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ABSTRACT

ypothesis: Today, due to the widespread use of coarse particle suspensions

in chemical industry, the tendency to study the rheological behaviour of

suspensions has increased significantly. One of the most important research
fields is the study on friction of particles between them and the shear thickening
behavior of their suspensions. In high-filled suspensions, the viscosity and the
thickness of shear are proportional to the thickness of the suspended particles.
Methods: This research is based on the syntheses of smooth particles (styrene/acrylic
acid copolymers) and rough particles (silica-coated styrene/acrylic acid copolymers),
with a volume proportion of 20%, 34% and 49% in the ethanol/water solution. The
initial critical shear rate of suspension thickening regions was obtained in different
ratios of rough and smooth particles. In addition, experimental and semi-empiric
models such as Herschel Barclay and Gopalakrishnan have been used to describe the
Keywords: relationship between suspension rheology and microstructure.
Findings: It was observed that with the increase in roughness of the composition
of the same percentage of particles, a more severe shear thickening behavior occurs
in smaller amounts of rough particles. It was also observed that hydro-clusters were
formed in samples that contain the highest proportion of suspension composition and
consist of 100% coarse particles with the lowest amount of Peclet. An increase in the
amount of rough particles leads the system to an increase in viscosity at lower shear
rates. Furthermore, the adaptation of the Gopalakrishnan model to experimental data
clearly shows that an increase in roughness leads to a reduction in the critical value
of Pe at the beginning of the shear thickening zone and a stronger shear thickness
behavior in the system.
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Fig. 1. Schematic of the formation process of raspberry-shaped silica nanoparticles.

C-H aiS alsy) a P em! 5 V00 s S s ol o
Opomed e g o Ol bl Sl b adle 4 iy
s S 05,8 4 WYS et s b bl S b aasiie Sy
b Ol by s o 0L 5 ool by e el SO ST Sl
dol L STl b i S 5 0t Sl ele el S ST
sl o] e
Sle S o Wk (5l 5 I Jor aulp b ke
LE ey FTIR 035031 U 55 PS/PAA/SIO, ol 33 o el
C-H i8S 3l & b e ol saiy oo () Y JS2)
AYOY AFAA 50T YY) s adls Sles,l 5 SOl
w by e Sy s sgb (rames . uS all (PA0 cm! 5 VOY
Sl by e S 5 VY em? 3 C=0 K sla il )|
Lol LS 55 s aul PPN em! s el O-H Wyn 23S
B oml 5 VAV s sh b s b e Ky sseb b
SVAY 3 ol Ko s 5 SiFO-ST iiS sla i) 4 by e
53 K 525 SIFOH 225 gla 3l 4 by e 40Y cm!

80
70 4 !
60 - N ’,\{‘ ',r —————— ~v \l _‘.,w*l\ ‘\ P\J
50 4 1 \ NI

\
40 A1 |
30 4 N
20 1
10 1

— — = PS/PAA/SIO, —— PS/PAA

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm!)
(b) 5 doesl S ST-0 il L e S (a) FTIR ol -Y S
PS/PAA/SIO, « 4o
Fig. 2. FTIR spectrum of (a) polystyrene-acrylic acid copolymer
and (b) PS/PAA/SIO, sample.
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Table 1. Composition of the studied samples*.

Sample percentage of particles (%)
code Smooth Raspberry-shaped
0/100 100 0
20/80 80 20
50/50 50 50
80/20 20 80
100/0 0 100

* The suspensions were prepared about 20%, 34% and 49% in ethanol/
water solution, for all samples.
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Fig. 3. SEM images: (a) spheres with rough silica coating and (b) smooth spheres.
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VEY 590 =313 30 oY © Lol asbiabig s Juw panly (63919585 9 pole « sale alxo Y-



Wakas Ly A8l phaadigs Sannl Sk 55 T- sl poalsgS i) 3 slvadiakas s 39)95) 2 gehaws 5 205 il

05 S 038 35 abrals 5 O  Giso
i SHROS S, 4 SO as e Sl e | O
0 /0% & yas diile (Bl 3 iy Aoy Jold sladpes o
SLas s 25 a4 i Ol e 1) D) ol bl gl e odos 3
sladadas ol IS Bl ool s bl o Sl gyea
Ol eslaad g des D soa 4l pl s S glas S
«Sealosgydon HLid Ll L @b 5 e b S S50
Ly slde o mies iSOl slay i (Il ol sl sddion 08
s ol tlos [ Kus w0 o3 0aKsp Eely 5 Ll
5pb e UK 0BT 4 Sl S gls e
ol sl D3 JEa 3 LIS 5l 6 uSs CS 5 e
O o g Laad gm0 350 o0 sl a2 g g 0 Olos oS
Cobea Lpd e sble 3 65,05 SRl sles b5 5
Sl oo o (slae S Sl e ST (glaa o5 s s
OLLs (hysteresis) Llows 5 ($3,5005, O3k o SL 5500 S
oA s e edalin GSl- fagh 02 [Te]asd 0 5
S80S Sy (3 5l OllSS Ao S 5 53§05 ko
Olg oo ol ol Bl o GLEIPe 31 (g S olis )5 SHus 4
S kiSOl Soalusgoden sl s 3 0558l (2 8 s
INV] ol s g 50 Sl pl LAlS s 50 Cb“
&l Herschel Barclay Jue 51 (V) aslee e O S5 s
GTIP 02 sh SIS 55 SLsa00 S, e
(5 38 o o (P RS e 5 Peclet Sl il

1000

50/50-49%
80/20-49%
100/0-49%

100

obno

10

0.001 0.01 0.1 1 10 100
P

Peclet sde 51 b Olgeas das o 5 A5 Llsed -0 IS

RERVENYA STV VARELVA S WALVIALELVA £ ST VNIP g g
Fig. 5. Dimensionless shear stress diagram as a function of
Peclet number for three samples 50/50-0.49, 80/20-0.49 and
100/0-0.49.

Y‘" NEY )92 3408= 313 0 (¥ 0 )lauds cpulibig s Jw posls ($I9J9IS5 9 pole «sole dlxo

OLES (Yoe/n gAYy 500/00 Yo/Ar /Yo v ) badidss elad sl
Ju.ﬁ)Jg.,\:SJ.o DL u‘U)AJ 6[.4).' DL C)L’JLE.A JALW‘ B RGIUON IS WP B
S Sose 2 WS s opd e ek (Ssdad s, L& Y
63 9d>e 42 (J}‘JJ J_}.L' “ Lf:df QL“:J;- )\JJ.A M)Peclet She
k_-ﬂ..;&@ Lsu)L:"L"“’ fj” =) J,;JQ‘U ‘bjig‘)‘):é \~'V>Pe> e
Sl L;:Jf Sy omodos lalssad js s sl (g lde caleli s
o e s edd iy 55 Ml Aged et sl e
L oWl pl s e 0L c]a..,a 58,5 Peclet sae 5 0L >
é&k&\éhwmoia\q%ﬁ):)ch‘);dﬁj;jg-)«fdlf"da
SRR YV U PTG W LR FIFCH P S-SR P GNP R
ol 53 L o 00838, b sad plas 3 V¥ Ao 3 S 5
Aoys Sl 3l (oS Ol o bl 55 0355 e odss Peclet sue 630
53 el enls ill 1y dble 55,01 8 (sosd= U 5 lyd
clele BLIS'S) C)b) Aoy J:“.’.‘J'Ql lJ Loy g.,\.;SJ:o gﬂ.‘ BL ‘c;b
s e e 5 oS S 5 i eI ST sl bl
e s dble s asiis S (thinning) S 50ls, 5 e
2 Serluzgodes by oS Ol e S nl s Solew
U‘:"ibT a9 ebjs A.J& 395 9 6LA)L?>L.~: J?’ 9 qu\f 6\.&)):)
Sy ol DAT Gl sl 2eie (55,501 S ialS ames 55 5 lyd
elS 45 pm 53 Ll 0355 o ocy> Chlizes (Saold | L ya5 ol
gl oo 0dsd Sl sad s clamo a=L ‘:Liji:.ije olie 5y Gl
L oogd o adus et gas ple o CEMA NS TN S e
o Sl o5 (SA 52008 5, (b el S5 Sl
Olg oo dsd g0 ois 3 Iy iy olae (glhls gladigal o
Sla wles ol 8l o g cslola 53 5L (6 05 Ao s 255 LY
J:LJ“\J'_‘.)‘QTL;;)J}éuujbéj;\dw‘dii\jj‘%zjbjé&u‘
Mol & g5 sl sdaline L3 a8 sbOlea [V4] 555 0 (55,01,8
6})O‘J§ﬂljﬁ‘}°bfj:":'?’(_;‘:'f ;xﬁd‘; SR W 6‘)‘5;’)
ML C)/\~/\‘~ @ sal 4 Cons Pe 5l (6 S islis s ol
cvs L;':'J" LSLAJJ.O DL ctA‘U}w rL«: DL \c‘\/ M)J&TA.:SJ: DL
Sy (oS p glodd s b (65,018 sdalie 05k
o o SW5E0LS S, (00/00) del= FAL 51 i lls
8‘})) >-5*:’L5° _L:.L.:..T tj.v) Q\)J M)J &‘f‘b)t‘ﬁ) w‘jc.l...::
3 Sl el s sa slaad s odes (S5 dess SRl L
DA5 B a3 5 LOT brdelr Sl gla ule a2 55

MLAL.AJJJAMJJ‘}ﬁfﬁ)\éﬁf)‘@g@‘jécbéf)



Wakas Uy A58l yhasbigs Sawnl Sala 55T puinnl poalagS ool sl adiakas 6 39)95) 2 o 6 25 il

Herschel Barclay Jae 550 5 51 fol= gl el ;b =Y J 50

Table 2. Parameters resulting from model fitting. Herschel-

Barclay.
H-B fitting
Sample N T K*
Y R- squared
50/50-0.49 0.5 0 2.48 0.97
80/20-0.49 0.5 0 3.19 0.98
100/0-0.49 0.5 0.17 5.45 0.99
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Table 4: Apparent viscosity at high shear, fitting parameters
from the experimental model proposed by Gopalakrishnan:

m, B, Pe,, and Pe .

HC?

Sample n, Pe m B Pe

1.2 HC

50/50-0.49 | 12.4
80/20-0.49 | 18.1
100/0-0.49 | 23.7

2.87%10% | 032 | 5.5 67
2.1*¥10% | 0.58 16 23
1.02*¥10% | 0.68 | 27.6 12
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Table 3. Critical stress and strain, shear thickening zone onset

viscosity in suspensions 50/50-0.49, 80/20-0.49 and 100/0-0.49.

Sample ye(\Ws) | T.(Pa) | Pe | T’ Mo
50/50-0.49 612 678 42 28 100
80/20-0.49 534 547 18 21 150
100/0-0.49 426 390 9 16 210
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fitting the laboratory data with Gopalakrishnan's model
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