . c . c .  0 . 6802 o .  1 6  0 . 30-0 . 40 0 . 850 

f . c . c  0 . 7405 0 . 1 6 0 . 33-0 . 40 0 . 827 

References D- l l , F-8 , F-9 , K-6 Present 
H- l , R-6 ,5-2 , Work 
S- 1 7  



-

! OT E · · - -r - - � - -- ·r· :T- ·- · _ _  J 

� O.G --·- -
. I r- �--- 1- 7° 

l 
05 � · -� r

r

-�o? __ L ___ _ _ _  · · ·· · · · · - - - · 

§ 0.4 L · - · -r·i- .,�-1---o wK irkpatric ·z l 1 r /_� I � 0 3 ____ F.C.<f:::-���0 °. .� .. - _ _ _  +oea n 
u · B.C.C��S.C � I :; + & ! I 
a. --� -fif;;�-.or -r-,- ---·-----

• .  -, : G  I 
0.1 - · -- - t--+-d?-! . _ . l _ · ·-- · ·-- -- -- · - · · - ·- . . .. 

-r I I ; l I 
OQ . 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 . 0.8 0.9 1.0 
·FRACTION OF SITES PRESENT . 

p 

361 

Fi gure XI- 3 .  Percol ati on probabi l i ty for vari ous th ree-d imens i ona l  
l atti ces by numeri cal s imul ati on by Ki rkpatri ck and 
Dean et al . 



362 

We note that the perco lat ion probabi l i t i es of a l l l atti ces ( s impl e 

cubi c ,  body centered cubi c ,  face centered cubi c )  are cl ose to 0 . 50 at 

p = 0 . 50 .  We use the fol l owi ng equati ons to estimate k .  

or 

1 im  P ( ) p-+0 . 50 p = l im k ( p  - p ) 8 = 0 . 50 
p-+0 . 50 c 

cp 
l im P { ) = l im k {.t - ...£} 8 = 0 . 50 

cp-+0 . 50f $ <P-+0 . 50f f f 

k val ues obta i ned for each l atti ce are shown i n  Tabl e X I - 1 . 

( X I - 1 7 )  

( X I- 1 8 ) 

The percol at ion probabi l i ty cal cu l ated from Eq . ( X I - 1 1 }  i s  

compared wi th the resul ts of numeri ca l  s imu l at ion by Ki rkpatr ick  

{ K- S , K-6 )  and Dean et  al . ( D-2 , 0- 3 }  as a functi on of  vol ume 

fraction of partic l e cp i n  Fi gure XI -4 .  A good fi t was obtai ned 

for any l atti ce .  The constants used i n  cal cul ati on are summari zed 

i n  Tabl e X I -2 .  

Equati on ( XI - 1 5 )  wi th the constants i n  Tab l e  X l -2  represent 

a conducti vi ty-vol ume fract ion rel ationsh i p for a compl ete .. random 

mix . 1 1 

We now defi ne a 11 separate mi x 11 where parti cl es are separated 

from each other and evenly  di spersed . Conducti v i ty-vol ume fracti on 

rel a ti onshi p for a 1 1Separate mi x 11 has been proposed by Maxwel l { M-4) 

for d i l u te systems . 

( X I - 1 9 )  



0 S.C. ki rkpatric 
Dean ° 

6 B.C.C. Dean 
D F.C.C. Dean 

0 

0 . 0  0 . 4  0 . 5  0 . 6  0 . 7  0 . 8  0 . 9  

¢c <P Volume Fraction 

Fi gure XI - 4 .  Percol ation probabi l i ty for vari ous 
three-dimens ional l atti ces . So l i d  and 
broken l i nes are cal cul ated resul ts . 
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Tabl e XI- 2 .  Cons tants Us ed for Equati ons ( X I - 1 1 }  and ( XI - 1 5 }  

Cri ti cal Vol ume 
Fi l l i ng Factor Fraction Constant Constant 

Latti ce f 41c a k 

s . c .  0 . 5236 0 . 1 6  0 . 40 0 . 976 

b .  c .  c .  0 . 6802 0 . 1 6  0 . 40 0 . 850 . 

f . c . c .  0 . 7405 0 . 1 6  0 . 40 0 . 827 
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We may rewri te th i s  

( X I-20)  

for r1 < <  r2 . Here r1 and r2 are res i st i v i ties  of conductive 

part ic l es and matri x ,  respecti vel y .  

Random Mi x Limi t and Separate M ix  Limi t 

We may p l ot the el ectr ica l  conducti v i ti es obta i ned by 

Eqs . ( XI - l S )  and ( XI-20 )  for 11 random mi x .. and 1 1Separate mi x , "  

respecti vely , a s  a function of vol ume fraction of fi l l er 

( Fi gure X I -S ) .  We assumed 

( XI - 2 1 ) 

where a ( �max ) denotes the conducti v i ty at the maximum atta i nabl e 

vol ume fraction , and aCB i s  the conductiv i ty of carbon bl ac k  whi c h  

i s  approximately 1 x 1 03 n- 1 • cm-1 . The conducti v i ty of  po lymer 

matri x i s  assumed to be 1 x l o-1 7 n- 1 • cm-1 . 

The 1 1Separate mi x l im it 11 and "random mi x l imi t 11 are defi ned 

i n  Fi gure XI - S .  Topol ogi cal schemati c vi ews for separate mi x and 

random mix  are added . I t  i s  poi n ted out that  the i ncrease i n  

el ectri cal  conducti v i ty wi th vol ume fracti on for separate m i x  i s  very 

smal l .  The el ectri cal conducti v i ty for the random mi x ,  i n  contrast , 

s hows a marked i ncrease at the cri tical vol ume fract ion of 0 . 1 6 ,  and 

then approaches a constant val ue at h i gh vol ume fracti on .  The type 

of l atti ces ( s imp l e  cub i c ,  body centered cubi c and face centered cubi c 
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l atti ce) does not show a s i gn i fi cant di fference wi th conductiv i ty 

behav ior .  

Regi on I and Reg i on I I  may be defi ned . Reg i on I covers the 

area a bove the cri tica l  vol ume fraction $ = 0 . 1 6  and between the 

random mix  l imi t and separate mi x l imi t .  I n  Reg i on I ,  the sequence 
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of parti cl es are i ntermed i ate between random and separate . Regi on I I  

covers from bel ow cri ti cal vo l ume fracti on and above the separate 

mix  l imi t .  I n  Regi on I I ,  the compound pos ses ses conducti v i ty which 

i s  greater than the separate mix l imi t a t  l ow vol ume fraction .  A two 

phase mi x where a l arge porti on of parti c l es form sequenti a l  structure 

may be rea l i st ic  i n  thi s  reg ion . 

A . 2 . c .  Degree of d i spers i on .  The separate mi x l imi t and random 

mi x l imi t have been defi ned and g i ven i n  F i gure Xl- 5 .  The el ectri cal 

conducti v i ty of actual  compounds , however , does not necessari ly  

fol l ow these l imi ts s i nce di spers i on of parti cl es does not al ways 

rea l i ze an i dea l separate mi x and i dea l random m ix . 

We s ha l l d i scuss the conducti v i ty behav i or of the model 

compounds . Fi gure X l-6  s hows the topol ogi cal s chemati c vi ews of 

three model compounds i n  reference to theoreti cal conducti v i ty 

behav ior . We assume three model compounds possess i denti cal el ectric 

conducti v i ti es of 1 0-5 n- 1 • cm- 1 . When the vol ume fracti on of compound 

i s  the same as  the vol ume fracti on of the random m ix  l imi t (center ) , 

the fraction of parti cu l ates wh ich are a part of an  i nfi n i tely l arge 

cl uster ( three-d imens i ona l sequenti al  network structure ) i s  g i ven by 
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a percol ation probab i l i ty P (  ) for a random mi x .  Rewri t i ng 

Eq . ( XI- 1 2 ) , we obta i n  

Q__{jU_ ( Q_{Q_}_J - 1 
P ( p )  = � .  IDDT 

369 

= Q_(Ql . ( p - p ) - 1 . 1  
crnJ c ( XI-22 ) 

Substi tuti ng Eq . ( XI - 1 1 )  i nto Eq . ( XI -22 ) to el i mi nate p and Pc 

p = [Q_{Q_l_ . k 1 .  1 I B) Bl ( B+ 1 .  1 )  
( p ) onT ( X I -23 )  

Wi th vol ume fraction � '  th i s  l eads to 

P = �� . kl . l / a] s/ ( e+ l . l ) . ( <P ) � ( X I-24)  

We now remove some parti cu l ates wh ich  are not a part of the 

three-d imensi ona l network structure from the model compound i n  

Fi gure X I -6 .  I t  i s  represented by the l eft s i de of the drawing  

( $ = sma l l ) . The sequenti al network structure has  not been touched 

to reta i n  constant conducti v i ty .  I nversely ,  we may add some part icu­

l ates , aga i n ,  wi thout touchi ng the parti cu l ates wh ich form a network 

structure . Thi s  i s  represented by the ri ght s i de of the drawi ng 

( cp  = l arge ) . 

I t  i s  noteworthy that the number of part icu l ates whi ch form a 

network s tructure i s  identi ca l ; however , the fraction of partic l es 

whi ch form the network structure di ffers from each other among the 

three model compounds as s hown . We rewri te Eq . ( X I -24 ) for these 

model compounds : 



P ( ¢> )  = [ _olli__ • k 1 . 1 / 8] 8 ( 1 . 1 +8 )  • 
4>rl 

� ¢> 

370 

( XI - 25 ) 

where ¢>rl denotes the vol ume fraction at the random mix l imi t .  

We def i ne di spersion i ndex ( 0 . 1 . )  a s  the fraction of 

part i cu l ates bei ng a part of an i nfi n i tely l arge cl uster ( or three­

d imens i onal network s tructure ) . Therefore 

Here 

0 . 1 . = Fract ion of parti c l es whi ch are part of a three­

d imens iona l  network structure 

= P (  ) 

= [� kl . l / 8] 8/l . l +a )  • 1>�1 
. � - � 

( X I - 26 ) 

o ( $ ) : experimental ly  obta i ned el ectr i ca l  conducti v i ty ;  

o ( $max ) : el ectr ical  conducti v i ty at maximum atta i nabl e vol ume 

fraction ( g i ven i n  Eq . ( X l l -2 1 ) ) ;  

¢> : vol ume fracti on of fi l l er i n  compound ; 

:prl : vol ume fraction of fi l l er at random mi x l i mi t ;  

k , s :  constants g i ven i n  Tabl e Xl -2 . 

We may defi ne an average network d i stance assumi ng the network 

i s  formed i n  a three-dimens i onal s impl e cubi c  l atti ce . The average 

network di stance i s :  

1 1 / 2 
-0 - = (2!.2 • ) • d p net ( O . I . ) rp ( X l- 27 )  



where D . I .  i s  the d i s pers i on i ndex defi ned by Eq . ( XI-26 ) , and dp 

denotes d i ameter of parti cu l a tes . The concept of average network 

d i s tance is summari zed in Fi gure X l - 7 . 
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We note that the d i spers ion i ndex , D . I . , proposed here i s  

i ndependent of parti z l e s i ze and average network d i stance , Dnet ' i s  a 

function of parti c l e s i ze .  

I t  i s  cl ear that val ues of d i spers i on i ndex and average network 

separation d i stance change as shown i n  Tabl e XI - 3 .  Di spers i on 

i ndex changes from 0 to 1 and average network di stance from i nf i n i ty 

to ( n/ 2� ) 1 12 • dp . 

A . 2 . d .  Effect of aggl omerates . A compound , i n  practice ,  may 

conta i n  aggl omerates as  wel l a s  a conti nuous three-d imens i ona l  net­

work s tructure . We consi der the effect of the aggl omerates on the 

el ectri cal conducti v i ty .  

We may assume that the agg l omerates are separated from each 

other i n  the matri x  wh i ch contai ns a three-d imens i onal network 

sequence of conducti ve fi l l er .  Thi s  i s  schemati ca l ly s hown i n  

Fi gure X I- 8 .  Maxwe l l ' s expression for a separate mi x can s i mply be 

rewri tten . 

where 

• r m l - 1 ( X I -28 )  

a ' ( �a ) : conducti v i ty of compound whi ch conta i ns aggl omerates ; 

$a : vol ume fraczi on of aggl omerates ; 
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Tab le  X I - 3 .  Characteri s ti cs of  Di spers i on Index and Average Network 
Di s tance 

Best Di spers ion 
( Not Infi n i tely Large 

Network-) 
Wors t  D i spers i on 

( Comp l ete Two Phase 
Di spers i on Index 0 1 D .  I .  

Average Network Di stance ( 1T/ 24> ) 1 / 2  • dp Dnet 
0) 

) 
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Fi gure X I-8 .  Schemati c representati on of a compound whi ch has both 
aggl omerates and network structure . 
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ra : res i s t i v i ty of aggl omerates ; 

rm : res i s ti v i ty of matr ix  which  conta i ns three-d imens i ona l 

network s tructure . 

We may assume that  the res i stiv i ty of aggl omerates i s  much sma l l er 

than tha t of matr i x ,  that i s ,  ra < <  rm . Equati on ( X I-28)  reduces to 

[rm - cparm r I "' •r  
(j (4>  } r + 2cpa r m m a m 

"' F ( c�>a } • ( rmrl ( XI -29 } 

and 

+ 24> 
F ( cpa ) a 

= - $ a 
( XI -30 )  

where ( rm ) - l  i s  the conducti v i ty of  the matrix  wh ich  conta i ns a 

network of parti cul ates . When the system conta i ns no aggl omerate 

cpa = 0 ,  the functi on F ( $a ) = 1 ,  then the conducti v i ty of the system 

i s  i dent i ca l  to that of a matr ix  conta i ni ng a network .  The functi on 

F ( ¢a ) i s  p lotted as  a funct ion of cpa i n  Fi gure X I-9 .  The e 1 ectri ca  1 

conducti v i ty of compound a • ( �a ) i s  two times greater than that of the 

matri x  when the vol ume fracti on of agg l omerates cpa i s  0 . 25 .  The 

i ncrease of the el ectr i cal  conducti v i ty of compound due to the 

exi s tence of aggl omerates i s  tri v i a l  i n  compari son wi th the con­

ducti v i ty of compound whi ch vari es exponenti a l l y  from l o- 1 7 to 1 0° 

depend i ng upon the network szructure of the conductive fi l l er .  The 

el ectr i c  conducti v i ty is rel atively i nsens i ti ve to the ex i stence of 

aggl omerates . 
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B .  D I SCUSS ION 

B . l . Di spers ion I nd i ces and Average Network Di stances of Carbon 
Bl ack Compounds 

Di spers ion i nd ices and average network separati on d i stances 

have been determi ned for polypropyl ene and polystyrene/carbon bl ack 

compounds . 

377 

Fi gure X I- 1 0  gi ves the di spers i on i ndi ces of vari ous 

polypropyl ene/carbon bl ack compounds as a funct ion of the vol ume 

fraction of carbon bl ack . Al l compounds were prepared i n  a two rol l 

mi x i ng mi l l  and i nternal mi xer havi ng a mi xi ng time of 20 mi nutes . 

We note that the phys i cal  s i gn ifi cance of the d i spers i on i ndex 

defi ned i n  Eq . ( XI - 26 )  i s  the fracti on of parti c l es bei ng part of a 

three-dimens i onal network structure . The d i spers i on i s  best a t  

D . I .  = 0 and worst at  D . I .  = 1 .  N326 and N351 bl ack carbon compounds 

possess l arge di spers i on i ndi ces at any vol ume fract ion . S i x  percent 

to 1 3% of carbon bl ack forms a segmental network structure . N326 

bl ack (dp = 0 . 026 �m ) a lways shows a s l i ghtly greater di spers i on 

i ndex than the N351 bl ack (dp = 0 . 028 �m ) . N990 b lack  (dp = 0 . 32 �m )  

compounds show the best di spers ion . The d i spers i on i ndex fal l s  from 

1 . 3 x 1 0- 2  to 1 . 5 x 1 0- 3  wi th decreas i ng vol ume fract i on . The per­

centage of bl ack formi ng a network structure changes from 1 . 3% to 

0 . 1 5% .  

The part i c l e  s i ze of carbon bl ack may be a s i gn i f i cant parameter 

i n  determ i n i ng the l evel s of d i spers i on .  Di spers ion i s  improved as 

average parti c l e s i ze i ncreases . The correl ation between d i spers i on 
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and structure of carbon bl ack aggregates i s  not c l ear .  Th i s  i s  

summari zed i n  Tabl e X I-4 .  

Two rol l mi l l  processed N321 and N35 1  compounds (c l osed 

hexagona l a nd tri angul ar symbol s )  tend to i ncrease d i spers i on i ndex 

s l i ghtly as vol ume fraction decreases . Thi s  may be rel ated to the 

mi x i ng process i n  the two rol l mi l l .  The we i ght of the compounds 

was set constant ( 300 gr . ) regardl ess of vol ume fraction of f i l l er 

i n  the two rol l m i l l  mi xi ng process . The total vol ume of compound 

i s  greater at l ow vo l ume fracti ons s i nce carbon bl ack possesses 

greater dens i ty than polypropy l ene. The n i p  d i stance between the 

two rol l s  was cons iderably greater at l ow vol ume fraction compound 
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to mai nta i n  appropri ate mi x i ng cond it ions . I t  i s  important to note 

that the l ow vol ume fraction compounds , as a resul t ,  were mi xed wi th 

substa nti a l l y  l ower shear rate and stress than h igh  vol ume fract ion 

compounds . I n  the i nternal mi xer , the d i stance between rotor ti p 

and chamber wal l  i s  a l ways constant regard l ess of vol ume fract ion . 

Low vol ume fraction compounds ( �  = 0 . 05 ) appear to have better d i s­

pers i on than h i gh vol ume fraction compounds ( �  = 0 . 20 )  i n  the i nternal 

mi xer ( open tri angu l ar symbol ) .  

The average network di stance of the same series of 

polypropyl ene/carbon bl ack compounds i s  g i ven i n  Fi gure Xl - 1 1  as a 

functi on of vol ume fracti o n .  We note that the greater average net­

work d i s ta nce denotes good di spers i on .  The average network d i stance 

of a l l compounds decreases wi th i ncreas i ng vol ume fract ion . N990 

bl ac k  compounds possess the l argest network di s tances . Th i s  ranges 



Tab l e  Xl-4 . Di spers i on I ndex , Network Di s tance , Parti cl e S i ze and DBP I ndex for Carbon B l ack 
Compounds 

Di spers i on I ndex 
D .  I .  

-�D� net ( JJm)  

dp ( JJm)  

N990 
- 3  - 2  1 . 5  X 1 0  - 1 . 3  X 1 0  « 

6 . 4  X 1 0°-2 . 7  X 1 01 > >  

0 .  32 > >  

Type of Carbon Bl ack 
N351 

5 . 8  X 1 0-2- 8 . 0  X 1 0-2  

2 . 7  X 1 0- 1 - 5 . 5  X 1 0- 1  

0 . 028 

< 

> 

N326 
7 . 0  X 1 0-2- 1 . 3  X 1 0- 1  

2 . 2  X 1 0- 1 -4 . 0  X 1 0- 1  

> 0 . 026 

w ()) 0 
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from 6 . 4  x 1 0° �m to 2 . 7  x 1 0 1 �m. The average network d i s tance of 

N990 compound i s  about 20 to 85 ti mes greater than the u l ti mate 

parti c le  s i ze of l ow structure N990 bl ack .  N326 and N351 b l ack  com­

pounds possess much smal l er network di stances than N990 b l ack .  These 

ranges are 2 . 2  x 1 0- l  �m to 5 . 5  x 1 0- l  �m for two rol l mi l l  prepared 

compounds . Correl ati ons among di spers i on i ndex , average network 

di s tance , parti cl e di ameter and DBP s tructure i ndex are s ummari zed i n  

Tabl e  X I - 4 .  

The effect of anneal i ng i s  s hown i n  Fi gures X I - 1 2  and X I - 1 3  

for N990 b l ack compounds prepared i n  a two rol l  mi l l . Two types of 

compounds were annea l ed from 200°C  to 90°C  at a coo l i ng  rate of 

- 1 . 34° C/mi n .  The di spers i on i ndex i ncreases and average network 

di stance decreases wi th heat treatment .  

The formati on of  the three-dimensi ona l  network i s  promoted by 

heat treatment .  Thi s  may be due to the formati on of  crys ta l l i ne phase 

i n  matri x polypropy l ene .  Carbon bl ack parti cl es mi ght be pushed out 

from a crys tal l i ne phase as an impuri ty duri ng the formati on of  

spherul i tes . Thi s  mechan i sm concentrates the carbon b l ack i n  the 

amorphous phase .  An i ncreas i ng fracti on of bl ack may form network 

s tructures at h i gh concentrati ons . 

The di spers i on i ndi ces of i nternal  mi xer compounds are 

s ummari zed i n  Fi gures X l - 1 4  and X I - 1 5 .  The mi xi ng ti me vari es from 

0 to 20 mi nutes . The vol ume fracti ons of al l compounds are 0 . 20 i n  

Fi gure X I - 1 4 .  N326  and N351 bl ack compounds mai ntai n l arge di s -

pers i on i ndi ces regard less  of  mi xi ng time . Seven to 8% of carbon 
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bl ack can form three-di mensi onal structures . I n  contrast , N990 

bl ack compounds exhi b i t i mproved d ispers i on wi th mi xi ng t ime .  The 

b l ack consti tuti ng structure s harp ly drops from 4 . 4% to 0 . 38% i n  the 

fi rst 1 0  mi nutes , then mai nta ins  constant val ues . 

Low vol ume fracti on compounds of N351 b l ack show improvement 

of di spers i on duri ng mi xi ng processes ( Fi gure XI- 1 5 ) . The di s­

pers i on i ndex sudden ly decreases i n  the fi rs t 2 . 5  mi nutes  and decays 

gradua l ly  over the mi xi ng peri od of 20 mi nutes . 

The average network di s tance of the s ame seri es of 

polypropyl ene/carbon bl ack compounds is gi ven as a functi on of mi x ing  

ti me i n  an  i nternal  mi xer ( Fi gure X I- 1 6 ) .  I t  i s  c l ear that N990 

compounds and N35l bl ack compounds ( �  = 0 . 05 )  i ndi cate progress of 

di spers i on wi th mi xi ng ti me .  N 326 and N351 compounds ( �  = 0 . 20 )  show 

no i mprovement .  

The di spers i on i ndi ces and average network di s tances o f  al l 

the polypropyl ene/carbon b l ack compounds and polystyrene/carbon b l ack 

compound have been s ummari zed in Tabl es X I -5  through X l -7  and 

Tabl e X I -8 .  

8 . 2 .  Mechani cal Properti es and Level of Di spers i on 

The tens i l e stress-strai n characteri sti cs of vari ous PP/CB 

compounds mi xed i n  the i nternal mi xer ( I M )  and two rol l mi l l  ( TRM) 

have been meas ured us i ng a Monsanto tensometer .  The samp l es were 

compressi on mol ded at 200°C and quenched . Dumbbel l  shaped speci mens 

were obtai ned by punchi ng w i th a dumbbel l  shaped di e .  The tes t 

speci men of very bri ttl e samp l es was cut usi ng a sharp razo r b l ade . 
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Tab l e  XI - 5 .  Di spers ion I ndex and Average Network Di s tance for Two Ro l l  14i 1 1  Processed PP/CB Compounds 

CB 4> 1mi x Number o f  

(-J (mint 
Sampl es 

( .. ) 
N990 0 . 1 5  20 4 

0 . 20 20 4 
0.25 20 4 
0. 30 20 4 

N 326 0 . 05 20 4 
0. 1 0  20 4 
0 . 20 20 4 
0. 30 20 4 

N351 0 . 05 20 4 
0. 1 0  20 4 
0 . 20 20 4 
0. 30 20 4 

-- , _ _  ---

PP/CB TRJ4 1 75C 50 RPM 

logami n < logo < l ogamax 
( n- 1 cm- 1 ) 

- 1 1  < -8. 4 < - 5 . 3  

- 1 0 . 7 < - 7 . 7  < - 5 . 6  
- 4 . 8  < - 4 . 4  < -4 . 3  
-4. 1 < - 3 . 9  < - 3 . 9  

- 3 . 9  < - 3. 1 < -2 . 3  

-2 . 1  < -2 . 1  < -2 . 0  
- 1 . 7  < - 1 . 7  < - 1 . 7 

-1 . 3  < - 1 . 2  < - 1 . 2 

-4 . 2  < - 3 . 9  < - 3 . 4  

- 3. 0 < - 3 . 0  < - 2 . 9  
- 1 . 9  < - 1 . 8  < - 1 . 8 
- 2 . 0  < - 1 . 5  < - 1 . 2  

� -�--� - - --- -----

D. I .  mi n < D.T. < 0• I . max 

(- ) 
3 .4xlo-4 < l . Sx l o- 3 < 1 . 3xlo- 2 

3. l xl o- 4 < 1 . 9xlo- 3 < 7 . 0xlo- 3 

9 . 2xlo- 3 < 1 . 2xl o-2 < 1 . 3xlo-2 

1 . 2xlo-2 < 1 . 3xl o-2 < 1 . 3xlo-2 

8 . 0xl o-2 < 1 . 3x1 o- 1 < 2 . l x l o- 1 

l . 2x1o- 1 < 1 . 2x1o- 1 < 1 . 3x 1 o- 1 

7 . 7x1o-2 < 7 . 7x1 o-2 < 7 . 7xlo-2 

6 .6x1o-2 < 7 . 0x 1 o-2 < 7 . 0xl o-2 

6. 7x1 o-2 < 8 . 0xl o-2 < 1 . 1 x1 o- 1 

6.9xlo-2 < 6. 9x 1 o-2 < 7. 4x1o-2 

6 . 8x1 o-2 < 7 . 3x 1 o-2 < 7 . 3x 1 o- 2 

4 . 3x1 o- 2 < 5 . 8x1 o-2 < 7 . 0x1o-2 
--- -- --

0ne t > 0net > linet 
max (ll_m) min 

5 . 6xto1 < 2 . 67xto1 < 9.  1 xt o0 

5. 1 xto 1 < 2 .  1 xt o1 < 1 . 1 x1 01 

8 . 4x 1 0° < 7 . 3xto0 < 7 . 0x1 0° 
6 . 7x10° < 6 . 4xlo0 < 6 . 4xto0 

5 . 2x 1 o- 1 < 4 . 0x1o- 1 < 3 . 2x l o- 1 

3 . 0x 1 o- l  < 3 . 0x1 o- 1  < 2 . 0x1o- 1 

2 . 6x 1 o- 1  < 2 . 6x1o- 1  < 2 . 6x1o- 1 

2 . 3x 1 0- 1  < 2 . 2x10- 1 < 2 . 2x 1 0- l 

6 . 1 xl o- 1 < 5 . 5x1 o- 1 < 4 . 7x1o- 1 

4. 2x1o-1 < 4 . 2x l o- 1  < 4 .  1 x1 o- 1 

3 . 0x 1 o- 1 < 2 .9x1o- 1 < 2 . 9x 1 o- 1 

3. 1 x1 o- 1 < 2 . 7x 1 o- 1 < 2 . 4x 1 o- 1 
'----

w 

� 



Tabl e  X l - 6 .  Di spers i on I ndex and Average Network Dis tance for Two Rol l  Mi l l  Processed PP/CB Compounds ( a fter Heat 
Treatmen t)  

-
CB � Tmi x Number of 

(- ) (mi n) 
SGles 

N990 0 . 20 20 4 

0. 30 20 4 

PP/CB TRM 1 75C 20 "'IN 
Anneal ed i n  HP - 1 . 34°C/mi n 

l ogamin < logo < l ogomax 
(n- 1 an- 11 

-5 . 9  < - 5 . 0  < -4 . 1  

-2 . 8  < -2 . 7  < -2 . 6  

D. l . min < �. < D. I .max 

5 . 9xlo- 3 < l . Oxl o-2 < l . Sxl o-2 

2 . 6x l o- 2 < 2 . 8xl o- 2 < J. Ox l o-2 

l)net > 
lfnet > 0net 

max (IJm) mi n 

1 0 0 1 . 2xl0  < 9 . 0xl0 < 6. 7xl0 

4 . 5x l 0° < 4 . 4xlo0 < 4 . 2xl 0° 

w � 0 



Tabl e XI - 7 .  Di spers i on I ndex and Average Network Di s tance for I n ternal Mi xer Processed PP/C8 Compounds 

C8 � Tmi x Number of 

(- ) (mi n) 
Samples 

c:.J 
N990 0 . 20 0 8 

2 . 5  8 
5 8 
1 0  8 
20 8 

N326 0 . 20 0 8 
2 . 5  8 
5 8 
1 0  8 
20 8 

N351 0 . 20 0 8 
2 . 5  8 
5 8 
1 0  8 
20 8 

N351 0 . 05 1 8 
2 . 5  8 
5 8 
1 0  8 
20 8 ---

PP/C8 I M l 75C 50 RPM 

logomi n < logo < l ogomax 
l - 1 - 1 ) r1 em 

- 3 . 4  < -2 . 6  < - 1 . 6 
- 4 . 2  < - 3. 7 < -3. 1 
-6 . 5  < -4. 7 < - 3 . 6  
- 7 . 7  < - 6 . 6  < -5 . 6  
- 7 . 7  < - 6. 5 < - 5 . 7  

- 1 . 8  < - 1 . 7  < - 1 . 6 
- 1 . 8 < - 1 . 7  < - 1 . 7  
- 1 . 8 < - 1 . 7  < - 1 . 5 
- 1 . 8 < - 1 . 7  < - 1 . 6 
- 1 . 8 < - 1 . 7  < - 1 . 7 

- 1 . 8 < - 1 . 7  < - 1 . 5  
- 1 . 8  < - 1 . 7  < - 1 . 6  
- 1 . 8 < - 1 . 8  < - 1 . 7  
- 1 . 9  < - 1 . 8 < - 1 . 6  
- 1 . 7  < - 1 . 7  < - 1 . 6 

-6. 3 < - 3 . 9  < -2 . 7 
- 7 . 9  < -6 . 6  < - 5 . 2  
- 8. 1 < -6 . 7  < - 5 . 2  
-8. 7 < -6 . 8  < - 5 . 0  

- 1 1 . 3  < - 7 . 8  < -5 . 9  -- --

0• 1 ·min < neT. 
< 0· 1 ·max 

2 . 7x l o-2 < 4 . 4x l o-2 < 8. 2xl 0-2 
-2 -2 - 2 1 . 7x 1 0  < 2 . 3x1 0  < 3. 3x 1 0  
- 3 - 3 -2 4. 1 x1 0  < 1 . 2x10 < 2 . 4x 1 0  

1 . 9x l o- 3  < 3 . 8x1o-3 < 7 . 0x 1 o- 3 

1 . 9x l o- 3 < 4. 1 x 1 0- J < 6 . 6x 1 o- 3 

7 . 3x1o-2 < 7 . 7xl o-2 < 8 . 2x1o- 2 
-2 -2  -2 7 . 3x 1 0  < 7 . 7x1 0 < 7 . 7x1 0 

7 . 3x l o- 2 < 7 . 7x1 o-2 < 8 . 7x1 o- 2 

7 . 3x 1 o-2 < 7 . 7xl o-2 < 8 . 2x1 o-2 

7 . 3x1o-2 < 7 . 7xlo-2 < 7 . 7 xl o-2 

7 . 3x l o-2 < 7 . 1 xl o-2 < 8 . 7xlo- 2 

7 . 3x l o-2 < 7 . 7x1 0-2 < 8 . 2x l o- 2 
- 2 -2 -2 7 . 3xl0 < 7 . 3x 1 0  < 7 . 7x1 0 
-2 -2 - 2 6 . 8x 1 0  < 7 . 3x10 < 8 . 2x l 0  
-2  -2 8 -2 7 . 7x 1 0  < 7 . 7x1 0 < . 2x10 

1 . 8xlo-2 < 8. 0x1 o-2 < 1 . 7x l o- 1 

6 . 9x 1 o- 3 < 1 . 5xl o- 2 < 3 . 6x1 o-2 
. - 3  -2 -2 6 . 1 x1 0  < 1 . 4x1 0 < 3.6x1 0 

4 . 2x10- J < 1 . 3x l o-2 < 4 . 1 xl o-2 
-4 - 3 -2 8. 5x1 0 < 7. 3x10 < 2 . 3x1 0 ---

Dne t  > 0net > Dnet 
max {�m) min 

0 0 0 5 . 5x10 < 4 . 3x10 < 3 . l x1 0  
6 . 9x 1 0° < 5 . 9x 1 0° < 4 . 9x 1 0° 

1 0 0 1 . 4x 1 0  < 8 . 2x 1 0  < 5 . 1 x1 0  
2 .  1 x1 01 < 1 . 5x101 < 1 . 1 x1 Q1 

1 1 1 2. 1 x 1 0  < 1 . 4x 1 0  < 1 .  1 x 1 0  

2 . 7x 1 o- 1 < 2 . 6x 1 o- 1 < 2 . 5x1o- 1 

2 . 7xlo- 1  < 2 . 6x1o- 1 < 2 . 6x l o- 1 
- 1 - 1 - 1 2 . 7x1 0 < 2 . 6x10 < 2 . 5x10 
- 1 - 1 -2 2 . 7x1 0 < 2 . 6x10 < 2 . 5x 1 0  

2 . 7x1o- 1 < 2 . 6xlo- 1 < 2 . 6x1o-2 

- 1  - 1 - 1  2 . 9x10 < 2 . 8x 1 0  < 2 . 7x10 
- 1 - 1 - 1 2 . 9xl0 < 2 . 8x l 0  < 2 . 7x 1 0  
- 1 -2 - 1 2 . 9x 1 0  < 2 . 0x10 < 2 . 8x10 
- 1 -2  - 1 3 . 0x1 0 < 2 . 9x 1 0  < 2 . 7x10 
- 1 - 1 - 1  2 . 8x10 < 2 . 8x10 < 2 . 7x10 

1 . 2x10° < 5. 5x1 o- 1  < 3 . 8x1o- 1  
0 0 - 1  1 . 9x1 0 < 1 . 3x10 < 8. 3x10 

2 . 0x1 0° < 1 . 3x10° < 8 . 3x l o-l  

2 . 4x10° < 1 . 4x 1 o0 
< 7 . 8x1o- 1 

5 . 4x1o0 < 1 . 8x10° < 1 . 0x10° 

w \0 



Tab l e  X I-8 .  Dispers ion I ndex and Average Network Di s tance for Two 
Rol l Mi l l  Processed PS/CB Compound 

CB 4> 
(- ) 

Number of 
Sampl es 

(- ) 

l ogo 

(n
- l  cm-.1 ) 

D .  I .  

(- ) 

392 

N990 0 . 30 l - 1 2 . 7  6 . 1 6xl 0- 5  9 . 33xl 01 



393 

The i n i ti a l s ampl e l ength was 4 em and about 0 . 04 em i n  thi ckness . 

The j aw speed was 0 . 2 i n/mi n  ( 0 . 508 em/mi n ) . Ten s pecimens were used 

for each tes t. 

The el ongation to break of  vari ous polypropy l ene/carbon bl ack 

compounds i s  p l otted as a function of the di spers i on i ndex ( D . I . )  

whi ch was obtai ned from e lectri c conducti vi ty measurements . 

Fi gure X I- 1 7  s hows the resu l ts for i nternal  mixer compounds ($  = 0 . 05 ,  

0 . 20 )  wi th vari ous mi x i ng ti mes . 

The peri ods of mi xi ng are i ndi cated i n  the fi gure for al l 

compounds . We note D . I .  = 0 . 0  and 1 . 0 whi ch means the best and worst 

di spers i on , respecti vel y .  Al l the compounds whi ch have a l arge 

di spers i on i ndex ( i . e . , bad di spersi on )  have sma l l el ongati ons to 

break . N351 and N326 compounds ( $  = 0 . 20 )  mai nta i n  l arge di spers i on 

i ndi ces at any mi xi ng ti me .  Al l of these have smal l el ongati ons to 

break . I n  the case of N990 compounds di spers i on has i mproved duri ng 

mi xi ng and e l ongati on to brea k has i ncreased . The N 351  compound at a 

vol ume fracti on of 0 . 05 s hows an i mprovement of di spers i on as mi xi ng 

progresses . These i ncrease el ongati on to break al so .  

Fi gure X I - 18 shows the res ul ts for two rol l mi l l  compounds . 

Mi xi ng ti me i s  a lways constant but vol ume fracti on vari es . N990 com­

pounds have better di spers i on at l ow vo l ume fracti ons  and el ongati on 

to break i ncreases wi th decreasi ng vo l ume fracti on . N351 and N326 

compounds , however ,  have a l arge di spers i on i ndex at  l ower vol ume 

fracti ons , and el ongation to break i n  thi s sys tem i ncreases wi th 

i ncreas i ng di spers i on i ndex. Thi s  s uggests that the percol ati on 
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probabi l i ty P ( � )  a l one i s  not the respon s i bl e parameter for the 

fa i l ure mechan i sm. 

The average network di s tance Onet i s  another i ndex of 

di spers i on .  Onet i s  rel ated to the vo l ume fracti on o f  fi l l er wh i ch 

forms network i n  compounds , ( 0 . 1 . )  • � .  Therefore , o---t may be a ne 
better respons i bl e  parameter for the mechani cal properti es . 

F igures X I- 1 9  and XI-20 show the rel ati on between e l ongati on 
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to break and average network di s tance . We note that a l arger network 

di s tance means better di spers i on .  Fi gure XI- 1 9  shows the res ul ts of 

i nterna l  mi xer compounds ( $  = 0 . 05 ,  0 . 20 )  (mi x i ng ti me = vari abl e ) . 

The el ongati on to break i ncreases wi th i ncreas i ng network di s tance . 

Al l compounds whi ch have a smal l network di s tance (�0 . 3 �m ) have 

sma l l e longation to break (�4% ) . N990 compounds ( �  = 0 . 20 )  and N35 l  

compounds (�  = 0 . 05 )  i ncreased the network di s tance wi th mi xi ng t ime 

and el ongati on to break i ncreases . Compounds wi th l ess carbon bl ack 

have l arger e l ongati ons to break at fi xed network di stance . 

Fi gure XI-20 shows the res ul ts for two rol l  mi l l  compounds 

The mi xi ng t ime i s  always 20 mi nutes , but vol ume fraction vari es from 

0 . 05 to 0 . 30 .  Al l compounds ( N990 , N351 and N32 6 )  have a l arger 

e l ongati on to break at greater network di stance . Fi gure X l - 2 1  shows 

the rel ati on between el ongati on to break and network di s tance for al l 

polypropy l ene/carbon bl ack compounds . Two rol l  mi l l  compounds (cl osed 

symbo l s ) have vari ous vol ume fracti ons and the mi xi ng ti me i s  a lways 

20  mi nutes . The i nternal m ixer prepared compounds (open symbol s ) have 

cons tant vol ume fracti on ( �  = 0 . 05 ,  0 . 20 )  and mi xi ng ti me varying  from 
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0 mi nutes to 20 mi nutes . Al l compounds tend to have smal l el ongati ons 

to break at smal l network d is tances . N351 compounds cover a wi de 

range of network di s tances . The el ongati on to break of N351 compounds 

have a p l ateau (or trans i ent ) reg i on at a n etwork di s tance o f  0 . 4  to 

1 . 0 �m. At l arger ne twork di s tances , the el ongati on to break 

i ncreases rap i dly . Thi s  p l ateau region may correspond to a yi el d  

poi nt .  The i n terna l  mi xer prepared N990 compounds have a l arger 

el ongati on to break than two rol l  mi l l  compounds at fi xed network 

di s tance . The reason i s  no t cl ear.  

The el ongati on to break of compounds were characteri zed by an 

ave rage network di stance . The el ongati on to break i ncreases wi th 

i ncreas i ng network di s tan ce . The propagati on o f  a crack may occur 

more eas i l y  when network di s tance is smal l .  



A . l . Termi nol ogy 

CHAPTER XI I 

THEORY OF M IX I NG 

A .  I NTRODUCTI ON 

We wi l l  begi n  by revi ewi ng  and defi n i ng the termi nol ogy whi ch 

i s  used i n  the p resen t chapter .  These are the i n corporati on process , 

di s tri buti ve mi x i n g  and a di spers i ve mi xi n g .  

The i ncorporati on process takes p l ace a t  the begi nn i n g  o f  the 

mi xi n g .  One or more types of i ngredi ents ( for examp l e ,  fi l l ers ) are 

added i n to the mi xi ng  devi ce and then these are taken i nto the matri x 

phas e .  The i n gredi en ts , when they were surrounded by the matri x 

phase , can be the s tates of the ul ti mate parti c l es , the aggregates 

or the aggl omerates . Thi s  s tep of the mi x ing  i s  ca l l ed the i ncor­

porati on proces s .  

When the i ngredi ents are i ncorporated wi th the form of the 

aggl omerates , the aggl omerates whi ch have not expe ri en ced the break­

down are cal l ed the i n i ti al aggl omerates . 

The i n corporated subs tances s uch as the ul ti mate parti c l es , 

the aggregates and the aggl ome rates may change thei r re l ati ve 

pos i ti on ,  di stances and arran gemen ts duri ng  the mi xi ng  process .  

Di s tri buti ve mi xi ng  refers to s uch rel ati ve moti ons of 

s ubs tances due to  the deformati on gi ven to  the mi xture . Spencer and 
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Wi l ey ( S- 7 )  have referred to thi s  ki nd o f  mi xi ng as repeti ti ve mi xi ng 

McKel vey (M- 5 )  has used the term s imp l e mi xi ng . 

The i ncorporated s ubs tances , for i n s tance the aggl ome rates of 

fi l l er parti cul ates , i n i ti al ly retai n  thei r form. The breakdown o f  

s uch s ubs tances occurs due to the s tres ses act ing o n  them rather 

than the deformati on . The mi x ing  wh i ch p romotes the breakdown or the 

reducti on of the s i zes of s uch subs tan ces i s  cal l ed di spers i ve mi xi ng .  

A . 2 .  General 

I n  the presen t chapte r ,  we shal l consi der the i n corporation 

p roces s ,  di s tri buti ve mi xi ng and d is pers i ve mi xi ng . 

To deal wi th these mi xi ng s teps exp l i ci tl y ,  we must know the 

mechani sm of the i ncorporati on process , the deformati on rates and 

the s tress l evel s  at the vari ous l ocati ons i n  the mi xer.  These , 

however ,  are s ti l l  un known . We shal l s impl i fy these i n  the fol l owi ng 

di scuss i on .  

The p rocess of i ncorpora tion wi l l  be expressed wi th a s i mp l e  

fun cti on based o n  the experi men tal res ul ts .  Di stri buti ve mi xi ng 

wi l l  be cons i dered ass umi ng s impl e  shear flow i n  the mi xer .  The 

i ncorporati on , di s tri buti ve mi xi ng and di spers i ve mi xi ng  are not 

compl ete ly  i ndependent p rocesses , but are conti nui ng ongoi n g  

processes . 

Exi s ti ng theori es of di spers i on s houl d be modi fi ed by taki ng 

the i ncorpo rati on p rocess i nto consi deration .  
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B .  TIME SCALES OF MI XI NG PROCESS 

We defi ne the time scal e of the mi xi ng  p rocess i n c l udi ng  

i ncorporati on . 

404 

I n  Chapter I I I ,  Materi al s and Samp l e  Proces s i n g , the mi xi ng 

ti me was defi ned as the pe riod of mi xi ng after the fi l l er was i ncor­

po rated i nto the polymer phase . Thi s was dete rmi ned by observati ons 

from the top of the i n ternal  mi xer chamber . I t  shoul d be noted that 

the mi xi ng  time was not counted i mmedi ately after the fi l l er was 

added . 

We defi ne the fo l l owi ng  ti me scal es i n  addi ti on to the 

p revi ous ly  defi ned mi xi n g  ti me tmi x ' 

t : total mi xi n g  ti me meas ured from the i ns tant that the 

fi l l er was added 

tdi s peri od i n  whi ch fi l l er  di sappears from the top of the 

i nternal  mi xer chamber 

ti ne peri od after whi ch al l the fi l l er was i ncorporated 

i nto the matri x phas e .  

Therefore 

t = td . + t . 1 s m1 x ( X I I - 1 ) 

These are s ummari zed i n  Fi gure X I I - 1 . 
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C .  I NCORPORATION PROCESS 

C . l . General 

I ncorporati on of fi l l er i n to the polymer matri x phase takes 

p l ace i mmedi ately after the addi ti on of fi l l er i n to the mi xer . The 

p rocess of i ncorpo rati on has been s tudi ed experimental ly and an 

empi ri cal re l ati on i s  p roposed . 

The process of i ncorporati on was s tudi ed by two methods . 

One i s  by observi ng  the un i ncorporated fi l l er from the top of the 

mi x ing  chamber un ti l a l l fi l l er di sappears . The peri od o f  the di s­

appearance of the fi l l er was meas ured . The o ther method i s  by s tudyin�  

the i ns i de o f  the mi x ing  chamber .  The i nternal  mi xer was deassemb l ed 

after a certa i n  peri od of mi xi ng  and the mi x was removed from the 

chamber and the rotors . Uni ncorporated fi l l er was col l ected from the 

chamber wal l and rotor surface an d wei ghed . 

C . 2 .  Experi mental Res ul ts 

The peri ods tdi s and ti ne are s hown i n  Tab l e  X I I - 1  for vari ous 

i nternal  mi xer p repared cal ci um carbonate compounds . The u l ti mate 

parti c l e  s i ze i s  0 . 07 �m and the vol ume fracti on i s  0 . 05 .  The fi l l  

factor i s  0 . 9 .  The res ul ts we ci te are the average o f  four runs . 

I t  appea rs that the polystyrene compounds have shorter peri ods 

of d i s appearance of fi l l er  tdi s than polypropyl ene compounds . The 

un coated cal c i um carbon ate requi res a greater td i s  than coated cal ci um 

carbon ate both i n  polystyrene and pol yp ropyl ene compounds . 
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Tabl e X I I - 1 . tdi s and ti ne fo r Various Cal ci um Carbonate Compounds 
( dp = 0 . 07 ,  � = 0 . 05 ) 

tdi s ti ne 
(mi n )  (mi n l 

PS/ Unc .  CaC03 0 . 5 > 1 0  
PS/Coat . CaC03 0 . 33 -vl O 
PP/Unc .  CaCOa 1 .  75  -vl . 75  
PP/Coat .  CaC  3 1 .  33 -vl . 33 

The peri od of i ncorpo ration ti n e i s  much greater i n  the 

polystyrene compounds than i n  polypropyl ene compounds . I n  pol ystyrene 

compounds , the uni nco rpo rated fi l l er s tayed on the chamber wal l  after 

the fi l l er  di s appeared from the top of the chamber .  The i ncorpo ration 

process termi nates when the fi l l er on the chamber wal l di s appears 

i n  polystyrene compounds . 

I n  polypropyl ene compounds , mos t of the fi l l er was i ncorporated 

when the fi l l er  di s appeared from the top of the mi x i ng chamber.  The 

i n corporation o f  fi l l er  coi nci des wi th the di s appearance of fi l l er 

from the top of the chamber ( tdi s � 
ti ne ) .  Uncoated cal ci um carbonate 

takes a greater peri od to be i n corporated than coated cal c i um 

carbonate both i n  the polystyrene and polypropyl ene  compounds . 

C . 3 . Di s cuss i on 

The peri ods of i n corporation of fi l l er  are much greater i n  the 

pol ystyrene compounds than i n  the polypropyl ene compounds . Thi s  i s  

due to the di fference of the i ncorporati on p rocess o f  the fi l l er .  

Two types of i ncorporati on mechani sm wi l l  be d i s cussed . These are 

cal l ed " s i mul taneous i ncorporati on "  and " th in  l ayer i ncorporati on . �� 
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C . 3 . a .  S imul taneo us I ncorporati on . I n  the polypropyl ene 

compo unds , no fi l l er was found on the metal s urface of the mi xi ng  

chamber . When the fi l l er di sappeared from the top of the chamber ,  

a l l fi l l er was i ncorporated i nto the matri x phas e .  The peri od o f  

di sappearan ce o f  fi l l er from the top of the chambe r  td . i s  the same l S  
as the peri od o f  i ncorporati on ti ne ( tdi s = ti ne ) as i ndi cated i n  

Tab l e  X I I - 1 . The di sappearance of fi l l er and i ncorporation of fi l l er 

takes p l ace s i mu l taneous l y .  

The fi l l er  may b e  taken i nto the polymer phase near the open i ng 

of the mi x ing  chamber wi thout formi ng the l ayer of uni ncorporated 

fi l l er on the metal s urface of the chamber .  

Fl ow vi s ual i zation o f  the moti on of el astomers and mi xi ng i n  

an i nternal  mi xer has been carri ed out by �ti n and Whi te ( M- 1 5 , t4- 1 6 ,  

M- 1 7 ) .  They repl aced the fron t panel of the mi x i ng chamber  o f  an 

i nternal  mi xe r  ( HAAKE Reocord Type M) wi th a gl ass wi ndow. Fl ow 

patterns were then vi deotaped . 

For polypropyl ene/ zi n c  oxi de system at  1 80°C i t  was found 

that the rotor t i p  moves the polymer and a smal l porti on o f  fi l l er 

from near the chamber  openi ng ( M- 1 7 ) .  Fi l l er i s  i ncorporated i n to 

the polymer phase wi th every revol uti on of rotor unti l i t  di sappears 

from the top o f  the chamber . Fi gure X I I - 2  gi ves a schemati c drawi ng 

of the s i mu l taneous i n corporati on mechani sm. 

C . 3 . b .  Thi n Layer I ncorporati on . The second mechan i sm of 

i n corporati on i s  a " th i n  l ayer i n corporati on . .. Fi l l er di s appears 

from the top o f  the chamber and forms a thi n l ayer on the chamber 
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Fi gure X I I - 2 .  Schemati c rep resentati on o f  s i mul taneous i ncorporati on . 



409 

wal l .  I ncorporati on of fi l l er occurs at the l ayer structure and the 

fracti on of unincorporated fi l l er decreases g radual ly as mi xi ng 

progresses . The peri od for the i ncorporati on i s  much greater than 

the peri od for the di sappearance of fi l l er at the top o f  the chamber 

( tdi s < 
ti n e ) . 

A s i mi l ar mechan i sm was observed by Mi n and Whi te ( M- 1 7 )  for 

the polystyrene/ z inc  oxi de sys tem at 1 60°C i n  Haake reoco rd mi xer. 

Fi gure X I I - 3  shows a schemati c representation of the thi n l ayer 

formati on . 

Ti ght bands were formed around the rotors by polystyren e .  

These bands seem hardl y to touch the chamber wal l s urface.  Fi l l er 

fal l s down to the bottom of the chamber through the ti ght band of 

polymer mel t and forms a thi n  l ayer on  the chamber metal s urface . 

A major porti on o f  i ncorporati on may occur from the l ayer o f  

uni ncorporated fi l l er .  

C . 3 . c . Rate o f  I ncorporati on . The fract i on of the 

un i ncorporated fi l l er i s  p l otted as a functi on of the total mi xi ng  

time for vari ous cal ci um carbonate compounds in  Fi gure X I I - 4 .  The 

fraction of un i ncorporated fi l l er decreases roughly  exponenti al l y  

a s  mi x ing  progresses . 

A s i mpl e exponenti al  fo rmati on may be used to expres s the 

i ncorporati on process .  

( X I I - 2 )  

where � i n c  denotes the fracti on o f  uni ncorporated fi l l er ,  t total 
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Fi gure X I I - 3 .  Schemati c representati on of thi n l aye r i ncorporati on . 
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mi xi ng ti me as defi ned i n  the p revi ous secti on and ti ne i s  the 

characteri sti c t i me for the i ncorporation process .  

The predi cti ons of Eq . ( X I I - 2 )  are compared wi th the 

experi mental res ul ts i n  F igure XI I - 4 .  Reasonab l e agreement was 

obta i ned . The approxi mate val ues of the characteri s ti c t ime for 

i ncorporati on p rocess are s ummari zed i n  Tabl e XI I - 2 .  

Tabl e X I I - 2 .  Characteri s ti c  Ti me for 
In corporat ion Process for 
Vari o us Compounds 

PS/Un c .  CaC03 
PS/Coat . CaCo 3 
PP/ Un c .  CaC0 3 
PP/Coat .  CaC03 

ti ne 
(mi n )  
3 to 6 

0 .  75 to 1 .  5 
0 . 375 
0 . 375 

4 1 2  

Polys tyrene/cal ci um carbonate compounds whi ch exhi b i ted the 

thi n  l aye r i n co rpo rati on mechani sm possess l arge characteri sti c t imes . 

Pol ys tyrene/uncoated cal ci um carbonate compounds have the l arges t 

characteri s ti c  ti me . Uncoated ca l ci um carbonate possesses s tronger 

parti cl e-parti c l e i n te racti on forces than coated cal c i um carbonate . 

Thi s may res ul t i n  a s t ronger l ayer , and i ncorpo ra ti on occurs s l owly . 

Polypropyl ene compounds wh i ch showed the 11 S i mul taneous 11 

i n corporati on mechani sm possess sma l l character i s ti c  t imes . 
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D .  D ISTRI BUTIVE  MI X I NG 

D . l .  General 

As d i s cussed i n  Sect i on A . l , Termi nol ogy ,  there are two types 

of mi xi n g :  d i s tri buti ve mi xing  and di spers i ve mi xi n g .  Di s tri buti ve 

mi x i ng refers to the di s l ocati on and the transportati on of the fl ui d 

e l ements whi ch contai n the aggl omerates , aggregates and ul t imate 

parti c l es .  The breakdown of the aggl omera tes i s  not of concern i n  

thi s  p rocess . 

D . 2 .  Represen tati on of Di s tri buti ve Mi xi ng 

Fi gure X I I - 5  shows a schemati c rep resentati on of the moti on 

of the fl ui d e l ements . The pos i ti ons o f  two fl ui d el ements k and � 

are g i ven by �k and �t ' respecti vely . These are sep arated from each 

other by a di s tance a .  After a certai n  peri od of time t ,  the fl ui d 

e l emen ts k and � change thei r pos i ti on to xk and x� w i th a separati on 

di s tance o f  a • . The moti on of these may be represented by �k and �t · 
We may repres en t di s tri buti ve mi xi ng th rough 

a • l.�k -
�� I  D = i! = ��k - �� � 

I X:k - .Ct I = 1 + ---­a 

where D i s  a di stri buti ve mi xi ng i ndex .  

We need to cons i der the fol l owi ng : 

1 .  Di s tri buti ve mi xi ng D i s dependent upon the rel ati ve 

pos i ti ons of fl ui d el emen ts i n  the fl ow di recti on . 

( X I I - 3 )  
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Fi gure XI I - 5 .  Moti on o f  the fl ui d el ements . 
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2 .  Di s tri buti ve mi xi ng 0 i s  dependen t upon the i ni ti al 

separati on di s tance a .  

41 5 

Fi gure X I I - 6  shows two exampl es of the vari a ti on of the 

rel ati ve pos i t i on of fl ui d el emen ts i n  the fl ow di recti on i n  shear 

fl ow and el ongati on a l  fl ow . I t  i s  cl ear that the comb i nati ons o f  the 

fl ui d el ements perpendi cul ar to the shear fl ow di recti on i nc reases 

thei r di s tances and the combinations of the fl ui d e l ements paral l el 

to the s hear fl ow di recti on mai nta in  the i r di stances constant . I n  

el ongational fl ow , the di stances increase for the fl u i d  el ements 

paral l el to the fl ow di rection and the di stances decrease for the 

fl ui d el ements perpendi cul ar to the fl ow di recti on .  

An exampl e of the dependence on the i n i ti al separati on d i s tance 

of fl ui d el ements i s  g i ven i n  Fi gure X I I - 7 . Fl u i d el ements 1 ,  2 and 

3 havi ng a constant  i n terel ement approach the ti p regi on of an 

i nternal  mi xer moving  �as t a wal l .  El ements 2 and 3 succes sful ly  

pass th rough the gap between the ti p and chamber wal l but  e l ement 1 

does not . Thei r l ocati ons after a certai n time are i ndi cated as 1 ' ,  

2 '  and 3 ' . We note that the di s tances between 1 '  and 2 '  or 3 '  are 

much greater than the di s tance between 2 '  and 3 ' . 

I t  becomes c l ear that we need to cons i der the total number of 

pai rs of fl ui d e l ements i n  the mi xer.  The general  form of the i ndex 

of di s tri buti ve mi xing  i s  then 

( X I I - 4 ) 
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Fi gure XI I - 6 .  Moti ons of fl ui d el ements i n  shear and el ongati onal 
fl ow .  

----:l">' v 

Fi gure XI I - 7 .  Moti ons o f  Fl ui d E l ements i n  a Compl ex Fl ow Pattern . 
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where i i s  the i ndex for the pai r of  the two fl ui d el emen ts , n the 

total number  of the pai rs , a1 and ai denote the d i s tances o f  pai r  i 

befo re and after a certa i n  peri od of time . 

0 . 3 . I ndex of Di stri buti ve Mi xi ng For an Internal  Mi xer 
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D . 3 . a .  S impl i fi cati on . A computati on of the i n dex of the 

di s tri buti ve mi x i n g  req ui res the analys i s  of the fl ow pattern i n  the 

i nternal  mi xer .  However , the fl ow patterns in the i nternal  mi xer 

are not known . 

We w i l l  p roceed by si mpl i fyi ng the fl ow i n  the i n ternal mi xer 

and compute the i ndex of di s tri buti ve mi xi ng D .  Fi gure XI I -8  s hows 

the di mens i ons o f  the i n ternal mi xer used i n  the p resent research . 

We may defi ne three deformation ra te zones , a h i gh defo rmation zone 

i n  the rotor ti p regi on , a l ow deformation zone between the chamber 

wal l and rotor s hafts and a s tagnant zone between the two rotors . 

The exi s tence of the s tagnant zone was fi rs t poi nted out by Mi n and 

Whi te { M- l S , M- 1 6 ) . 

We may further s i mp l i fy the fl ow i n  the i n ternal mi xer as 

fol l ows : 

1 .  On ly shear fl ow occurs i n  the mi xer .  

2 .  Mi xer pos sesses three shear rate zones : { i ) a h i gh s hear 

rate zone i n  the rotor ti p regi on , { i i )  a l ow s hear rate zone between 

the chamber wa l l and rotor shafts , an d ( i i i ) a stagnant zone ( see 

Fi gure XI I -8 ) . 



R 0= 1 9. 60 mm H 1 = 1 .  OS m m  

R 1 = 1 8. 5S mm H 2= 1 4. 0S mm 

R 2= 5. 55 mm W = 2 . 5  mm 

e = 240° 
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rate zone 

high deformation rate zone 

Fi gure XI I -B .  Deformati on zones and d i mens i on of  mi xer.  
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W e  set on ly two fl u i d  el ements a l i gned perpendi cul ar to the 

shear fl ow di recti on . The i n i ti a l  separati on of the el ement a i s  

ass umed to be smal l er than the gap di stance i n  the rotor t i p  regi on . 

Under these s i mp l i fi cati ons , Eq . ( X I I -4 ) reduces to : 

a + y . • a • t . l l . D .  = __ .;;__ _ ___;,. = 1 + y . • t .  1 a 1 1 ( X I I - 5 ) 

. where i denotes the l o cati on i n  the mi xer ,  yi shear rate and ti the 

deformati on ti me at the l ocati on i .  

0 . 3 . b .  I ndex o f  Di s tri buti ve Mi xi ng. We compute the i ndex 

of the di s tri buti ve mi xi n g  for the i n ternal mi xer used i n  the p resent 

research . The rotor s peed i s  set to 50 rpm . 

We fi rst fi x the two fl ui d e l ements near the chamber wa l l  

perpendi cul ar to the shear di recti on to determi ne the l evel s  o f  the 

di s tri buti ve mi x ing  i n  h i gh and l ow shear rate zones . We obtai n the 

deformati on t i me i n  the h igh  shear zone as 

( XI I -6 )  

where W i s  the wi dth of ti p ,  n the rotor angul ar  vel oci ty and R1 the 

radi us of rotor. The peri od of deformati on i n  the l ow shear rate zone 

i s  determi n ed by 

( X I I - 1 )  

where �t i s  the peri od o f  the one revol uti on o f  the rotor .  



420 

The shear rates � the deformati on time and the i ndex for 

di s tri buti ve mix ing for one revol ution o f  the rotors i n  each regi on 

are s ummari zed i n  Table X I I - 3 .  \�e note the same l evel s  of  di stri bu­

ti ve mi xi ng  occur i n  hi gh and l ow shear rate zones . The l ow shear 

rate zone p l ays an impo rtant rol l  in di stri buti ve mi xi n g .  The i ndex 

of di s pers i ve mi xi ng i s  0 at the s tagnant zone . 

Tab l e  X I I - 3 .  I ndi ces of Di stri buti ve Mi xing  at Each Zone { For a 
Fi xed Pai r of Fl ui d El emen ts ) 

Hi gh  Shear Zone 
Low Shear Zone 
Stagnant Zone 

E . l . Gen eral 

1 9 . 2 3  x 1 00 2 . 07 X 1 0  
0 . 0  

t .  1 
{sec ) 

-2 2 . 57 X 1 00 1 . 1 7 x l 0 

E .  D I SPERS I VE M I X I N G  

Di 
(- ) 

0 3 . 37 X 1 00 3 . 42 X 1 0  
0 . 0  

Di spers i ve mi xi ng refers to the breakdown o f  aggl omerates i nto 

the smal l er aggl omerates or u l ti mate parti cl es and aggregates . The 

breakdown of aggl omerates i s  dependent upon the s tres s l evel s acti ng 

on the aggl omerates . 

Two mechani sms of development of di spersi on have been 

publ i s hed . One is the rupture model (M- 2 )  and the other i s  the 

oni on model ( S-4 ) . I n  Secti ons E . 2  and E . 3 �  we wi l l  revi ew and modi fy 

these theori es for further deve l opment .  We wi l l  i mprove these theori es 

wi th an experi mental i ncorporation functi on i n  Secti ons  E . 6  and E . 6 .  
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E . 2 .  Rupture Model of  Di spers i on 

Manas- Zl oczower , Ni r and Tadmor (M-2 ) , i n  1 982 , proposed a 

rupture model of di spers i on .  They ass umed that rupture o f  aggl omerates 

occurs when the hydrodynami c separati ng fo rces exceeds the cohesi ve 

force of the aggl omerates . 

They ( M-2 )  as sumed that the rupture of  aggl omerates occurs 

on ly  i n  the hi gh shear zone near the ti p of the rotors and consi dered 

the p robabi l i ty that a fl ui d passes through the hi gh shear ( narrow 

gap ) zone . 

Here 

P { n , k )  probabi l i ty that a fl ui d el ement passes k times 

through the hi gh s hear zone 

n number of  rotor revol utions 

k number of passes through the h i gh s hear zone 

( XI I-8)  

v vol ume of fl ui d whi ch passes through hi gh shear zone 

i n  one revol uti on of rotors 

V :  total vol ume of fl ui d i n  mi xer . 

Th i s  i s  wel l approxi mated by the Poi sson di s tri buti on .  

where 

t* = .! = 
n • tJ. t 

= '::!... • n 
t t v 

( XI I - 9 )  

( XI I - 1 0 )  
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Here 

t* dimension  l ess  mi xing time 

t m ix ing  ti me 

t mean res i dence ti me i n  the h i gh shear 

ll t : peri ad for one revol uti on of rotor . 

Then 

t =  (�) .o.t  ( X I I - 1 1 )  

The s i ze of aggl omerate after j times of rupture i s  gi ven by 

d = 2- j /3  d j 0 j = 0 , 1  , 2 , . . . , m ( XI I - 1 2 )  

where d0 i s  the s i ze o f  i n i ti al aggl omerates . m i s  the number of  the 

rupture after that aggl omerate s i ze reaches ul t imate parti cl e s i ze 

or  aggregate s i ze .  m i s  an i nteger whi ch sati s fi es 

d 
m � 3 l og ( d

0 )/ l og 2 < m + 1 
p 

( XI I - 1 3 )  

The vol ume fracti on of aggl omerates of  s i ze dj whi ch 

experi enced j rupture peri ods i n  the fl ui d e l ement whi ch has passed 

k ti mes through the hi gh shear zone i s  gi ven by 

= k !  • xj • ( 1  - X )  k-j 
(k - j ) ! j ! 

j = 0 ,  . • .  , k 

j = 0 ,  . . . ' m- 1 

( XI I - 1 4 )  

for m > k 

for m � k 
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where X i s  a fract ion of broken aggl omerates duri ng one pass th rough 

the h i gh s hear zone . 

The vol ume fracti on of ul t imate parti c l es i s  

m- 1 
= 1 - I u (dJ. )  

j =O 
for m � k ( XI I - 1 5 ) 

Fi nal l y , the vol ume fracti on of aggl omerates of s i ze dj i n  the 

mi xer after a tota l mi xi ng peri od of t i s  obtai ned as 

s 
= I P ( t , k > . u c dJ. > k=j 

(xt* ) j 
= - • 1  exp (- xt*) J . 

s = n 

= m- 1 

j = 0 ' 1 ,2 ' . . . ' s 

( X I I - 1 6 )  

for n < m 

for n � m 

where n i s  the number of  rotor revol uti ons duri ng the mi xi ng period t .  

The fracf· i on of  the ul ti mate parti cl es o r  aggregate i s  then 

m- 1 ( xt*)j r I 1 exp ( - Xt*) 
j=O J . 

E . 3 .  Modi fi cati on of  Rupture Model 

for n > m ( XI 1 - 1 7 )  

We shal l upgrade the rupture theory o f  di spers i on wi th an 

exponenti al i nco rporation functi on .  

The i ncorporati on function has been gi ven by 



uni = exp[-t/ti nc] 
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( XII-18) 

where un i denotes the fracti on of uni ncorporated fi l l er ,  t i s  the 

total mi xi ng ti me and ti ne i s  the characteri sti c ti me for 

i ncorporati on . 

We cons i der the fracti on of fi l l er newly i ncorporated between 

the i - 1 revo l uti on and i revo l uti on of the rotors . Th i s  i s  gi ven by 

= exp (- i  · fit/fi ne ) · [exp ( fit/ti nc ) - 1 ] (XII-19) 

where fit i s  the peri od for one revol uti on of the rotors . Function I; 
decreases exponenti al ly  wi th the time of mi xi ng .  

We now turn to the vol ume fract ion o f  aggl omerates o f  s i ze d .  J 
i n  the mi x after  n rotor revol uti ons . 

The vol ume fracti on of aggl omerates of s i ze dj due to the 

i ncorporated fi l l er duri ng the fi rst revo l uti on of rotors i s  gi ven by 

(XII-2 0) 

Here t�1 denotes the dimensi on l ess  effecti ve mi xing  ti me 

n • 
fit  ( XII-2 1) 
t 

where n i s  the number of  rotor revol utions at the i ns tant that the 

mi xing was termi n ated and i i s  the number of roto r revol uti ons when 
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the i ncorporati on of fi l l er I ; occurred . The effecti ve di mens ionl ess 

mi xi ng ti me decreases for the bel atedly i ncorporated fi l l er .  Other 

symbol s  are the same as previ ous ly  defi ned . 

Subseq uently , the vol ume fracti on of aggl omerates of s i ze dj 
i n  the compound due to the newly i ncorporated fi l l er duri n g  the i th 

revol uti on i s  gi ven by 

where 

( xt* . ) j 
Y . ( n ,d . ) = I . · �� • exp ( -xt* . )  1 J 1 J . e1 

= (n  - i + 1 )  • 
llt 
t 

( X I I -22 ) 

( X I I -23 )  

The fracti on of  aggl omerates Y ; (n ,dj ) ought to  be  s ummed to 

count the contri buti on of the i ncorporated fi l l er at every i ns tant . 

The total vol ume fracti on of aggl omerates of s i ze dj i n  the mi x after 

n ti mes of  rotor revol uti on i s  then gi ven by 

Y ( n , dj ) = 

= 

n 
L 

i = l  

n 

v . (n , d . ) 1 J 

( xt* . ) j 
L I . e1 exp (- xt* . ) . 

' I  1 J . e1 i = l  

j = 0 , 1  ,2 , . . . , n 

= 0 , 1 ,2 , , m- 1 

for n < m 

for n � m 

( X I I -24 ) 

where 1 . , d . , t* . and m are defi ned i n  Eqs . ( XI I - 1 9 ) , ( X I I - 1 2 ) ,  1 J e1 
( X I I -23 )  and ( X I I - 1 3 ) , res pect i ve ly .  
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The fracti on of di spersed ul timate parti c l es of  the aggregate 

after mi xi ng ,  Ym ' i s  obtai ned from 

m- 1 
Y = 1 - L Y ( n , d . )  - exp (-n • lit/£. ) m j=O J 1 nc 

where the thi rd term of the equati on denotes the fraction of 

uni ncorporated fi l l er after n times of revol uti on . 

E . 4 .  On i on Model of Di spers i on 

( XI I -25 ) 

Shi ga and Furuta (S-4 )  reported the oni on mechan i sm of 

di spers i on in 1 983 . They have found the tai l s  of  aggl omerates in the 

el as tomer/carbon bl ack compounds and assumed that the di spers i on of 

carbon bl ack aggl omerate progresses wi th peel i ng-off the skin  of 

aggl omerates l i ke an oni on .  

They ( S- 4 )  as s umed that the rati o o f  the mass  of carbon bl ack 

peel ed off and the mass  of bl ack aggl omerate i s  governed by 

Here 

M .  l - M .  
R . = JM J a: 11 
J . 1 J -

= _a_ = d . 1 J -

p d . 1 J -

1 - (�) 3 d . 1 J -

M mass  of aggl omerates 

j number of  peel -off that the aggl omerate experienced 

p dens i ty 

a cons tant 

{ XI I - 26 )  



They assumed the probabi l i ty that a fl ui d el ement passes k 

times through duri ng n ti mes of rotor revol uti on i s  g i ven by the 

bi nomi a l  di s tri buti on as di d Tadmor et a l . ( Eq .  X I I -8 ) ) .  

The vol ume di s tri buti on functi on for aggl omerates of s i ze d .  J 
after n rotor revol uti ons Cn ( ds ) was gi ven by 
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( XI I-27 ) 

where 

d .  d .  l K = _,_ + - __!:_ i di - 1  3 i 1 

E . S . Modi fi cati on of Oni on Model 

( X I I - 28 )  

We may rewri te the vol ume fracti on o f  aggl omerates o f  di ze dj 
for the oni on mode l . 

Us ing  Shi ga and Furuta ' s  ass umpti on of the rate of peel -off 

mechan i sm ( Eq .  { X I I -26 ) ) ,  the di ameter of aggl omerates whi ch 

experi enced j peel -off ti mes i s  gi ven by 

R d 
d .  = ( 1  - 1 0 ) 1 / 3  d .  J dj - 1  J - 1  ( X I I -29 )  

where R1 denotes the rati o  of the mass of peel ed off and the mass of  

aggl omerate for the fi rst peel -off. The on i on mechani sm of  di spers i on 

termi nates when R1 d0/dj- l i s  Eq . ( XI I -29 ) )  reaches 1 .  
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( XI I - 30 )  

where m i s  the cri ti cal number of peel -offs . 

The vol ume fracti ons of aggl omerates of s i ze dj whi ch 

experi enced j peel -off ti mes i n  the fl ui d el ement whi ch has passed k 

times through the hi gh shear zone i s  gi ven by ( see Appendi x A ) : 

( d  ) = (�) 3 uk j do 
for k = j < m 

= 0 for k � j ,m ( XI I - 31 ) 

and that of ul ti mate parti cl es i s  

for k < m 

= 1 for k � m ( X I I - 32 )  

The vo l ume fracti on of aggl omerates o f  s i ze dj i n  the mi xer 

after the total mi xi ng  time of t may be gi ven by ( see Appendi x B ) : 

u .  ( d . )  J J 

j = 0 , 1 ,2 , 

j = 0 , 1 ,2 , 

( X I I - 33)  

, n for n < m 

, m- 1 for n � m 

Here P (.t , j ) and uj ( dj ) are gi ven by Eqs .  { XI I - 9 )  and ( XI I - 31 ) ) ,  

respecti vely . 
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The fracti on  of the ul timate parti cl es or aggregates i s  then , 

for n > 0 ( XI I - 34 )  

We now modi fy the oni on theory o f  di spers i on wi th the 

i ncorporati on rate functi on of Eq . ( XI I - 1 9 ) . Agai n ,  the vol ume 

fracti on of aggl omerate of s i ze dj i n  the compound after the n ti mes 

of rotor revol uti on Y ( n , dj } i s  of i nteres t .  

Fol l ow i ng the same procedure as  s hown i n  the previ ous secti on , 

we consi der the effect of the newly i ncorporated fi l l er between each 

revol uti on .  

Duri ng the fi rst revol uti on o f  the rotor ,  fracti on 1 1 of fi l l er 

i s  newly i nco rporated . The vol ume fracti on of aggl omerates of s i ze 

d .  i n  the compound after n ti mes of revol uti on i s  gi ven by J 

where 

t�t  t*  = n • -el -
t 

tel i s  the effecti ve di mens ion l ess mi xi ng ti me .  

( X I I - 35 )  

( X I I - 36 )  

Subsequently , fraction I ; o f  fi l l er i s  newly i ncorporated 

between i - 1 to i th revol uti ons . Y i ( n ,dj } i s  gi ven by 

where 

Y . ( n ,d . ) = I . ·  (t*� /j ! }  • (�) 3 exp ( - t* . } 1 J 1 e1 d0 e1 ( XI I -37 ) 



t* = ( n - i + 1 )  ei 
llt . -
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( X I I - 38)  

The compound contai ns the fi l l er whi ch was i ncorporated at the 

vari ous l evel s of rotor revol uti ons . Th i s  fi l l er ,  whi ch had the 

i n i ti al aggl omerate s i ze d0 when i ncorporated , i s  d i spersed and 

reduces i n  s i ze due to the rotor revol uti ons duri ng the effecti ve 

mi xi ng ti me .  The total vol ume fracti on of agg l omerates of s i ze dj i n  

the compound after n ti mes of rotor revol uti on i s  then gi ven by 

n 
Y ( n , dJ. )  = I Y ; (n ,dJ. )  

i = 1  

= I I ,. 
• ( t*e

J
,: I j ! )  • (�do

.
) 3 • exp ( - t* . ) 

i = 1  e1 

j = 0 , 1 , 2 , ' n for n < m 

= 0 , 1 , 2 ,  , m- 1 for n � m 

( X I I - 39 )  

where I . , d . ,  t* . and m are defi ned i n  Eqs . ( X I I - 1 9 ) , ( X I I - 29 ) , 1 J e1 
( Xi i - 38 )  and ( XI I - 30 ) ,  respecti vely . 

The fraction of the di spersed ul ti mate parti cl es or aggregates 

after mi xi n g ,  Ym, may be determi ned by 

m- 1  
Ym = 1 - L Y ( n , dJ. )  - exp (-n • llt/fi nc > 

j=O 

where Y ( n , dj ) i s  g i ven i n  Eq . ( XI I - 39 ) . 

( X I I -40 ) 



F .  CHARACTERISTICS OF DI SPERS ION THEORI ES 

We di s cus s the characteri s ti cs of the di spers i on theori es 

i ncl uding  the rupture model , the modi fi ed rupture model , the oni on 

model and the modi fi ed oni on model . 

Computer programs were devel oped for these model s .  The 

programs are gi ven i n  Appendi xes C through F .  

F .  1 . Genera 1 
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We may set two parameters accordi ng to the mi xi ng condi ti ons . 

These are :  

vol ume fracti on o f  fi l l er ,  � = 0 . 05 

rotational  speed of rotor = 50 rpm 

The fi l l  factor of the aggl omerate i s  assumed to be 0 . 5  

We di s cuss the vol ume fracti on of aggl omerates a s  a functi on 

of rel ati ve aggl omerate si ze .  Here we defi ne 

and 

Vol ume fracti on of aggl omerates 

= Y/f 

total vol ume of agglomerates of s i ze d .  
= ----�������--���----�J 

total bul k vol ume of fi l l er 

Rel ati ve aggl omerate s i ze 

= d/ do 

= s i ze of aggl omerates after j ruptures 
s i ze of i n i ti a l aggl omerates 

( X I I -41 ) 

( XI I -42 ) 
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F . 2 .  Rupture Model 

We fi rst di scuss the characteri sti cs of the ori g ina l  rupture 

model proposed by Manas- Zl oczower et al . ( M- 2 )  s hown i n  Eq . ( X I I - 1 6 ) . 

I n  thi s  model , the i ncorporati on process was not cons i dered but the 

i n i ti a l aggl omerates were ass umed to be i n  the matri x phase when the 

mi xi ng was i ni ti ated . 

Fi gures X I I - 9  and XI I - 1 0  compare the vol ume fracti on of 

aggl omerates for two di fferent X val ues : X =  0 . 1 0  ( Fi g ure X I I - 9 )  and 

X =  0 . 01 ( Fi gure X I I - 1 0 ) . As the X val ue decreases , the aggl omerates 

possess a l ower probabi l i ty of rupture i n  the hi gh  shear  zone . 

The peri ods of the mi xi ng are 1 ,  3 ,  5 and 1 0  mi nutes i n  both 

fi gures . In both fi gures i t  i s  cl ear that the vol ume fracti on of the 

smal l er aggl omerates i ncreases as the mi xi ng progres ses . At X =  0 . 1 9  

( Fi gure XI I - 9 ) , the vo l ume fracti on of the i ni ti al aggl omerates 

( dj/d0 = 1 . 0 )  decreases rap i dly and the fractions of the sma l l 

aggl omerates increase drasti ca l ly wi th i ncreas i ng mi xi ng ti me .  The 

maxi ma of the di stri buti on i s  found at the smal l er rel ati ve 

aggl omerate s i ze as the mi xi ng progresses . At X = 0 . 01 

( Fi gure X I I - 1 0 ) , the aggl omerates break wi th more di ffi cul ty .  The 

d i stri buti on cu rves change l ess drasti cal l y  i n  compari son w i th 

Fi gure X I I - 9 .  

The greatest fracti ons of aggl omerates are found near the 

rel ati ve aggl omerate s i ze of 1 . 0 .  

Fi gures XI I - 1 1  and XI I- 1 2  compare the vol ume fracti on of 

agg l omerates for two di fferent t: t = 0 . 20 ( Fi gure XI I - 1 1 )  and 
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t = 0 . 04 ( Fi gure X I I - 1 2 ) . As t decreases , the vol ume of the fl ui d 

whi ch can pass through the h i gh shear zone duri ng one revol ution of 

the rotors i ncreases . The change of di s tri buti on curves i s  more 

drasti c at t = 0 . 04 compared wi th t = 0 . 20 .  The vol ume fracti on of 

the l arge aggl omerates decreases extremely rapi dly wi th t = 0 . 04 

( Fi gure X I I - 1 2 ) . 

The decay of the vol ume fraction of the l arge aggl omerates 

occurs rapi dly  when X i s  l arge and t i s  smal l .  

F . 3 .  Modi fi ed Rupture Model 

The rupture theory of the di s9ers i on was modi fi ed earl i er i n  

thi s chapter through i ntroduci ng an i ncorporati on rate function . 

Thi s  i s  s hown i n  Eq . ( X I I -24 ) .  

4D 

We fi rst di scuss the effect of the i ncorporati on process .  The 

i ncorporati on rate functi on has been gi ven by Eq . ( X I I - 1 9 ) . The 

vol ume fracti on of aggl omerates i s  gi ven by Eq . ( XI I - 24 ) . 

Fi rs t we set the function X ( fracti on of broken aggl omerates 

duri ng one pass through the hi gh s hear zone ) cons tant ,  that i s , 

X =  1 . 00 .  The effect of the i ncorporati on process i s  s hown i n  

Fi gure X I I - 1 3  ( ti ne = 1 . 00 )  and Fi gure X I I - 1 4  ( ti ne = 1 0 . 0 ) . The 

di s tri buti ons of the vol ume fracti ons of the aggl omerates have the 

same characteri s ti c  features compared wi th the di s tri buti ons predi cted 

from the ori gi na l  rupture model . 

The modi fi ed rupture model wi th the i ncorporati on rate function 

predi cts fl atter di s tri buti ons . The vol ume fracti ons of aggl omerates 

do not decrease rap id ly  wi th i ncreas i ng rel ati ve aggl omerate s i ze 
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s i nce the l a rge aggl omerates are conti nuous ly  i ncorporated through 

the mi xi ng process . When the incorporati on process i s  s l ow 

440 

( ti ne = 1 0 . 0} thi s  pecul i ar characteri s ti c  i s  pronounced as s hown i n  

Fi gure XI I - 1 4 .  The vol ume fractions o f  the aggl omerates reta i n  l arge 

val ues at any mi xi ng times . 

Fi gures X I I - 1 5  and X l l - 1 6  s how the effect of the 

i ncorporati on process for smal l er X ( X = 0 . 1 0 ) . The characteri sti c 

i ncorporation ti mes tine  are aga i n  1 . 00 and 1 0 . 0 .  P l a teau regi ons 

are observed for the l arge rel ati ve aggl omerate s i zes for s l ow 

i ncorporati on proces s ,  ti ne = 1 0 ,  as s hown i n  Fi gure X I I - 1 6 .  The 

rapi d decay i n  the smal l aggl omerate s i zes are due to the sma l l 

fraction of broken aggl omerates during one pass through the hi gh 

s hear zone X .  

F . 4 .  Oni on Model 

Shi ga and Furuta ( S-4 )  proposed Eq . ( XI I - 2 7 )  as sumi ng  the 

oni on mechani sm of di spers i on .  We s hal l ,  however , use Eq . ( X I I - 33 )  

whi ch was  rewri tten wi th the Poi s son di stri bution functi on .  Agai n ,  

we use the set of parameters : 

� = 0 . 05 

rpm = 25 

f = 0 . 05 .  

Other parameters are the vari abl es . 

Agai n ,  we di scuss the vol ume fracti on of the aggl omerates as a 

functi on of the rel ati ve aggl omerate si ze .  
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Fi gures X I I - 1 7  and XI I - 1 8  compare the vol ume fracti on of 

aggl omerates for two di fferent R1 val ues : R1 = 0 . 1 0  ( Fi gure X I I- 1 7 )  

and R1 = 0 . 30 { Fi gure X I I - 1 8 ) . The val ue o f  R1 corresponds to the 

rati o of the mass of parti cles peeled off from the s urface of the 

aggl omerate to the mass of the aggl omerate . The di s tri buti on curves 

predi cted by the oni on model possess the cl ear maxi mas compared wi th 

the predi cti ons from the rupture model . The maxi mum va l ues of the 

vol ume fracti on of the aggl omerates decreases rapi dly as mi xi ng 

progresses . Other characteri sti cs of the oni on model i s  that the 

reducti on of the aggl omerates termi nates at a certai n s i ze .  

At a l arger R1 val ue { Fi gure XI I - 1 8) , the vol ume fracti ons of 

aggl omerates decrease more rapi dly and the breakdown of the 

aggl omerates termi nates at  the l arger s i ze compared wi th the pre­

di cti ons wi th the smal l e r  R1 val ue { Fi gure X I I - 1 8 ) . The di s tri buti on 

curve wi th R1 = 0 . 30 i s  always smal l er than 1 0- 5  at a mi xi ng  ti me of 

10  mi nutes so  the curve does not appear in  Fi gure X I I - 1 8 .  

We now compare the di s tri buti on o f  aggl omerates for two 

di fferent t val ues . As the va l ue of t decreases , the vol ume of com-

pound  whi ch passes through the hi gh s hear zone duri ng one revol uti on 

of the rotors i ncreases . The effect of t i s  presented i n  

Fi gure X I I - 1 9 (t = 0 . 50 )  and Fi gure XI I -20 (t = 0 . 20 ) . The vol ume 

fracti ons of the aggl omerates and the rel at i ve aggl omerate s i ze at 

the peaks decrease more rapi dly wi th the greater R1 val ue . The 

di s tri buti on curve at a mi xi ng peri od of 1 0  mi nutes i s  a l ways smal l er 

than 1 0- 5  for R1 = 0 . 30 .  
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F . S .  Modi fi ed Oni on Model 

The on i on theory of di s pers i on was modi fi ed wi th the rate of 

i ncorporati on functi on . The vol ume fracti on of the aggl omerates i s  

gi ven by Eq . ( X I I - 39 ) . 

The effect of the characteri s ti c  i ncorporati on t ime ti ne i s  

s hown i n  Fi gures X I I -21 and X I I -22 for R1 = 0 . 1 0  and t = 0 . 50 .  The 

val ues of ti ne are 1 . 0 i n  Fi gure X I I-21  and 1 0 . 0  i n  Fi gure X I I -22 . 

The pl ateau regi ons appear i n  the l arge rel ati ve aggl omerate s i zes 

wi th l arge ti ne val ue { Fi gure I I -22 ) . The maxi ma of the di s tri buti on 

curves di s appear and the vol ume fracti on of the aggl omerates decrease 

monoton i cal ly as the val ue of ti ne i ncreases . 

Fi gures X I I -23  and XI I -24 compare the vol ume fracti on of the 

aggl omerates for t = 0 . 1 0 and t = 0 . 04 .  The characteri s ti c  i ncor­

porati on peri od ti ne i s  1 0 . 0  in both fi gures . The effect of the 

i ncorporati on proces s i s  more pronounced at sma l l er t val ue . The 

p l ateau regi ons appear cl early i n  Fi gure X I I - 2 3 .  I n  Fi gure X I I -24 , 

the vol ume fracti ons of the aggl omerates do not show s i gni fi can t 

changes wi th mi xi ng  ti me .  

G .  COMPARISON O F  EXPERI MENTAL DATA 
W ITH THEORETICAL PREDICTIONS 

G . l .  I ntroducti on 

I n  thi s s ecti on , the predi cti ons from the above descri bed 

theory of di s pers i on wi l l  be compared wi th experi mental data obta i ned 

i n  the present research . The vol ume fracti ons of agg l omerates have 
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been obtai ned as a functi on of the aggl omerate s i ze range by opti cal 

mi croscopy . These wi l l  be compared wi th the theoreti cal predi cti ons . 

The theori es of di s pers i on i ncl ude the rup ture theory ,  rupture theory 

wi th the i ncorporati on rate functi on , the on i on theory , and onion 

theory wi th the i ncorporati on functi on . 

G . 2 .  Equati ons and Parameters 
The eq uati ons used for the theoreti cal predi cti ons are 

s ummari zed i n  Tabl e X l l - 4 .  The phys i ca l  mean i ngs of the parameters 

have been s ummari zed i n  Tabl e XI I - 5 .  

Some parameters a re determi ned di rectly from the experi mental 

condi ti ons . These are ci ted i n  Tabl e XI I - 5 .  The mean res i dence ti me 

t may be determi ned as fol l ows . The mean resi dence ti me i s  

t = (Y) �t ( XI I -43 )  v 

where V denotes the total vol ume of compound ,  v the vol ume of the 

compound  whi ch passes through the hi gh shear zone duri ng one 

revol uti on of rotors and �t denotes the peri od of one revol uti on of 

the rotors . The val ue of v i s determi ned as 

Here 

H1 = gap di s tance ( 0 . 1 05 em ) 
R0 = chamber radi us ( 1 . 96 em ) 
W = chamber wi dth ( 4 . 70 em) 

( XI I -44 )  
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Tabl e X I I -4 .  Equati ons Used for the Theoreti cal Predi cti ons 

Vol ume Fracti on of Aggl omerates Aggl omerate Si ze 
Model ( Eguati on No . }  (Eguati on No . }  

Rupture X I I - 1 6 XI I - 1 2  

Modi fi ed Rupture XI I -24 X I I - 1 2 

On i on X I I - 33 XI I -29 

Modi fi ed Oni on XI I - 39 X I I -29  
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Tab l e  XI I - 5 .  Parameters Used for the Theoreti cal Predi cti ons 

Parameter Mean i ng 
Vol ume fracti on of fi l l er i n  compound 

Fi l l  factor i n  aggl omerate 

Rotor speed 

I n i ti al aggl omerate s i ze 

Ul t imate parti cl e s i ze 

Fracti on of broken aggl omerate duri ng one 
pass through the hi gh shear zone 
( Rupture and Modi fi ed Rup ture ) 

In i ti al  mass reducti on rati o of aggl omerate 
(On ion and Modi fi ed Oni on )  

Mean res i dence ti me i n  hi gh s hear zone 

Characteri s ti c  ti me for i ncorporati on 
process 

Va l ues 
0 . 05 

0 . 05 

25 RPM 

Vari abl e 

0 . 07 �m 

Vari abl e  

Vari abl e 

Can be 
determi ned 

Determi ned 
from 
experi ment 



nb = n umber of bl ade per uni t l ength ( 4/ 3 )  

e = total angl e o f  hi gh shear zone ( 4/ 3 ) . 

We obtai n 
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( XI I  -45)  

The total vol ume of the compound V is  63 cm3 . We obtai n 

t � 0 . 233  (mi n }  ( X I I - 46 )  

for the rotor s peed of 25 rpm. 

The fi l l  factor of the aggl ome rates was ass umed to be 0 . 5 .  The 

i ni ti al aggl omerate s i ze d0 , the fracti on of broken aggl omerates 

duri ng one pass th rough the hi gh shear zone X ( rupture model } and the 

i n i ti al mass reducti on rate R1 are the unknown parameters . 

The breakdown of the aggl omerates i s  dependent upon the s tress 

l evel s in the i nternal  mi xer.  Tab l e  X I I - 6  s ummari zes the s hear 

s tresses of polys tyrene and polypropyl ene in the hi gh shear zone 

( rotor ti p regi ons ) and i n  the l ow shear zone ( rotor  shaft regi ons ) .  

I t  shoul d be noted that the polystyrene exhi bi ts much greater 

shear s tresses than polypropy l ene . I t  i s  noteworthy that the s tress 

l evel of polys tyrene i n  the l ow s hear rate zone i s  as hi gh as the 

s tress  of polypropy l ene i n  the hi gh shear rate zone .  

G . 3 .  Compari son of Experi mental ly Obtai ned Vol ume Fracti ons of 
Aggl omerates wi th Theoreti cal Predi cti ons 

We compare the experi mental ly  measured vol ume fracti ons of 

aggl omerates wi th the theoreti cal predi cti ons for the i nterna l  mi xer 

prepared cal ci um carbonate compounds . 



Tabl e XI I - 6 .  Shear Stresses a t  Hi gh and Low Shear Rate Zones for 
PS and PP 

Hi gh shear zone 

Low s hear zone 

4. 61 X 1 01 

1 . 03 X 1 0° 

Gap at hi gh shear zone : 1 . 05 mm 
Gap at l ow shear zone : 1 4 . 05 mm 
Rotor speed : 25 RPt4 

1 • 6 X 1 05 

rv4 X 1 04 

C1 
( Pa ) 
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The matri x polymers were polys tyrene and polypropy l ene . The 

s tandard mi x ing  temperatures were 1 50°C and 1 75°C , respecti vely . 

458 

Both untreated and the s teari c aci d s urface treated cal ci um carbonates 

posses s  the nomi na l  ul ti mate parti cl e s i ze of 0 . 07 �m. The vol ume 

fracti on of the aggl omerates were determi ned usi ng opti cal 

mi croscopy . The vol ume fracti ons were s ummed wi thi n the range of 

20  �m to 1 40 �m. The predi cted vol ume fracti ons are al so s ummed . 

The computer p rograms are presented i n  Appendi xes D and G .  

The total mi xi ng ti mes were used for the computati on because 

the di s pers i on i s  i n i ti ated as soon as the fi l l e r  was added . I n  

the fi gures , however ,  on ly the mi xi ng  ti mes are i ndi cated to keep 

consi s tency wi th other chapters . The total mi xi ng ti me and the mi xi ng 

ti me have been defi ned i n  the previ ous s ecti on . 

The curve fi tti ngs were carri ed out by changi ng the vari abl e  

parameters . Some resul ts are shown i n  thi s sect i on . 

Experi mental ly determined vol ume fracti ons of aggl omerates are 

not i ncl uded i n  these fi gures when the number of aggl omerates observed 

wi th the opti cal mi croscope are very l ow .  These a re not rel i ab l e .  

Thi s often happens i n  the l arge aggl omerate s i ze ranges . When the 

theori es predi ct the vol ume fracti on of aggl omerates i s  l ower than 

1 0-4 , they are not pl otted . 

G . J . a .  Compari son wi th Rupture tbdel . 

G . J . a . l .  PS/Uncoated Caco3 Compounds . Fi gures X I I - 25 through 

XI-27 s how the compari son of the experi mental data wi th the rupture 

model . The l i nes s how the experi mental data and the symbol s show the 
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theoreti cal predi cti ons . The mi xi ng ti mes are 1 ,  3 ,  5 and 1 0  mi nutes . 

Curve fi tti ng was attempted wi th vari ous sets of parameters d0 and X .  

I n  the rupture theory , the di spers i on i s  governed by X/t. Then t was 

retai ned cons tant .  Large di screpanci es a re found .  Thi s i s  pres umably 

due to the s l ow i ncorporati on process of these compounds . In  the 

rupture model , the i ncorporati on process was negl ected and the i ni ti al 

agg l omerates were ass umed to be i n  the matri x phase when the mi xi ng 

i n i ti ates . 

G. 3 . a . 2 .  PS/Coated CaC93 Compounds . Fi gures X I I -28 through 

X I I - 30 present the compari son of the experi mental data wi th the 

predi cti ons for the polys tyrene/coated cal ci um carbonate compounds . 

Agai n ,  the parameters d0 and X are the vari abl es . Large di screpanci es 

are found .  A reasonab l e  fi t was not obtai ned wi th any set of 

parameters . 

G . 3 . a . 3 . PP/Uncoated Caco3 Compounds . The same type of 

compa ri sons are shown in Fi gures X I I - 31 through X I I- 33 for 

polypropy l ene/ uncoated cal ci um carbonate compounds . Agai n ,  l arge 

errors a re found between the experimental data and predi cti ons . 

G . 3 . a . 4 .  PP/Coated caco3 Compounds . Fi gures XI I - 34 through 

XI I - 36 gi ve the s ame types of compari son for the polypropy l ene/coated 

cal ci um carbonate compounds . The di s tri buti on of the vol ume fracti on 

of the aggl omerates of these compounds a re pecul i ar .  The vol ume 

fracti ons of the aggl omerates a lways i ncrease wi th decreasi ng 

aggl omerate s i ze range . Qual i tati ve agreement i s  found i n  

Fi gure X I I - 36 .  The i ncorporation processes of these compounds were 
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expe ri mental ly  found to termi nate i n  a very short peri od , roughly  

1 . 33 mi nutes . Thi s may be a reason for the qual i tati ve agreement wi th 

the theory wi thout the cons i derati on of the i ncorporati on process . 

G . 3 . b .  Compari son wi th Modi fi ed Rupture Model . 

G . 3 . b .  1 .  PS/ Uncoated Caco3 Comoounds . We now use the 

modi fi ed rupture theory wi th the i ncorporati on rate function . 

Fi gures XI I - 37 and X I I - 38 present compari sons of experimental 

data wi th the theoreti cal predi cti ons . We have determi ned the 

characteri s ti c  t ime of the i ncorporati on process for these compounds , 

that i s ,  3 to 6 mi nutes . 

The parameters used for Fi gure XI I - 37 are X =  1 . 0 ,  t = 0 . 1 5  

and ti ne = 6 . 0 .  I t  was assumed that a l l the aggl omerates rupture i n  

the hi gh shear zone , that i s ,  X =  1 . 0 .  The predi cted vol ume fractions 

of the aggl omerates are s ti l l  greater than the experi mental data . 

We s houl d recal l that the polystyrene exh i bi ts very l arge 

s tress l evel s .  The shear s tress of polystyrene i n  the l ow s hear 

s tress zone ( rotor s haft regi on ) i s  as h i gh as the s tress of the 

polypropyl ene at h i gh shear zone . I f  the rupture of the aggl omerates 

occurs i n  the h i gh shear zone i n  the polypropyl ene compounds , the 

rupture of the aggl omerates shoul d al so occur in the l ow s hear zone 

i n  the polys tyrene compounds . 

We may ass ume that the rupture of aggl omerates takes 9 l ace 

anywhere i n  the mi xer ,  that i s , v eq ual s V .  We obta i n  t to be 0 . 02 .  

(We note , however ,  the bi nomi al di stri buti on cannot be approxi mated 

by the Poi sson di s tri buti on under thi s  condi ti on . }  
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The theoreti cal predi cti ons wi th t = 0 . 02 are s hown i n  

Fi gure X I I - 38 .  Other parameters were unchanged . Good agreement wi th 

experi ment i s  found .  

I n  the po lys tyrene compounds , the rupture of the aggl omerates 

woul d appear to occur i n  the l ow shear zone as wel l as hi gh shear 

zone , and the s l ow i ncorporati on process governs the di spers i on . 
' 

G . 3 . b . 2 .  PS/Coated Caco3 Compounds . Fi gures X I I - 39 and 

X I I - 40 compare the predi cti ons and experi mental data for the 

polystyrene/coated cal ci um carbonate compounds . The characteri st ic  

t ime of i ncorporati on was determi ned to be  0 . 75 to 1 . 5 mi nutes . 

Fi gure XI I - 39 s hows the predi cti ons wi th X =  1 . 0 ,  t = 0 . 02 

and ti ne = 1 . 0 .  The predi cti ons are q ual i tati vel y correct . Both 

experi mental data and the predi cti on show very fl at di s tri buti ons . 

Better agreements were achi eved wi th greater i ncorporati on 

ti me (ti ne = 6 . 0 )  as s hown i n  Fi gure XI I -40 . 

Agai n ,  the rupture of aggl omerates takes p l ace i n  l ow shear 

zone as wel l . 

G . 3 . b . 3 .  PP/Uncoated Caco3 Compounds . Fi gures XI I -41 through 

XI I -43 show the same types of compari son for the polypropyl ene/uncoated 

cal ci um carbonate compounds . 

I n  Fi gure X I I -41 , the predi cti ons are much l ower than the 

experi mental val ues ( predi cted val ues bel ow 1 0-4  were not p l otted ) . 

The val ue of X i s  reduced to 0 . 2  from 1 . 0 i n  Fi gure X I I -42 . Pre­

di cti ons are greater than the experimenta l data wi thi n the mi xi n g  

t ime of 5 mi nutes and l ower than the experi mental val ues after 1 0  

mi nutes of mi xi ng .  
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Reasonabl e agreement i s  achi eved wi th X = 1 . 0 ,  t = 0 . 1 and 

ti ne  = 6 . 0  as presented in Fi gure XI I-43 .  Thi s denotes that the 

rupture occurs pri mari ly i n  the h i g h  s hear zone {t � 0 . 223 )  and that 

a l l aggl omerates brought i nto the hi gh s hear zone ruptures { X = 1 . 0 ) . 

The characteri s ti c  i ncorporati on time i s  much greater than the 

experi mental ly determi ned val ue of 0 . 375 . 

G . 3 . b . 4 .  PP/Coated caco3 Compounds . The same type of 

compari sons are made fo r the polypropyl ene/coated cal c i um carbonate 

compounds i n  Fi gures XI I -44 and Xl l -45 . The characteri sti c 

i ncorporati on ti me i s  determi ned to be 0 . 375 mi nute for these com­

pounds . Qua l i tati ve agreement i s  obtai ned wi th ti ne = 0 . 375  

( Fi gure XI I -44 ) . Better agreement was obtai ned wi th greater  i n cor­

porati on time { ti n e  = 3 . 0 )  us i ng the above parameters as s hown i n  

Fi gure X I I -45 . 

G . 3 . c .  Compa ri son wi th Oni on Model . 

G . 3 . c . l . PS/ Uncoated caco3 Compounds . Experi mental l y  

determi ned vol ume fracti ons of  aggl omerates are compared wi th the 

on i on theory for the polystyrene/uncoated cal ci um ca rbonate compounds . 

Fi gures X I I - 46 through X I I -49 show the compari sons for the various 

sets of parameters . 

I n  Fi gure X I I -46 , the parameters are d0 = 200 , R1 = 0 . 1  and 

t = 0 . 1 5 .  The theory predi cts the vol ume fractions of aggl omerates 

sma l l er than 1 0- 4  after 5 mi nutes of mi xi ng .  These are much smal l er 

than the expe ri mental  data . 
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A l arge t val ue s l ows down the breakdown of the aggl omerates 

( Fi gure XI I-47 ) . The predi cti ons for the mi xi ng ti mes of 3 to 1 0  

mi nutes are reasonab l e .  However , the theory predi cts too smal l a 

val ue for 1 min ute mi xi ng .  

488 

We may change the s i ze of the i ni ti al aggl omerates from 200 �m 

to 500 �m ( Fi gure X I I -48 ) . The predi cted val ues are much smal l er 

than the expe ri mental data for the numbers of the combi nati ons of 

R1 and t. Fi gure XI I-48 i s  an exampl e .  

The computati on was carri ed out for the di fferent R1 val ues . 

A reasonab l e fi t was obtai ned wi th d0 = 200 and t = 0 . 5  

( Fi gure XI I -49 ) . However , the predi cti on for 1 0  mi nutes o f  mi xi ng  

i s  of the order of 1 0-6  wh i ch i s  wel l bel ow the experi mental data . 

A good fi t was not obtai ned . 

G . 3 . c . 2 .  PS/Coated CaC03 Compounds . Two examp les of 

compari son are gi ven in Fi gures X I I -50 and XI I -51  for the polystyrene/ 

coated cal ci um carbonate compounds . 

The predi cti ons from the oni on theory tend to be s trongly 

decreas i n g funct ions wi th decreas i ng aggl omerate s i ze range un l i ke 

the rupture theory . In  the oni on theory ,  the number of the 

aggl omerates remai ns constant duri ng mi xi ng and the vo l ume of the 

aggl omerates decreases by a peel -off mechan i sm. On the other hand , 

i n  the rupture theory , the number of the aggl omerates i ncreases by 

rupture mechan i sm and the total vol ume of the aggl omerates i s  

retai ned cons tant unti l these become ul ti mate parti cles . A good fi t 

was not found . 



Fi gure X I I - 50 .  Compari son of experi mental  data wi th theoreti ca l  
pred i cti ons for PS/coat. Caco3 ( R1 = 0 . 1 , t = 0 . 1 5 ) 
wi th oni on model . 
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G . 3 . c . 3 . PP/Uncoated Caco3 Compounds . Fi gures X I I - 52 and 

X I I - 53 present the s ame type of compari son . The oni on model does not 

predi ct the fl at di s tri buti ons of the vol ume fracti ons of the 

aggl omerates . Large di screpancies are found . 

G . 3 . c . 4 . PP/Coated CaC03 Compounds . The vol ume fracti ons of 

the aggl omerates of the polypropy l ene/coated cal ci um carbonate com­

pounds are s trongly i ncreas i ng functi ons wi th decreasi ng aggl omerate 

s i ze range . Such a di stri buti on was not predi cted by the oni on 

theory .  Examp les are s hown i n  Fi gures X I I - 54 and X I I - 55 .  

G . 3 . d . Compa ri son wi th Modi fi ed Oni on Model . The oni on mode l 

has been modi fi ed wi th the i ncorporati on rate functi on . We now 

empl oy the modi fi ed on i on model to compare i ts predi cti on wi th the 

experi mental val ues . 

G . 3 . d . l . PS/Uncoated Caco3 Compounds . The characteri s ti c 

ti me of the i ncorporation proces s for the polystyrene/ uncoated cal ci um 

carbonate compounds i s  obtai ned to be 3 . 0  to 6 . 0 . 

Fi gures X I I - 56 and XI I -57 present a compari son of the experi ­

mental val ues wi th the predi cti ons from modi fi ed on i on mode l . The 

val ues of ti ne are 6 . 0  i n  Fi gure X I I - 56 and 3 . 0  i n  Fi gure X I I - 57 .  

The other vari abl es are d0 = 200 , R1 = 0 . 1 and t = 0 . 1 5  i n  both 

fi gures . Fai rly good agreement was obtai ned . Both predi cti ons and 

the experi mental val ues are the i ncreas i ng functi ons wi th the 

aggl omerate s i ze range . 
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Tabl e XI I - 7 .  Model s and Parameters Us ed for the Good Agreement wi th 
Experi menta l  Data 

Parameters 
do X Rl t ti n e ti ne 

t 

ComE!ounds Model *  (1Jm) { - )  (- ) (mi n )  (mi n }  (mi x) 
PS/Unc .  CaC03 MR 200 1 . 0 0 . 02 6 . 0  3 . 0- 6 . 0  MO 200 0 . 1 0 . 1 5  3 .  0-6 . 0  

PS/Coat .  Caco3 MR 200 1 . 0 0 . 02 6 . 0  0 . 75-1 . 5  

PP/ Unc .  CaC03 MR 200 1 . 0 0 . 1 0  6 . 0  0 . 375 

PP/Coat . CaC03 MR 200 1 . 0 0. 1 5  3 . 0  0 . 375 

Fi xed parameters : ¢> = 0 . 05 (- ) 
f = 0 . 5  ( - ) 

RPM = 25 ( RPM) 
dp = 0 . 07 ( m )  

*MR : Modi fi ed Rupture 
MO :  Modi fi ed Oni on 

tcharacteri s ti c  ti me for i ncorporati on determi ned from the 
fracti on of uni ncorporated fi l l er on the chamber wal l  wi th exponenti al 
i n corporati on functi on . 
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Reasonabl e agreement was obta i ned wi th the modi fi ed rupture 

theory for al l compounds . Fai r agreement was found wi th the modi fi ed 

oni on theory for the polys tyrene/ uncoated cal ci um carbonate compounds . 

I ni ti a l  aggl omerate s i ze d0 of 200 �m gi ves good agreement 

for di fferent types of compounds . The fracti on of broken aggl omerates 

duri ng one pass  th rough the hi gh shear zone X of 1 . 0 was found for 

al l compounds . Thi s i s  equi val ent to sayi ng that al l of the 

agg l omerates whi ch pass through the hi gh shear zone rupture once 

duri ng one revol uti on of rotors . 

We have found the rel ati onshi p that the mean res i dence time 

i n  the h i gh s hear zone t i s  greater than 0 . 2 33 when breakdown occurs 

on ly at the h i gh shear zone . 

The t val ues for the modi fi ed rupture model menti oned i n  

Tab l e X I I - 7 appear to be dependent upon the type of the matri x polymer.  

The t val ues are 0 . 02 for the polys tyrene compounds and 0 . 1 0  for the 

polystyrene compounds and 0 . 1 0  to 0 . 1 5  for the polypropyl ene compounds . 

These val ues of t, especi al ly  t fo r the po lystyrene compounds , are 

smal l er than 0 . 233 .  Thi s  denotes that the rupture of  the aggl omerates 

occurs not only i n  the hi gh shear  zone of the narrow gap regi on but 

a l so i n  the l ow shear zones of the mi xer .  The very smal l t val ues 

for the polystyrene compounds i ndi cate that the rupture of the 

aggl omerates mi ght happen al most everywhere i n  the mi xer .  Thi s  may 

be due to the hi gh s hear vi scos i ty of polystyrene . The shear s tress 

l evel at l ow s hear region woul d be l arge enough to cause the rupture 

of the aggl omerates . 
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The characteri s ti c  ti mes for the i ncorporati on process ti ne 
used for the computati on are general ly  greater than the val ues of 

ti ne es ti mated from the fracti on of the un i ncorporated fi l l er on the 

chamber wal l s .  The reason i s  not cl ear. 

Tabl e X I I -8  s hows the nomencl ature for Chapter X I I .  



Tabl e  X I I - 8 . 

i 

I .  1 

j 

k 

m 

M . 
J 

n 

P ( n , k } , P ( t , j } 

l!.t  

t 
t* 

Nomencl ature for Chapter X I I 

vol ume di s tri buti on functi on for aggl omerates 

di ameter of i ni ti a l aggl omerate 
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di ameter of aggl omerate wh i ch experienced j times 
of rupture or oni on peel -off 

di ameter of ul timate parti cl e or aggregate 

deformati on rate tensor at pos i ti on i 

number of rotor revol uti on pos i ti on i ns i de of 
i nternal  mi xer 

i ncorporati on rate at i th revol uti on 

number of ruptures or oni on peel -off 

number of passes through the hi gh s hear rate zone 

cri ti cal n umber of ruptures or oni on peel -off to 
reach u l ti mate parti c l e  s i ze 

mas s of aggl omerate of s i ze dj 
tota l number of rotor revol uti on 

probabi l i ty that a fl ui d e l ement passes k times 
through the hi gh s hear rate zone 

mass reducti on rate 

tota l mi xi ng ti me ( t  = tdi s + tmi x) 

peri od of one rotor revol uti on 

mean res i dence ti me at h i gh s hear rate zone 

di mens i on l ess mi xi ng ti me 

peri od of fi l l er di s appears from the top of the 
mi xi ng chamber 

di mensi onl ess effecti ve mi xi ng ti me 

mean resi den ce ti me at pos i ti on i 
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Tabl e X I I -8  ( conti n ued ) 

v .  1 

v 

X 

Y ( n , dj ) , Y ( t , dj ) 

Y . ) n , d . ) 1 J 

. y .  1 

n 

peri od of al l fi l l er i ncorporated 

characteri s ti c ti me for i ncorporati on p roces s 

mi xi ng time counted after al l fi l l er di sappeared 
from the top of the mi x ing  chamber 

vol ume fracti on of aggl omerates of s i ze d .  i n  the 
fl ui d e l ements J 

vol ume of compound passes pos i ti on i duri ng one 
revol uti on of rotor 

total vol ume of compound 

fracti on of broken aggl omerates duri ng one pass 
through the h i gh s hear rate 

vol ume fracti on of aggl omerates of s i ze dj 
vol ume fracti on of aggl omerates of s i ze dj due to 
the i ncorporated fi l l er i n  i th revol uti on of 
rotor 

constant 

shear rate at posi ti on i 

vi s cos i ty of fl ui d 

densi ty of aggl omerates 

fracti on of un i ncorporated fi l l er 



CHAPTER X I I I  

CONCLUS IONS AND RECOMMENDATIONS 

A .  CONCLUS IONS 

The i n terparti cul ate s tructure of smal l parti cl e fi l l ed 

p l asti c compounds has been i nvesti gated by vari ous methods . 

A . l .  Sedi mentati on Vol ume Experi ment 

The sedi mentati on vol ume has been measured for vari ous types 

of the fi l l ers i n  to l uene and hexane . 

1 .  The sed imentati on vol ume s i gn i fi cantly i ncreases wi th 

decreas i ng parti cl e s i ze .  Smal l parti cul ates presumably form a 

porous network s tructure . 

2 .  Steari c aci d surface treatment of cal c i um carbonates 

reduces sedimentation vol ume . Thi s i s  presumably due to the reduction 

of the el ectri c di pol es on the surface of the cal c i um carbonates . 

3 .  The fi l l ers whi ch gi ve l arge sedimentati on vol umes 

resu l t i n  l arge yi el d s tresses i n  the mel t s tate after compoundi ng .  

4 .  Fi l l ers whi ch have l arge sedimentati on vol umes tend  to 

form agglomerates i n  the compounds . 

A . 2 .  Opti cal Mi croscopy 

The seri es of compounds prepared wi th a two rol l  mi l l  and an 

i nternal  mi xer have been observed us i ng a transmi s s i on l i ght 

mi croscope . 
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1 .  Fi l l ers whi ch have ul ti mate parti cl e s i zes l es s  than 1 �m 

tend to form aggl omerates i n  the compounds . 

2 .  The number o f  aggl omerates i ncreases exponenti a l l y  wi th 

decreas i ng aggl omerate s i ze .  

3 .  The number o f  aggl omerates general l y  decreases wi th mi xi ng 

time .  

4 .  The polypropyl ene/cal ci um carbonate compounds have a 

greater number of aggl omerates than the polystyrene/cal ci um carbonate 

compounds . Thi s  seems primari ly to be due to the h i gher vi s cos i ty of 

polystyrene at the mi xi ng temperature . 

5 .  Steari c aci d s urface coated cal ci um carbonates form 

greater n umbers of aggl omerates than uncoated ones both i n  poly­

propy l ene and polys tyrene . The number of l arge aggl omerates { greater 

than 1 00 �m ) are , however , reduced by surface coati ng i n  both sys tems . 

6 .  The el ongati on at break decreases wi th i ncreasi ng total 

vol ume fracti on of l arge agg lomerates . 

A . 3 . Scanni ng E l ectron Mi croscopy 

The fracture s urface of compounds have been observed wi th 

s canni ng  el ectron mi croscopy . 

1 .  The parti cul ates come i nto contact for vol ume fractions 

from between 0 . 1 0  to 0 . 30 .  

2 .  The s teari c aci d  coated cal ci um carbonate parti cul ates 

appear more often on the fracture surface of compounds compared wi th 

the uncoated cal ci um carbonates . Debondi ng may occur at the polymer­

parti cl e i nterface i n  the case of the coated ca l ci um carbonates . 



3 .  Ani sotropi c  parti cul ates of d i s k  shape are ori ented 

para l l el to the s urfaces of the mol ds . 

A . 4 .  Sma l l Ang le  Li ght Scatteri ng 
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Thi n fi l ms of the polypropyl ene and polystyrene compounds have 

been i n vesti gated wi th the smal l angl e l i ght s catteri ng techni q ue .  

Intens i ty profi l es have been obtai ned at el evated temperature i n  the · 

case of polypropy l ene compounds to el i mi nate s catteri ng from 

crys ta l l i ne phases . An apparatus was des i gned and bui l t  i n  our 

l aboratory at the Uni vers i ty of Akron . 

1 .  Polypropyl ene/cal ci um carbonate compounds reduce the 

i ntens i ty of the scattered l i ght drasti cal l y  at el evated temperatures . 

The reducti on i s  greater at the l ower vol ume fracti on . Thi s  i s  due 

to the di sappearance of the crys � l l i ne phase i n  the matri x phase .  

2 .  Debye-Bueche and Gui n i er correl ati on di s tances have been 

determined for a wi de range of cal ci um carbonate compounds . 

3 .  Both Debye-Bueche and Gui n i er correl ati on di s tances � i n  

general , decrease as mi xi ng progresses . Thi s  i ndi cates that the 

fracti on of l arge aggl omerates decreases wi th i ncreasi ng mi xi ng  ti me .  

4 .  Debye-Bueche correl ati on di s tances for the pol ypropyl ene/ 

cal c i um carbonate compounds are greater than those for the polystyrene/ 

cal ci um carbonate compounds . Thi s i ndi cates that the aggl omerate 

s i ze di stri buti ons are broader i n  the polypropy lene compounds . Thi s 

s eems pri mari ly  due to the l ower vi s cos i ty of polypropy l ene duri ng 

mi xi ng . 
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A . S .  El ectri cal Conducti vi ty Measurements 

The el ectri cal conducti vi ti es for typi cal carbon bl ack 

compounds have been measured . The compounds were prepared both on a 

two rol l mi l l  and i n  an i nternal mi xer.  An apparatus has been 

devel oped i n  our l aboratory .  

1 .  The e l ectri cal conducti vi ty i ncreases wi th i ncreasi ng 

vol ume fracti on of carbon bl ack and wi th decreas i ng parti cl e s i ze of 

carbon bl ack . 

2 .  The el ectri ca l conducti vi ty ,  i n  general , decreases as 

mi xing p rogres ses . A s i gni fi cant decrease of the e l ectri cal con­

ducti vi ty wi th mi xi ng ti me has been observed i n  a l i mi ted range of 

vol ume fracti ons of carbon bl ack . 

3 .  The polypropy l ene/carbon bl ack compounds possess much 

greater el ectri cal  conducti v i ty than the polystyrene/carbon bl ack 

compounds . Thi s  i s  mai nly due to the l ow vi scos i ty of the poly­

propy l ene duri ng mi xi ng .  

4 .  The heat treatment of the polypropy l ene/carbon bl ack 

compounds i ncreases the e l ectri cal conducti vi ty drasti cal l y .  Carbon 

bl ack aggregates are presumably squeezed out from the crys ta l l i ne 

phase and the l ocal vo l ume fracti on of the carbon bl ack i ncreases 

i n  the amorphous phase .  

5 .  The behavi or of  the e l ectri cal conducti vi ty has been 

i nterpreted us i ng perco l ati on theory .  A three-d imens i onal network 

structure of carbon bl ack parti cul ates was ass umed . 



6 .  A di spers i on i ndex and a n  average network di s tance have 

been proposed . These are based on the fracti on of the carbon bl ack 

whi ch i s  a part of the three-di mens i onal network structure . H i gh 

conducti vi ty denotes a l arge fracti on of carbon bl ack parti cul ates 

associ ated wi th the network s tructure . 

7 .  A di spers i on i ndex and average network di s tances were 

defi ned and determi ned for the vari ous carbon bl ack compounds . 

8 .  The d i spers i on i ndi ces and the average network di s tances 
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of the polypropy l ene/carbon bl ack compounds have been rel ated to the 

el ongati on to break .  The el ongation to break i ncreases as the average 

network di s tance i ncreases . 

A . 6 .  Mi xi ng Mechani sm 

The mechan i sm of mi xi ng has been s tudi ed both experi mental ly  

and theoreti cal l y  for an  i nternal mi xer .  

1 .  Two types of  the i ncorporati on processes have been 

proposed . These are s i mu l taneous i ncorporati on and thi n  l ayer 

i ncorporati on .  A thi n l ayer of uni ncorporated fi l l er on the mi x ing  

chamber was often observed wi th the po lys tyrene compounds . Thi s  

appears to be gradua l l y  i ncorporated . 

2 .  The fracti on of uni ncorporated fi l l er appears to decrease 

roughly exponenti al ly  wi th mi xi ng time .  

3 .  Vari ous theori es of di s pers i on ,  i . e . , rupture and onion 

theori es , have been redeveloped wi th an i ncorporati on rate functi on 

of the exponenti a l  form . 
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4 .  The theoreti cal predi cti ons were compared wi th the vol ume 

fracti on of agg l omerates obtai ned by opti ca l mi croscopy . The rupture 

and oni on theori es wi th and wi thout the i ncorporati on rate functi on 

have been used for the computati ons . Good agreement between the 

experi men ta l  data and the predi cti ons has been obtai ned wi th the 

rupture theory wi th the i ncorporati on rate functi on . 

5 .  The process of i ncorporati on of fi l l er i nto the matri x 

phase seems to p l ay an important rol e  i n  the l evel of di spers i on .  

B .  RECOMMENDATIONS 

The fo l l owi ng studi es of the determi nat ion of the di spers i on 

and mi xi ng mechani sms are recommended for future i nvest i gators . 

1 .  The l evel s of di spersi on ought to be determi ned for a wi de 

range of compounds prepared by vari ous mi x i ng methods and condi ti ons . 

These i ncl ude vari ous types of mi xers ( s i ng l e  and twi n  screw 

extruders , etc . ) , methods of fi l l er feedi ng , proces s i ng cond i ti ons 

( temperature , flow rate , etc . ) . 

2 .  A cons i s tent and un i form i n terpretati on o f  di spers i on 

ought to be devel oped based on al l i ns truments . Thi s  must  report 

determi n i ng the di stri bution functi on of the aggl omerates through the 

s i ze range and most speci fi ca l ly  from the l i ght  s catteri ng experi ments . 

3 .  A better theory of mi xi ng needs to be devel oped . The 

devel opments requi red i nc l ude the consi deration of the di s tri buti on 

of the i n i ti a l  agg l omerate s i ze ,  modi fi cati ons of the theory for the 

mi xi ng p rocess i n  extruders , proper ana lys i s  of fl ow patterns i n  

mi xers i nc l udi ng free boundary effects . 
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APPENDI X A 

THE VOLUME FRACTION OF AGGLOMERATES OF S I ZE dj I N  THE 

FLUI D  ELEMENT WHICH HAS PASSED k T IMES THROUGH 

THE H IGH SHEAR ZONE FOR THE ONION MODEL 



One of the characteri s ti cs of on i on mechani sm of di s pers i on 

i s  that the number of aggl omerates N mai nta i n  cons tant duri ng  the 

mi x ing  process .  We ass ume that al l aggl omerates whi ch pas sed h igh  

s hear zone are peel ed-off. 

The vol ume fracti on of aggl omerates of s i ze j i s  gi ven by 

(A- 1 ) 

where d0 i s  the di ameter of i n i ti al aggl omerates . 

The vol ume fracti on of  aggl omerates of s i ze dj i n  the fl ui d 

el ement whi ch has pass ed k ti mes through the hi gh shear zone uk { dj ) 

may be deri ved as fol l ows . *uk ( dj ) fo r the fl ui d e l ement whi ch has 

passed 0 ti me through the h igh  s hear zone i s  

for j = 0 

= 0 for j 1 0 

*uk ( dj ) for the fl ui d el ement whi ch has passed 1 t ime through the 

hi gh s hear zone i s  

ul ( dj ) = {�) 3 fo r j = l do 

= 0 for j 1 1 ,  m 
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(A-2 }  
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(A-3 ) 

*uk ( dj ) for the fl ui d el ement whi ch has passed 2 times through the 

h i gh s hear zone i s  

for j = 2 (A-4)  

= 0 for j 'f 1 , m 

(A- 5 ) 

*uk ( dj ) for the fl ui d el ement wh i ch has passed k ti mes through the 

hi gh s hear zone i s  

= 0 

d 
u ( d  ) = 1 - (-.!) 3 
k m d0 

= 1 

for k = j < m (A-6 )  

for k 'f j ,  m 

for k < m (A-7 )  

for k � m 



APPENDI X  B 

THE VOLUME FRACTION OF AGGLOMERATES OF S I ZE dj I N  THE 

MI XER AFTER THE TOTAL MI XING P ER IOD OF t 

FOR THE ONION MODEL 



Suppose that the number of revol uti on s  of the rotor i s  n i n  

the total mi xi ng t ime of t .  The fl ui d i n  the mi xer may experi ence 

0 to n ti mes of h i gh shear zone . P ( n , k ) i s  the probabi l i ty that the 

fl ui d e l ement passes k times through the hi gh s hear zone after n 

revol uti ons . Uk ( dj ) i s  the vol ume fraction of aggl omerates of s i ze 

dj i n  the fl ui d el ement whi ch passed k ti mes through the h i gh s hear 

zone . 

The vol ume fracti on of aggl omerates of s i ze dj i n  the mi xer 

Y (dj ) after n revol uti ons of the rotor i s ,  i n  genera l , g i ven by 

s 
= L . P { n , k )  • uk ( dJ. )  

k=J 

s = n for n < m 

s = m- 1 for n � m 

j = 0 ' 1 ,2 ' . . . ' s 

I n  the on i on model , however , uk ( dj ) i s  zero for k 1 j as s hown i n  

Appendi x A .  Equati on ( B- 1 ) then reduces to 

Y ( dJ. )  = P ( n ,j ) • u . ( d . )  J J 

j = 0 ' 1 ,2 ' 

j = 0 , 1 , 2 ,  

n n for n < m 

. . . ' m- 1 for n � m 

( B- 1 } 

{3- 2 )  

Aggl omerates of s i ze dj i s  contai ned on ly i n  the fl ui d e l ement whi ch 

has experi enced j ti mes of the h i gh s hear zone . Fracti on of u l timate 

parti c l es i s  gi ven by 
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m- 1 
Y ( d  ) = 1 - 2 Y ( dJ

. )  m j=O 
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APPENDIX C 

COMPUTER PROGRAM FOR RUPTURE MODEL WITH 

INCORPORATION RATE FUNCTION 
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T r ,,, •:1(:0.0 .... ':1'-'• ·>� N N  TF' == 1" t:J() : ·--:�(� : 1�i\J N 
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I F  < D < L )  .. G E . T I ) G D TO ·i 2 0 0  
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APPENDI X F 

COMPUTER PROGRAM FOR ONION MODEL WITH 

I NCORPORATION RATE FUNCTION 

( COMPUTER GRAPHICS )  



0 0 0 1 0 c ')l � . . t·! t .  '"�r) " ... 
'\) I; . :30 .. 
0 0 0 4 0 

(1 0 05" (:) 
C• 0 0 6 0  C 
0 0 0 7 0  c 
O �) () [l G  C 
0 0 0 9 0  c 
() €• 1 0 () (: 
(�· (-) ·I I <) 
00 1 2 t) c 
(-) ()  1 �5 0 
0 0 ·1 4 0  c 
0 0 1 50 
<-> <·> ·i l> <·) c� 
0 0 i 7 0  () () ·i �] () r; 
() .:') ·i (;; -::> 
0 0 2 0 0  c 
O O ? i O 

<.n () () ;2 :! (·) 1.:; � 1.0 0 (� 2 :-3 0 
�) (·) 2 4 0  c 
() 0 2 5 1:) 
() 0 :� f.i €• {: 
0 0 2 7 0  
0<1::� 8 (1 c 
(·) (:) 2 9 0  c 8 " '''?0 8� . �} 
0 0 3 2 0 
�\Q ·- :·rf, ( ).h ( tJ (;) •. • (;.l 
0 () ::� �:> 0 
0 () 3 /.; 0  4 ·1 
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A C C I  Ot··lF F� � T F �� J 7 F f J ':'TP I Dl J T T O tJ ·  ··· c ''iP I JTF(:;! r p � PH J c �·· 
I • ·� ·:· "; i p ... ... '" . ' .. , ... ·� , . •:l .. � ·.. • f.: . .  b. f.�' . �� �.J !  ... 1'' . . . . ,. j .:r ' f l  . .. •·> JN ., � ,J I::. l- \ ' t� . . � 1;·1 1 �llJ (,� I; '  r,\IH I " W�t .[ -� 1' , . ,• , . .... I. , , r '\'" , . ... (.'• " . H ,1, A���� �: 8N X .� J t.:. ,• I \, .• I �h)8 ) � . .. t . h ( 1 •J l:j t:J ,. ). t ) I... ,\ .l �h·) �) l J.. � ( ,1, (- H) (-) ? '·. ) [ , .. .. j �·} �) l;} ,! 
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D I ME N S I O N  E E ( 1 00 0 ) , DE < 20 0 > , YD E < 2 0 0 ) 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
S E T  T H E  P A R A M E T E R S  

E N T E R  V O L U M E  F R A C T I ON O F  F I L L E R  < - >  
P I- II ::: 0 A 05 
ENTER D I AM E T E R  O F  I N I T I AL A G GL O M E R A T E S  < M I C R ON > 
D O � i . 0 0 
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E N T E R  D I AM E T E R  O F  U L T I M A T E  P AR T I C L E  < M I C R O N ) 
D P ==== O . 0 1  
E t! T E R  M f� S S l:;: i:-. T I CI FOF: CI N I CIN D I'� E tl i< DCJ t<JN ( 0 T O  1 ) r� ; === O . 1 o o  
E N T E R  F I L L I NG F A C T O R  O F  A G G L O M E R A T E  S T R U C TURE ( 0  l� 1 ) F ::::() . �5 
E N T E R  R O T A T I O N A L  S P E E D  O F  T H E  R O T O R  < R P M > 
R P Jvl :::: �} i) . 0 
E NT E R  T I M E C O N S T A N T  F O R  I NC O R P O R AT I ON 
T I N C :::: i I) .  (1 
E N T E R  M E A N  R E S I DE N C E  T I M E  I N  T H E  WELL M I X E D  R E G I O N  O F  T H E  M I X E R  
TMEAN = 0 . 0 4 

. 

E N T E H  T H E  F I H S l  li i > <I N G  T I M E 
T ii i X === 1 . 00 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * � * * * * * * * * * * * * * * * �* * * * * * *  BD =:� I)UJ� ( ·1 !-' . i' 
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0 ..... 00v IU< ::: , .c� 
I F  < K I< . E fi .  i )  �. r.: ( '( '{ 1::-r:\ •) . 

I •• l I .. ... .. , "" .... <:· \ ; �  · ��; t?, · J �  11 \ I , I\ ,. I... (,_ • L 
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G Ci T Ci 4 4  



r.! 1::· ,.s· :::� (·) 
G O T CI �:> o 

0 0 4 0 0  
00 4 1 0 
0 0 4 2 0  
0 0 4 3 0  
0 0 4 4 0  
0 0 4 5 0  
0 0 4 60 
00470 
0 0 4 8 0  
0 0 4 9 0  

4 3 T I· I I X :::: T i•l I X +  2 
NPS==3 G CJT IJ �>O 

4 4  T M I X == l"M I X +=; 
N P S === 4 

" 't� n n  � � � � w  
0( 5 1 0 

!5 0 IH == i  / R P I·I 
RN=Tii I X 1<· r?Prl 
1-.! •= I NT < 1:� N ) 
N I J ::::tH i  
Y I>S I M ====O 

()0 5 2 (:) c 
(' o•53t:) 
(� (·) !5 4 �) 
0 (:) !5!:}(:) 
() 0�5.!; 0  
(1 0�5 7 0  
() () :�· �:J (:� 
(·�· ·�·:• �:�: (.�) i:J 
(·) (·) ,!) G• (·) 
()()b i 0 ·1 0 �) 
0 0 6 2 0  i 2 0 
o <:.b:3o 
0 0 /.; 4 0  
006�:><-> 
(·) ()/.; ,-s 0 
0 (:) C) .. l (-J  
0 \:M B O  
(·) (:) f.l 9 �) 
0 0 7 0 (:) 
0 (·) 7 1 0 5 EI O  
0 0 7 2 0  
0 0 7 3 0  
0 0 7 4 0  
0 0 7 50 
0 0 7 6 0  
() A��A o��6M 
0 0 7 9 0  

c 5 9 0  
5 9 0  

c 5 9 0  
6 0 0  

"l �:�� (·) 

* * * * *  A G G L O M ER AT E  S I Z E D I STR I BU T I O N  * * * * *  
D O  8 0 (1  1 ... :::: i , NU 

J ::::J ·- 1 
'1·· 1::· 

... 
' I 1::· (l i ) (.. . .. 1·· ··1 1 (� {: , � ... . ... !; A  .Y t.J l. 1 ,) 

EE C L > � R i * D O / D ( L - 1  > 
I F  < EE < L >  . G E ., i J )  ) G CJ T O  8 5 0  
D ( L. ) :::: ( ( i ·-E E ( L ) ) ·>Hd i .. I 3 • ) Ht D ( l.. .... 1 ) 
I F  ( D ( 1... ) , 1... T .  I>P ) G O l D  8 5 () 
G O T D  1 2 () 
D C L > == D <->  
DOD ( 1... ) === D ( L )  / D O  
D J L. < L > � ALOG C D C L ) ) / D D  
.S' I.I I1 ==== () 
I> D /.; (-) (-) J>== 1 , N 
T <  I > == I ii· D T  
C C = I * D T / T I N C + ( N+ 1 - I > •D T / T M E A N  
I F C C C . G T .  1 50 > G O T O  5 8 0  
f.� A ==== E X P  ( .... c; c ) 
G O l D  5 9 0  
AA===O . 0 
F Y 1 = A A * C C N + 1 - I > * D T / TM E A N > * * J  
F Y 1 � A A * ( ( C N + 1 - I > * D T ) M M J ) / ( T M E A N * * J ) 
F Y 1 = A A* C < C N + 1 - l ) / T M E AN ) M * J ) * ( DT * * J > 
S I.II·I ==== S U �i + F Y  1 ]. , ... ( I 1"' ("1 ') ("' t"• I ,- ":1 i ) -· (11'(") -. .. 7 "  •• � 00 -. -...1 A �:. � A  \" l, J ,.'\. 1- •· A :.:.b� '- t-. ,, o { I t.l 
FAL�:= i D ... , ,... ·-· '") ... 9 ., I .;;: 0 ., �� "'; .-: .. ! j 
J .. f-l L '"' J .. (1 L ·Jl· h. 

<.n 
<.n 
0 



0 0 8 0 0  OQ8j 9 119 
0 � 8 20 7 8 0  
0 0 8 3 0  
0 0 8 4 0  
0 0 8 5 0  
0 0 8 6 0  
0 0 8 7 0  
0 0 8 8 0  1 0 1 
0 0 8 9 0  1 0 2 
00900 
009 1 0 1 1 2  
0 0 9 � 0  669�6 
0 0 9 4 0  1 0 3 
00950 1 0 4 
00960 
00970 
0 0 9 8 0  
0 0 9 9 0  1 0 5 
0 1 0 0 0  Soo  
0 1 0 \ 0 
0 i 0 2 0  8 5 0  
0 1 0 3 0  0 1 A48 8 7 0  
0 1 0 � ·  
y 1 � o ·  n • � · g 
0 1 6 7 ·  
0 1 0 8 0  1 0 7 
0 1 0 9 0  1 0 8 
0 1 1 0 0 
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