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In this work, the effects of nanoparticle size, particle volume fraction and pH on the viscosity of silicon dioxide nanocolloidal 
dispersions are investigated. Both size and pH are found to significantly affect nanocolloid viscosity. Two models are used to 
study the effect of aggregate structure on the viscosity of the nanocolloidal dispersion. The fractal concept is introduced to de-
scribe the irregular and dynamic aggregate structure. The structure of aggregates, which is considered to play an important role in 
viscosity, is affected by both intermolecular and electrostatic forces. The particle interaction is primarily affected by particle dis-
tance and becomes stronger with decreasing particle size and increasing volume fraction. The aggregate structure is also affected 
by the pH of the solution. Studying the relationship between pH and zeta-potential shows that with the neutralization of charges 
on the particle surface and decreasing electrical repulsion force, the particle interaction becomes dominated by attractive forces 
and the aggregates form a more compact structure. 
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In recent years, nanocolloidal dispersions, which are heter-
ogeneous mixtures consisting of very small particles with 
sizes typically in the order of 1–1000 nm, have attracted 
much attention for applications related to cooling [1], 
nanolubricants [2], drug delivery and diagnosis [3]. In the 
application of nanocolloidal dispersions, the viscosity, 
which is related to the required pumping power and diffu-
sion properties, plays an important role in delivery systems. 
The rheological behavior of nanoparticle-fluid mixtures 
have been investigated experimentally [4–7]. Newtonian 
behavior has been observed for very dilute suspensions [4,7] 
and a considerable amount of effort has been devoted to 
determining the relationship between the viscosity and 
volume fraction of suspensions. Yu et al. [8] observed 
shear-thinning behavior when the volume concentration was 
higher than 0.03. An interesting phenomenon is that most of 
the viscosities are under-predicted by the traditional Ein-
stein viscosity model [9,10]. This discrepancy could be 

caused by aggregation of the nanoparticles and an underes-
timated effective volume fraction of clusters [10,11]. Ru-
bio-Hernandez et al. [6] also noted that the intrinsic viscos-
ity will be affected by the shape of aggregates, which could 
be changed by the pH and shear rate of a colloidal system. 

The formation of aggregates can greatly change the 
transfer of heat and stress in a system because of their po-
rous structure and large effective volume fraction. Particu-
larly for nanocolloidal dispersions, the distance between 
aggregates can be in the order of several nanometers. The 
aggregation of nanoparticles can simply be characterized as 
ellipsoidal with a certain effective size and axial ratio. The 
size and shape of aggregates can be determined from dy-
namic scattering light measurements and intrinsic viscosity 
data, respectively [6]. Aggregation is a dynamic process and 
the structure changes continuously because of Brownian 
motion. The dynamic structure of aggregates is too irregular 
to be easily described by traditional Euclidean geometry. In 
recent years, the fractal concept has been introduced to un-
derstand aggregation phenomena in colloids. Rooij et al. [12] 
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used the fractal model to analyze aggregation in a polymer 
dispersion and studied the shear viscosity. Prasher et al. 
[10,11] and Jiang et al. [13] studied the kinetic process of 
nanoparticle aggregation, in which fractal models were used 
to describe the structures of nanoparticle aggregates and 
were combined with the effective medium theory to predict 
their physical properties. For the kinetic model study, the 
formation process and structure of an aggregate are related 
to particle-particle interactions. Aggregates formed in the 
diffusion-limited regime, which indicates a weak repulsive 
barrier and less compact aggregate structure, are considered 
to have a fractal dimension of about 1.8 [11]. 

From the experimental work reviewed above, aggrega-
tion plays an important role in determining the physical 
properties of nanocolloidal dispersions, and the combination 
of fractal and effective medium theories can be used to pre-
dict the effects of aggregation. However, a common prob-
lem in the above studies is that the fractal dimension, which 
is one of the basic parameters used to describe fractals, was 
set as a fixed value for all conditions. In reality, the struc-
ture of aggregates can change with particle size, concentra-
tion or pH because of changed particle interactions. Deter-
mination of aggregate structure can not only reveal the in-
teractions between nanoparticles but also help to compre-
hend the anomalous physical properties of nanocolloidal 
dispersions. The structure of nanoparticle aggregates can be 
characterized directly by experimental methods. Wang et al. 
[14] measured the fractal dimension of aggregates by direct 
topological analysis following rapid freezing in liquid he-
lium. However, thousands of samples have to be analyzed 
to achieve statistical significance. Moreover, it is difficult to 
describe an aggregate structure in three dimensions by top-
ological analysis. Waite et al. [15] used the static light scat-
tering technique to determine the fractal structure of an 
alumina nanoparticle solution. Their experimental results fit 
the theoretical model well. However, this optical technique 
requires a very dilute sample, with a volume fraction of less 
than 0.5% [15]. 

In this paper, the viscosities of SiO2 nanoparticle disper-
sions containing different particle sizes and volume concen-
trations were measured. The prolate ellipsoid and fractal 
model were used to study the effects of aggregation on vis-
cosity. The structure of the aggregates was investigated to 
reveal the physics behind the size and concentration effects 
of nanocolloidal dispersions. The relationship between pH, 
zeta (ζ) potential and viscosity were also measured to study 
the effect of electrostatic interactions on aggregate structure 
and viscosity. 

1  Experimental methods and viscosity model 

1.1  Material preparation 

A microfluidic high shear dispersion method was used to 
prepare the SiO2 dispersions. Spherical SiO2 nanoparticles 

(white powder) with diameters of 7, 12, 16, 20 and 40 nm 
were supplied by Degussa (Evonik, Germany). The powders 
were dispersed in deionized (DI) water and deagglomerated 
with a microfluidic high shear fluid processor (Microfluid-
izer M-110S, Microfluidics Corporation, USA). The pro-
cessor contained an air-powered intensifier pump designed 
to supply the desired pressure at a constant rate to the dis-
persion stream. As the pump travels through its pressure 
stroke, it drives the dispersion at constant pressure (in the 
range of 200 to 1600 atm) through microchannels with fixed 
geometry within the interaction chamber. As a result, the 
dispersion stream accelerates to high velocity, creating a 
shear rate within the stream that is in the order of 107 s1. 
SEM (JEM 200CX) images of the dispersed nanoparticles 
are shown in Figure 1. The particles were spherical and 
uniform after deagglomeration at high shear rate. 

1.2  Property characterization  

The size of the aggregates and ζ-potentials of the disper-
sions were determined by dynamic light scattering using a 
Malvern Zetasizer Nano S90. The rheological properties of 
the nanocolloidal dispersions were measured by a rheometer 
(Haake Instrument). The viscosities of the suspensions were 
determined by Ubbelohde-type capillary viscometers. The  

 

 

Figure 1  SEM images of dispersed SiO2 nanoparticles with a diameter of 
(a) 7 nm, and (b) 40 nm. 



3646 Wang T, et al.   Chin Sci Bull   September (2012) Vol.57 No.27 

capillary viscometers were calibrated using DI water. Ob- 
servation experiments showed that no sedimentation oc-
curred in the first three months following colloid prepara-
tion. Even so, all samples were prepared and tested within 
48 h at 25°C. Repeat experiments showed that the capillary 
viscometer had an experimental error of about 3%. 

1.3  Viscosity model 

(i) Prolate ellipsoid model. For a nanocolloidal dispersion, a 
power series of volume fraction, which takes into account 
particle-particle interactions for several orders, was used to 
predict the viscosity [6]: 

 2 2 3
0 (1 [ ] [ ] ( ) ),η η η K η O        (1) 

where η0, [η], K and  are the viscosity of the base fluid, 
intrinsic viscosity, Huggins coefficient and the particle 
volume fraction, respectively. [η] reflects the capability of 
particles/aggregates to increase the viscosity of a colloid, 
and is strongly related to the shape of aggregates though the 
Simha expression [16]. Sun et al. [17] obtained a simple 
equation relating [η] to the axial ratio of a prolate ellipsoid 
in the range of 1<a/b<100 by a Newtonian approximation to 
the results of Simha: 

 2[ ] 0.057( / ) 0.61 / 1.83,η a b a b    (2) 

where a and b are the longer and shorter semidiameters of 
an ellipsoid, respectively. The effect of aggregate shape on 
viscosity is obvious, and the intrinsic viscosity determined 
using eq.(2) are plotted in Figure 2. [η] increases quickly 
from 2.5 to 630 as the aggregate turns from a sphere to an 
ellipsoid with an axial ratio of 100. Carbon nanotubes 
(CNTs), for example, are considered to have great potential 
for enhancing thermal conductivity because of their large 
axial ratio and phonon mean free path [18]. Assuming 
CNTs with an axial ratio of 100 are well dispersed in solu-
tion, the increase in viscosity would be six times higher than 
that of the base fluid at a volume fraction of 1%. This very 
large increase in viscosity may weaken the improvement of  

 

 

Figure 2  The effect of particle/cluster shape on intrinsic viscosity. 

heat transfer in the nanocolloidal dispersion during applica-
tion. 

(ii) Fractal model. The Fractal model uses the concept of 
self-similarity to describe aggregate structure. The parame-
ter of fractal dimension is a statistical quantity and used to 
indicate how completely a fractal appears to fill space as the 
scale decreases. The number of particles contained inside a 
sphere of radius λ inside an aggregate (the origin λ=0 is 
supposed to be in the center of gyration of the aggregate) is 
given by [12] 

 ( / ) ,fd
N r  (3) 

where r is the particle radius and df is the fractal dimension. 
Then, the particle volume fraction in an aggregate of gyra-
tion radius Rg can be easily calculated as 

 3( / ) .fd

pa gR r   (4) 

According to Krieger’s formula, the viscosity of an aggre-
gated colloid is given as [19] 

 2.5
0 (1 / ) .m

a mη η      (5) 

where, m is the volume fraction of densely packed spheri-
cal particles, and is chosen to be 0.63, which is the value for 
random close packing [12]. a is the volume fraction of ag-
gregates and is equal to /pa. The Krieger model considers 
the effect of aggregation and can be applied to colloidal 
dispersions with a high volume fraction. The aggregate in 
this formula is assumed to be spherical. For dilute and well 
dispersed colloids, the formula can be reduced to the Ein-
stein equation [20], in which [η] is 2.5. Combining eqs. (4) 
and (5), one can obtain the fractal dimension of an aggre-
gate as 

 df=3A(Blog), (6) 

where, the coefficients A and B are 1/log(Rg/r) and 
1/(2.5 )log[ (1 )],m

m rel
   respectively. ηrel is the relative vis-

cosity which is equal to η/η0. B can be obtained directly 
from the measured increase in viscosity. The gyration radius 
can be simply estimated by an empirical relationship of 
Rg=Rh/0.8 [12,21], where Rh is the hydrodynamic radius of 
an aggregate and can be measured by dynamic light scatter-
ing. 

2  Results and discussion 

The rheological properties of SiO2 nanocolloidal dispersions 
containing particles with a diameter of 7 nm were studied, 
and are shown in Figure 3. The shear stress is plotted 
against the shear rate for volume fractions of 1%, 2% and 
4%. The shear stress depends linearly on the shear rate and 
the viscosity is constant, indicating the nanocolloidal dis-
persions exhibit Newtonian behavior under the conditions  
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Figure 3  Rheological behavior of nanocolloidal dispersions of SiO2 
nanoparticles with a diameter of 7 nm. 

used in this study. Newtonian behavior of nanocolloidal 
dispersions with low volume fraction is consistent with pre-
vious research [4,7,8]. 

2.1  Intrinsic viscosity and size effect 

The viscosity of nanocolloidal dispersions with different 
sizes and volume fractions were measured. According to 
eq.(1), [η] can be determined from the intercept of the 
straight line of (η/η01)/ as a function of . The term 
(η/η01)/ is known as the reduced viscosity. Figure 4 
shows the reduced viscosities for nanocolloidal dispersions 
containing different particle sizes. Viscosity increases with 
decreasing particle size for the same volume fraction. This 
size effect could be caused by the stronger interaction be-
tween smaller particles compared with that between larger 
ones. For a dilute dispersion without interparticle forces, the 
viscosity will be governed by classic Einstein behavior and 
no size effect is expected. In this study, the slope of the re-
duced viscosity curve, or the Huggins coefficient K in eq.(1), 
increases with decreasing particle size. This indicates that 
even for dilute nanocolloidal dispersions, the effect of parti-
cle interaction on viscosity should be considered, especially 
for smaller particles. The nanoparticles in dispersions can 
easily interact with each other because of the relatively 
short distance between them. As calculated by Keblinski et 
al. [22], the average surface-to-surface distance between 10 
nm particles is only 5 nm if the volume fraction is 5%. 
Moreover, the strong Brownian motion of small particles 
can enhance their particle-particle interactions. 

[η] determined for the dispersions varies from 20 to 60 
with decreasing particle size. It is known that, without con-
sidering the aggregation of particles, [η] of dilute suspen-
sions of spherical particles is 2.5 [20]. The SiO2 particles in 
this experiment are spherical, but the aggregate structure 
also has to be considered. There are two forces that domi-
nate the interaction between particles: the intermolecular 
force (also known as the van der Waals force), and the elec-
trostatic force that is caused by the electrical double layer 
on the surface of the particle. The electrostatic force is re-
pulsive because of the charges on the surface of the same 
particles are same. The role of these two forces will vary 
with different particle size and volume fraction, affecting 
the degree and structure of the aggregate. For example, 
when the electrostatic force is larger than the intermolecular 
force, the aggregates will tend to form a chain because of 
the repulsive interaction between particles. A large repul-
sive force can even cause the particles to deagglomerate, 
which is the mechanism of some nanoparticle dispersants. 
According to the prolate ellipsoid model, the structure of an 
aggregate is related to [η] by eq.(2). [η] of the suspensions 
and the axial ratios of the ellipsoidal aggregates with dif-
ferent particle sizes are listed in Table 1. As the particle 
diameter decreases, the axial ratio increases, which means 
that the aggregate tends to be a more ‘prolate’ ellipsoid.  

The relative viscosities for nanocolloidal dispersions 
containing SiO2 particles with a diameter of 7 nm are pre-
sented in Figure 5. Previous models for Newtonian fluids 
with low volume fraction were also included. The experi-
mental data in this research is slightly higher than that   

 

 

Figure 4  Intrinsic viscosities for nanocolloids containing different parti-
cle sizes. Dots represent experimental results. Lines represent linear fitting 
results.

Table 1  Particle size, measured intrinsic viscosity and effective axial ratio of clusters in different nanocolloidal dispersions 

Particle diameter (nm) Hydrodynamic radius (nm) Gyration radius (nm) [η] a/b 

7 114 143 55.9 25.9 

12 131 164 36.5 19.9 

16 144 180 31.9 18.2 

20 165 206 23.7 15.0 

40 196 245 18.3 12.5 
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Figure 5  Relative viscosities for nanocolloidal dispersions containing 
SiO2 particles with a diameter of 7 nm. The crosses are experimental re-
sults measured in this study. 

measured by Rubio-Hernandez et al. [6]. This difference 
may caused by the different pH of the two dispersions, 
which were 5.3 and 6.1 for this research and that of Ru-
bio-Hernandez, respectively. The effect of pH on viscosity 
will be discussed in detail later. The viscosity data were 
under-predicted by models from classical effective medium 
theory, like the Einstein and Quemada models [23]. More-
over, the classical models did not predict the strong size 
effect illustrated in Figure 4. It is possible that the failure of 
classical models to accurately describe viscosity is related to 
the aggregation of nanoparticles. The effect of aggregation 
on viscosity is reflected in the Krieger model with df. Figure 
5 shows that the viscosities depend strongly on df . However, 
the fractal structure is affected by many factors including 
particle size, volume fraction and pH of a dispersion. It is 
unreasonable to assume a fixed value for df under different 
conditions.  

2.2  Effect of volume fraction on aggregate structure 

The prolate ellipsoid model gives us an idea how the parti-
cle size affects particle interactions and thus the viscosity. It 
is known that, as well as particle size, interparticle forces 
are also affected by other factors including particle volume 
fraction, pH and external field. Any of these factors can 
change the structure of an aggregate. The prolate ellipsoid 
model is based on the concept of [η] and does not reflect the 
change in aggregate structure with particle volume fraction. 
df, as shown in eq.(6), is directly related to the aggregate 
volume fraction and viscosity of a colloid. From eq.(3), it is 
known that more particles will be contained inside a sphere 
of the same radius within an aggregate with a larger df. In 
view of this, df gives an indication of how completely a 
fractal appears to fill space. Figure 6 shows the dependence 
of df on particle size and volume fraction. The sizes of the 
aggregates were measured by dynamic light scattering, and 
the results are listed in Table 1. 

 
Figure 6  Fractal dimension of aggregates containing nanoparticles of 
different sizes. 

It is interesting to find that the fractal model reveals a 
strong relationship between df and particle size. df increases 
with increasing particle size, especially at lower volume 
fractions (<0.005). In this situation, as shown using the pro-
late ellipsoid model, the aggregate approaches to a chain 
structure because of a stronger repulsive force between 
smaller particles. This means that an aggregate containing 
smaller particles will form a less compact structure and may 
possess a smaller df. For nanoparticles with a diameter of 40 
nm, the abrupt increase of df when the volume fraction is 
less than 0.2% could also arise from the error in the viscos-
ity measurement. In eq.(6), B has a logarithmic relationship 
with the relative viscosity. At lower particle volume frac-

tions, the relative viscosity is close to 1 and 1/(2.5 )
rel1 m  

would approach 0. A viscosity error of ±3% could then con-
tribute to an error of ±30% for df at lower volume fractions. 
The errors of df induced by the error in viscosity measure-
ment are presented as error bars in Figure 6. At the same 
time, df is also dependent on volume fraction. Figure 6 
shows that df decreases with increasing volume fraction and 
then reaches a stable level. It is known that the interaction 
between particles is related to distance. Two particles tend 
to attract each other and form an aggregate when they are 
separated. However, repulsive forces will dominate the in-
teraction if the two particles are too close, such as several 
nanometers apart. Under very dilute conditions, most of the 
nanoparticles only interact with each other within the ag-
gregate. As the particle volume fraction increases, the re-
duced distance between aggregates will greatly increase the 
chance of particle collision and interaction between differ-
ent aggregates. When two aggregates are close enough, the 
particles at the surface of an aggregate will be attracted by 
the other aggregate until a new equilibrium state is formed. 
Figure 7 shows that aggregates with less compact structures 
and larger effective volume fractions will be formed as the 
distance between aggregates decreases. 

It is important to note that with increased particle volume 
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fraction, the average distance between aggregates can be in 
the order of several particle diameters. Then, aggregates 
may merge into bigger ones because of the strong interac-
tions between them. In this research, the particle volume 
fractions were controlled below 2% and no reagglomeration 
with increased volume fraction is assumed. To show the 
effect of particle volume fraction on aggregate interaction, 
the effective volume fraction and average distance between 
aggregates are plotted in Figure 8. It is surprising to find 
that the volume fraction of aggregate for the dispersion 
containing particles with a diameter of 7 nm can reach about 
25% when the particle volume fraction is 2%. Moreover, 
the surface distance decreases quickly with increasing vol-
ume fraction, which provides evidence for the stronger in-
teraction between aggregates as the volume fraction in-
creases. For a dispersion containing particles with a diame-
ter of 7 nm, the surface distance between aggregates is only 
tens of nanometers when the volume fraction is larger than 
1%, which will greatly increase the chance of collision be-
tween aggregates. The nonlinear curves of aggregate vol-
ume fraction for dispersions containing particles with diam-
eters of 7 and 12 nm also indicate that reagglomeration oc-
curs. The viscosity model for nanocolloidal dispersion 
should be carefully built when considering that reagglomer-
ation can occur at high volume fraction. 

 

 

Figure 7  Change in the structure of aggregates with increasing volume 
fraction. 

 

Figure 8  Volume fraction and average surface distance between aggre-
gates. Solid lines are the surface distance. Broken lines are the volume 
fraction. 

2.3  Effect of pH on aggregate structure 

To further study the effect of particle interaction on aggre-
gation structure, the viscosity of the colloidal system was 
measured at different pH. The ζ-potentials of the colloids 
were measured to characterize the electronic interactions. 
This parameter indicates the degree of repulsion between 
particles and can be related to the stability of colloidal dis-
persions. ζ-potentials were determined by measuring the 
electrophoretic mobility of the colloids. 

Figure 9 shows the effect of pH on the viscosity of the 
colloids. The initial pH of the colloid was about 5.3 and was 
adjusted readily by addition of dilute HCl solution. The 
slightly acidic colloid in the initial state may be caused by 
acid species being adsorbed on the particle surface during 
preparation. As can be seen, the relative viscosity decreases 
quickly with as the pH of the dispersions is decreased, and 
approaches stability when the pH is less than 5. At the same 
time, df of the aggregate increases quickly and then becomes 
stable as the pH decreases. The effect of pH on df indicates 
that the structure of the aggregate could be changed by the 
pH. It is known that there is an electrical double layer at the 
interface between a particle and aqueous solution. The first 
layer, which is also called the stern or stationary layer, is 
comprised of ions adsorbed directly onto the particle surface. 
The second layer is composed of ions attracted to the sur-
face charge via Coulombic forces, and electrically screens 
the stationary layer. This second layer is loosely associated 
with the particle, because it is made of free ions that can 
move in the fluid under the influence of electric attraction 
and thermal motion rather than being firmly anchored. As a 
result, it is often called the diffuse layer. When the particle 
moves, the diffuse layer, or at least part of it, can move as 
part of the particle. The plane that separates the dispersion 
medium from the fluid layer that remains attached to the 
particle surface is called the slipping plane. The ζ-potential 
is the potential difference between the dispersion medium 
and slipping plane. In this study, the sign of the measured 
ζ-potential of the colloids is negative, which means that the  

 

 

Figure 9  The effect of pH on the relative viscosity and fractal dimension 
of a colloidal dispersion. The dispersion had a volume fraction of 2% and 
contained particles with a diameter of 7 nm. 
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charge at the particle surface is negative. As the pH of the 
nanocolloidal system is decreased, the negative surface 
charge would be readily neutralized. Thus, the repulsive 
electrostatic interaction will be weakened as the thickness of 
the double layer decreases.  

The effect of pH on the ζ-potential was measured, and 
the results are illustrated in Figure 10. When the pH of the 
colloid was adjusted from 5.3 to 3.2, the ζ-potential de-
creased from about 17 to 1 mV. As discussed above, the 
decreased absolute value of ζ-potential is caused by the de-
creased electrical repulsion force due to charge neutraliza-
tion. As a result, the aggregate forms a more compact 
structure, as indicated by the change in df shown in Figure 9. 
The particle volume fractions in a cluster were also calcu-
lated and the results were plotted against the pH of the col-
loid system (Figure 10). As the colloid becomes more acidic, 
the absolute value of the ζ-potential decreases quickly from 
about 17 mV to near zero and the particle volume fraction 
in the aggregate increases from about 8% to 15%. Another 
phenomenon is that when the pH is below 4.0 and the 
ζ-potential is less than 5 mV, the particle volume fraction in 
the aggregate tends to be stable. This indicates that van der 
Waals forces begin to dominate the particle interactions in 
this region, so the aggregates tend to form a stable structure. 

Compared with the classic Einstein equation, the viscos-
ity of the colloid is still underestimated because the aggre-
gate is assumed to possess a spherical structure in this study. 
The relative viscosity predicted by the Einstein equation is 
1.05 for a nanocolloidal dispersion with a volume fraction 
of 2%. Figure 9 shows that the experimental value is larger 
than 1.4. This underestimation could be because of the large 
volume of the aggregate, which changes from 13% to 24% 
as the pH is adjusted. Our findings further prove that ag-
gregation has a significant effect on colloid viscosity. 

3  Conclusions 

In summary, the viscosities of SiO2 nanocolloidal disper-
sions containing different particle sizes and volume frac- 

 

 

Figure 10  Relationship between Zeta potential and aggregate structure. 

tions were measured. A significant effect of size on relative 
and intrinsic viscosity was observed experimentally. Two 
models were used to study the effect of aggregation struc-
ture on the viscosity of nanocolloidal dispersions. The pro-
late ellipsoid model shows that as the particle diameter de-
creases, the axial ratio increases, which means the aggregate 
tends to form a more ‘prolate’ ellipsoid. The fractal model 
uses the concept of self-similarity to describe aggregation 
structure. It can reveal more information than the prolate 
ellipsoid model by considering the irregular and dynamic 
properties of aggregates. The structure of aggregates, which 
is considered to play an important role in viscosity, is af-
fected by both intermolecular and electrostatic forces. With 
increasing particle concentration and decreasing average 
distance between aggregates, the particles at the surface of 
different aggregates attract each other and a less compact 
aggregation structure is formed. The measured relationships 
between pH, ζ-potential, and the relative viscosities of dis-
persions show that the relative viscosities decrease with 
decreasing absolute value of ζ-potential, which further re-
veals the effect of electrical repulsion forces on the structure 
of aggregates. 
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